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Cerenkov Radiation

The Cerenkov effect:

• When a charged particle traverses a medium with a velocity exceeding that of light in that 
medium, photons are radiated. The condition is v > c/n, or b > 1/n. the greater the index of 
refraction n, the lower the threshold velocity b. 

• the photons are emitted at an angle: cos θc =
1

nβ

p(p) = 0.08                              0.14                             0.29          1.4 GeV

b = 0.995
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[from Kleinknecht, Detectors for 
Particle Radiation]
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Cerenkov Radiation

The light can be collected in several ways:

106346B.jpg (WEBP Image, 320 × 260 pixels) https://www.physicsforums.com/attachments/106346b-jpg.257706/
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Measuring light yield:                                       Measuring Cerenkov angle  (RICH):

By measuring either light yield or qc , one measures b, the velocity of the charged particle. Given 
the momentum of the particle, i.e., as measured in a spectrometer (tracking detector in a magnetic 
field), one determines the mass (the particle identity): m = p/(gb)
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Cerenkov Radiation

0.5 1 1.5 2 2.5 3 3.5 4 4.5
p (GeV/c)

0.4

0.5

0.6

0.7

0.8

0.9

1β

π 

 K

 p
0.5 1 1.5 2 2.5 3 3.5 4 4.5

p (GeV/c)

0

10

20

30

40

50

cθ

π 

 K

 p

n = 1.466

Belle II (e+e-) momentum range:                       Cerenkov angle:

⇒ for most of momentum range, b
differs between p/K by only ~few %

⇒ for most of momentum range, qc
differs between p/K by ≤ 2o  (34 mrad)
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Cerenkov Radiation

Most photons are emitted in the UV, which is hard to detect; but a generous number of photons 
are emitted in the visible, which matches well to mirrors, windows, and PMTs. The greater b, 
the greater qc  , and the more light is radiated:

dN

dx dλ
= 4πα

1

λ2

(

1 −
1

β2n2

)

⇒
dN

dx
= 2πα

∫

nβ

(

1 −
1

β2n2

)
dλ

λ2

≈ 2πα sin2 θc

(
1

λ1

−
1

λ2

)

≈ 390 sin2 θc (λ = 350 − 500 nm)

Charged particles must be above the 
Cerenkov threshold (1/n) to be detected:

Freon 114: n = 1.0014, bthresh = 0.9986, gthresh = 18.92, 

⇒ pthresh (p)= 2.637 GeV

Note: 
detecting photons down 
to l = 330 nm increases 
photon yield by 20% 
(390 ® 470)

[from Fernow, 
Introduction to 
Experimental 
Particle Physics]
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Cerenkov Radiation: Belle II quartz (n=1.466)
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⇒ for most of momentum range, g  yield 
differs between p/K by ~ 5-15 g /cm
(+ Poisson fluctuations)

Photon yield per cm of radiator 
(x 4 cm for 30o tracks)
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Cerenkov Radiation: LHCb

Page 2 of 17 Eur. Phys. J. C (2013) 73:2431

Fig. 1 Side view of the LHCb spectrometer, with the two RICH detectors indicated

describes the performance of the RICH system and also its
alignment and calibration using data. Many LHCb results
have already fully exploited the RICH capabilities [2–5].

The paper is structured as follows: the requirements for
particle identification are discussed in Sect. 1, and a brief
description of the RICH detectors is given in Sect. 2. The
alignment and calibration of the detectors are described in
Sect. 3. Section 4 gives an overview of the software used in
the RICH reconstruction, particle identification and detector
performance, followed in Sect. 5 by the conclusions.

1.1 Requirements for particle identification

The primary role of the RICH system is the identification of
charged hadrons (π , K, p).

One of the major requirements for charged hadron identi-
fication in a flavour-physics experiment is for the reduction
of combinatorial background. Many of the interesting de-
cay modes of b- and c-flavoured hadrons involve hadronic
multibody final states. At hadron colliders like the LHC, the
most abundant produced charged particle is the pion. The
heavy flavour decays of interest typically contain a number
of kaons, pions and protons. It is therefore important in re-
constructing the invariant mass of the decaying particle to
be able to select the charged hadrons of interest in order to
reduce the combinatorial background.

The second major use of the particle identification in-
formation is to distinguish final states of otherwise identi-
cal topology. An example is the two-body hadronic decays,
B → h+h−, where h indicates a charged hadron [6]. In this
case there are many contributions, as illustrated in Fig. 2, in-
cluding B0 → π+π−, B0

s → K+K−, and other decay modes

of the B0, B0
s and "b. A signal extracted using only kine-

matic and vertex-related cuts is a sum over all of the decay
modes of this type (Fig. 2 left), each of which will generally
have a different CP asymmetry. For a precise study of CP-
violating effects, it is crucial to separate the various compo-
nents. This is achieved by exploiting the high efficiency of
the RICH particle identification (Fig. 2 right).

Another application of charged hadron identification is
for an efficient flavour tagging [7]. When studying CP
asymmetries or particle-antiparticle oscillations, knowledge
of the production state of the heavy-flavoured particles
is required. This can be achieved by tagging the parti-
cle/antiparticle state of the accompanying hadron. Heavy-
flavoured particles are predominantly produced in pairs. One
of the most powerful means of tagging the production state
is by identifying charged kaons produced in the b → c → s

cascade decay of the associated particle. Such tagged kaons
(as well as kaons from the b fragmentation when a B0

s is
created), have a soft momentum distribution, with a mean of
about 10 GeV/c. Particle identification down to a few GeV/c
can therefore significantly increase the tagging power of the
experiment.

The typical momentum of the decay products in two-
body b decays is about 50 GeV/c. The requirement of main-
taining a high efficiency for the reconstruction of these de-
cays leads to the need for particle identification up to at least
100 GeV/c. The lower momentum limit of about 2 GeV/c
follows from the need to identify decay products from high
multiplicity B decays and also from the fact that particles
below this momentum will not pass through the dipole mag-
netic field (4 Tm) of the LHCb spectrometer.

RICH 1: C4 F10 
(n = 1.0014)

RICH 2: CF4 
(n = 1.0005)
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Figure 6.1: Cherenkov angle versus particle momentum for the RICH radiators.
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Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ⇠8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.

– 73 –
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Figure 6.4: (a) Top view schematic of the RICH 2 detector. (b) A schematic layout of the RICH 2
detector. (c) A photograph of RICH 2 with the entrance window removed.

shielding is accommodated. To shorten the overall length of the detector, the reflected images
from tilted spherical mirrors are reflected by flat secondary mirrors onto the detector planes.
The requirement that the photon detectors are situated outside the full LHCb acceptance
defines the lateral dimensions of the detector. The total radiation length of RICH 2, including
the gas radiator, is about 0.15 X0.

• the lower angular acceptance of the RICH 2 detector, 15 mrad, is limited by the necessary
clearance of 45 mm around the beampipe. This distance is required to accommodate the
heating jacket and thermal insulation which is required for the bakeout of the vacuum cham-
ber (chapter 3). To gain mechanical stability of RICH 2 and minimize the material in the
acceptance of the spectrometer, the detector does not split in two halves along the x = 0
plane.

• as for RICH 1, the HPDs are located in large iron boxes in order to be shielded from the
fringe field of the LHCb dipole.

Optical system

The final adjustment of the optical layout of RICH 2 has been performed with the aid of simulation,
in a similar way to that described in section 6.1.1. This involves defining the position and radius
of curvature of the two spherical mirror planes, the position of the two flat mirror planes, and
the position of the two photon detector planes. The smearing of the reconstructed Cherenkov angle
distribution provides a measure of the quality of the focusing. The RMS of the emission-point error
should be small compared to the other contributions to the Cherenkov angle resolution such as the
pixelization of the photon detectors and the chromatic dispersion of the radiator. The latter effect is
the limiting factor for the resolution in RICH 2, and corresponds to an uncertainty of 0.42 mrad on
the Cherenkov angle per photon [91]. The optical elements of RICH 2 must therefore be set such
that the emission-point error is small compared to this value.

The parameters resulting from the optimization procedure have been adopted for the engi-
neering design of RICH 2. The spherical mirrors have radius of curvature 8600 mm with centres of

– 78 –

[more details: Adinolfi et al. (LHCb), EPJC 73, 2431 (2013)]
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Cerenkov Radiation: LHCb
Cerenkov angle: Photon yield per cm of radiator 
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Cerenkov Radiators

Blair Ratcliff, SLACPylos, June 2002

Radiators-Momentum Coverage
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•Coverage Hole between Gas & Liquid/Solids partially covered by Aerogel. 
Transparency crucial.
• Cryo Liquids could cover some of this region…. practical?
• Practical upper limit on γmax ~ 10x γthreshold.(From dispersion & angle measurement). 

[from Ratcliffe, Imaging Rings in Ring Imaging Cherenkov Counters, presented at RICH 2002, Pylos, Greece]
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Belle II iTOP (“imaging time-of-propagation”) Detector

Thickness 
20mm

Length 260 cm 

Bar/mirror 
width 45 cm

Prism length
10 cm

Prism width 45.6 cm
Prism height 51 mm
MCPPMT width 44.4 cm

16 modules arranged azimuthally around beampipe:

2. The Belle II Detector
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Figure 2.8.: Illustration of the internal reflection of Cherenkov photons in the TOP detector,
with pions and kaons of the same momentum producing photons with different
Cherenkov angles. Adapted from [12, p. 220].

2.4. Endcap PID: Aerogel Ring-Imaging Cherenkov (ARICH)
detector

For the endcap particle identification, a pure ring-imaging Cherenkov detector with aerogel
radiators is to be installed. The detector consists of two separate layers for the aerogel, where
Cherenkov photons are produced, and the photomultipliers, where they are detected, as can
also be seen in Figure 2.1. This allows the photons to form Cherenkov rings large enough to
be clearly separated by the PMTs, similar to the effect of the internal reflection in the TOP
counter’s quartz bars.

The ARICH is designed for a good pion/kaon separation over most of the momentum
spectrum, as well as the separation of the lighter º,µ and e for momenta below 1 GeV.

2.5. Electromagnetic Calorimeter (ECL)

Belle II’s electromagnetic calorimeter encloses both TOP and ARICH, and consists of 8736
scintillating CsI(Tl) (caesium iodide doped with thallium) crystals, weighing a total of 43 tons.
It has been designed mainly for the detection of photons and measurement of their position
and energy, as well as the identification of electrons, and—in conjunction with the KLM—for
the detection of K0

L.
Both photons and electrons produce electromagnetic cascades that are quite similar.

Photons produce secondary electrons either through pair production for high energetic
tracks, or through the photoelectric or Compton effect for photons with lower energies,
knocking away electrons from the atoms of the scintillator crystals. Primary or secondary
electrons in turn interact with the material, freeing electrons, radiating photons; or, in the
case of positrons, annihilating and again producing photons. The result is an electromagnetic
cascade that gradually deposits a large portion, or in many cases the entire energy of the
incidental photon or electron.

These cascades are accompanied by excitations of the scintillator material, which are
dissipated through low-energy (few eV) photons. These are then amplified and detected
through photomultipliers mounted at the end of each crystal. Since the number of photons
is directly dependent on the energy deposition (with some fluctuations), the PMT signal
provides a measurement of the absorbed particle’s energy.

Electrons are identified by assigning ECL clusters to charged tracks in the tracking detectors,

12
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Belle II iTOP Detector: how it works

best match:
p= 1.7 GeV/c, qpolar = 94o K+ track:

track

spherical                                
mirror

total internal reflection

PMTs

Note: 
pions arrive 
earliest due 
to largest qc
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Belle II iTOP Detector: how it works

track

spherical                                
mirror

total internal reflection

PMTs

Time Of Propagation (TOP)

cmarinas@uni-bonn.de 27

x16 bars
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Belle II iTOP Detector: mirror focusing

A spherical mirror focuses parallel rays to common point:

This can “remove” the thickness of the radiator bar:

track

But the mirror is not perfect: 
there is spherical aberration:

optical axis

20 mm
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Belle II iTOP Detector: time-of-propagation

Time of propagation (TOP) depends on path 
length and group velocity:  

This ”group index” ng differs from the “phase 
index” n that governs cos qc = 1/(nb).

Also, the group index has much larger 
chromatic dispersion than the phase index:

• the Cerenkov angle qc  has very small (but 
non-zero) variation with photon wavelength: 
UV photons are emitted at slightly larger 
angles than IR photons

• the TOP has notable variation with photon 
wavelenth: UV photons propagate slower 
than IR photons; this degrades time 
resolution

2. The Belle II Detector
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Figure 2.8.: Illustration of the internal reflection of Cherenkov photons in the TOP detector,
with pions and kaons of the same momentum producing photons with different
Cherenkov angles. Adapted from [12, p. 220].

2.4. Endcap PID: Aerogel Ring-Imaging Cherenkov (ARICH)
detector

For the endcap particle identification, a pure ring-imaging Cherenkov detector with aerogel
radiators is to be installed. The detector consists of two separate layers for the aerogel, where
Cherenkov photons are produced, and the photomultipliers, where they are detected, as can
also be seen in Figure 2.1. This allows the photons to form Cherenkov rings large enough to
be clearly separated by the PMTs, similar to the effect of the internal reflection in the TOP
counter’s quartz bars.

The ARICH is designed for a good pion/kaon separation over most of the momentum
spectrum, as well as the separation of the lighter º,µ and e for momenta below 1 GeV.

2.5. Electromagnetic Calorimeter (ECL)

Belle II’s electromagnetic calorimeter encloses both TOP and ARICH, and consists of 8736
scintillating CsI(Tl) (caesium iodide doped with thallium) crystals, weighing a total of 43 tons.
It has been designed mainly for the detection of photons and measurement of their position
and energy, as well as the identification of electrons, and—in conjunction with the KLM—for
the detection of K0

L.
Both photons and electrons produce electromagnetic cascades that are quite similar.

Photons produce secondary electrons either through pair production for high energetic
tracks, or through the photoelectric or Compton effect for photons with lower energies,
knocking away electrons from the atoms of the scintillator crystals. Primary or secondary
electrons in turn interact with the material, freeing electrons, radiating photons; or, in the
case of positrons, annihilating and again producing photons. The result is an electromagnetic
cascade that gradually deposits a large portion, or in many cases the entire energy of the
incidental photon or electron.

These cascades are accompanied by excitations of the scintillator material, which are
dissipated through low-energy (few eV) photons. These are then amplified and detected
through photomultipliers mounted at the end of each crystal. Since the number of photons
is directly dependent on the energy deposition (with some fluctuations), the PMT signal
provides a measurement of the absorbed particle’s energy.

Electrons are identified by assigning ECL clusters to charged tracks in the tracking detectors,

12

Blair Ratcliff, SLACPylos, June 2002

Radiators-Dispersion 

•Chromaticity at Cherenkov 
Photon Production:
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Belle II iTOP Detector: time-of-propagation

Blair Ratcliff, SLACPylos, June 2002

Radiators-Dispersion 

•Chromaticity at Cherenkov 
Photon Production:

Example
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Where 2/3<F< 4/3, depending on photon 
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Refractive Indices and Dispersion versus Wavelength for SiO2
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Refractive Index and Dispersion

Data in 22ºC in 760mm Hg dry nitrogen gas

Wavelength Refractive Thermal Polynomial Dispersion Equation Constants*1

[air] Index *2 Coefficient

λ [nm] n Δn/ΔT*3 (ppm/K) A0 2.104025406

A1 -1.456000330 x 10-4

1128.64 1.448870 9.6 A2 -9.049135390 x 10-3

1064.00 1.449633 9.6 A3 8.801830992 x 10-3

1060.00 1.449681 9.6 A4 8.435237228 x 10-5

1013.98 nt 1.450245 9.6 A5 1.681656789 x 10-6

852.11 ns 1.452469 9.7 A6 -1.675425449 x 10-8

706.52 nr 1.455149 9.9 A7 8.326602461 x 10-10

656.27 nC 1.456370 9.9

643.85 nC´ 1.456707 10.0

632.80 nHe-Ne 1.457021 10.0 Sellmeier Dispersion Equation Constants *2

589.29 nD 1.458406 10.1

587.56 nd 1.458467 10.1 B1 0.68374049400

546.07 ne 1.460082 10.2 B2 0.42032361300

486.13 nF 1.463132 10.4 B3 0.58502748000

479.99 nF´ 1.463509 10.4 C1 0.00460352869

435.83 ng 1.466701 10.6 C2 0.01339688560

404.66 nh 1.469628 10.8 C3 64.49327320000

365.01 ni 1.474555 11.2

334.15 1.479785 11.6

312.57 1.484514 12.0 Δn/ΔT Dispersion Equation Constants *3

308.00 1.485663 12.1

248.30 1.508433 14.2 C0 9.390590

248.00 1.508601 14.2 C1 0.235290

214.44 1.533789 17.0 C2 -1.318560 x 10-3

206.20 1.542741 18.1 C3 3.028870 x 10-4

194.17 1.559012 20.4

193.40 1.560208 20.5

193.00 1.560841 20.6 Other Optical Properties

184.89 1.575131 22.7

νd 67.79

νe 67.64

nF-nC 0.006763

nF´ -nC´ 0.006802

Stress Coefficient 35.0 nm/cm MPa

Striae ISO 10110-4 Class 

5/Thickness Direction

Birefringence ≤ 1nm/cm, 

lower specifications available

*1 Polynomial Equation: n2 = A0 + A1 λ
4 + A2 λ

2 + A3 λ-2 + A4 λ
-4 +A5 λ

-6 + A6 λ
-8 + A7 λ

-10 with λ in µm

*2 Sellmeier Equation: n2-1 = B1 λ
2/(λ2-C1) + B2 λ

2/(λ2-C2) + B3 λ
2/(λ2-C3) with λ in µm

*3 Δn/ΔT Equation (20–25ºC) = C0 + C1 λ
-2 + C2 λ

-4 + C3 λ
-6 with λ in µm

Corning 7980
(quartz)

~1.4% effect for n
~2.6% effect for TOP

[from Ratcliffe, Imaging Rings in 
Ring Imaging Cherenkov 
Counters, presented at RICH 
2002, Pylos, Greece]
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Belle II iTOP Detector: light yield

6/11/10/16/2018 TOP sesstion, 31st B2GM

s01 s02 s03 s04

s05 s06 s07 s08

s09 s10 s11 s12

s13 s14 s15 s16

MC tuning includes measured quantum efficiency (~25%) and collection efficiency (~55%) of PMTs

16 slots: 
very good 
agreement 
overall

MC
data

photon hits photon hits photon hits photon hits

Belle II_
_
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Belle II iTOP Detector: performance

• iTOP particle likelihood has a contribution from g yield and a contribution from position + time (qc)

• Evaluate performance with D*+® D0(® K-p +)p + or D*-® D0(® K+p-)p – decays

Effic(K) = (# K tracks identified as K)/(# K tracks)
MisID(p) = (# p tracks identified as K)/(# p tracks)

PID Perfomance plot

K-e�ciencies and ⇡-mis-ID rates are plotted for di↵erent PID criteria for ALL

sub-detectors and TOP only :
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for TOP : K-e�ciency has improved for new buckets compared to previous

data sets which is found to be opposite for ⇡ fake rate.

Vismaya V S (IIT Hyderabad) TOP study June 2, 2022 14 / 24

PID Perfomance plot

K-e�ciencies vs. ⇡-mis-ID rates for di↵erent PID criteria for ALL sub-detectors

and TOP only:

ALL sub-detectors
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for TOP : Performance of MC14ri a and MC14rd are more or less similar to each

other.

for TOP : New buckets shows better performance compared to the previous data

sets.

Vismaya V S (IIT Hyderabad) TOP study June 2, 2022 13 / 24

“ROC” curve
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Belle II iTOP Detector: performance

• iTOP particle likelihood has a contribution from g yield and a contribution from position + time (qc)

• Evaluate performance with D*+® D0(® K-p +)p + or D*-® D0(® K+p-)p – decays

Effic(K) = (# K tracks identified as K)/(# K tracks)
MisID(p) = (# p tracks identified as K)/(# p tracks)

E�ciency in di↵erent Momentum bins

K-e�ciency and ⇡ mis-ID rate for the PID criterion RK/⇡ > 0.8 in the bins of

laboratory frame momentum and polar angle of the tracks for TOP only.

TOP only
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Data-MC discrepancy is towards 3-3.5 GeV/c momentum range and the

forward region in polar angle in K-e�ciency.

Vismaya V S (IIT Hyderabad) TOP study June 2, 2022 17 / 24

RK/p > 0.8
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low momentum particle ID: dE/dx

Bethe-Bloch formula (1933):
〈

−
dE

dx

〉

= K

(
Z

A

)(
z2

β2

) [

ln

(
2mβ2γ2

I

)

− β2 −
δ(βγ)

2

]

Complicated, but note:

• depends on material only via (Z/A), 
which varies little over a range of 
materials• depends on incident particle via z2, i.e, 
higher z gives much more ionization

• also depends on bg of incident particle: 
broad minimum is at bg ~ 3, sharp 
drop at lower values, slow rise at 
larger values. This corresponds to 

~2 MeV/(g/cm2)• does not depend on m of incident 
particle, only bg – and, knowing p, that 
is how one uses dE/dx for particle ID.

• the d/2 term is a small correction (the 
“density effect”)

6 34. Passage of Particles Through Matter
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Figure 34.2: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous helium, carbon,
aluminum, iron, tin, and lead. Radiative e�ects, relevant for muons and pions, are not included.
These become significant for muons in iron for —“ & 1000, and at lower momenta for muons in
higher-Z absorbers. See Fig. 34.23.

34.2.4 Mean excitation energy

“The determination of the mean excitation energy is the principal non-trivial task in the eval-

uation of the Bethe stopping-power formula” [15]. Recommended values have varied substantially
with time. Estimates based on experimental stopping-power measurements for protons, deuterons,
and alpha particles and on oscillator-strength distributions and dielectric-response functions were
given in ICRU 49 [6]. See also ICRU 37 [12]. These values, shown in Fig. 34.5, have since been
widely used. Machine-readable versions can also be found [16].

1st June, 2022

K = 0.307 MeV mol−1 cm2

[from D. Groom, PDG Review “Passage of Particles Through Matter” ]
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low momentum particle ID: dE/dx

Bethe-Bloch formula (1933):
〈

−
dE

dx

〉

= K

(
Z

A

)(
z2

β2

) [

ln

(
2mβ2γ2

I

)

− β2 −
δ(βγ)

2

]

Finer points:

• denominator “dx” is a distance, but units 
are grams/cm2 (not cm)

• 1/b 2 drop is due to less time for incident 
particle to interact with electrons• “relativistic rise” is due to greater range 
of electric field of incident particle, and 
greater maximum energy transfer

• when plotting vs. particle momentum, the 
bg curve gets shifted; shift depends on 
particle mass

6 34. Passage of Particles Through Matter
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Figure 34.2: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous helium, carbon,
aluminum, iron, tin, and lead. Radiative e�ects, relevant for muons and pions, are not included.
These become significant for muons in iron for —“ & 1000, and at lower momenta for muons in
higher-Z absorbers. See Fig. 34.23.

34.2.4 Mean excitation energy

“The determination of the mean excitation energy is the principal non-trivial task in the eval-

uation of the Bethe stopping-power formula” [15]. Recommended values have varied substantially
with time. Estimates based on experimental stopping-power measurements for protons, deuterons,
and alpha particles and on oscillator-strength distributions and dielectric-response functions were
given in ICRU 49 [6]. See also ICRU 37 [12]. These values, shown in Fig. 34.5, have since been
widely used. Machine-readable versions can also be found [16].

1st June, 2022

K = 0.307 MeV mol−1 cm2

1 cm2

dx
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low momentum particle ID: dE/dx

Bethe-Bloch formula (1933):
〈

−
dE

dx

〉

= K

(
Z

A

)(
z2

β2

) [

ln

(
2mβ2γ2

I

)

− β2 −
δ(βγ)

2

]

• This formula gives only the mean energy loss – it is dominated by huge-energy-loss (tiny-
impact-parameter) collisions, which liberate electrons (called “delta rays” ).• ⇒ PDG recommends using “most probable energy loss” formula for calculations13 34. Passage of Particles Through Matter
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Figure 34.7: Electronic energy deposit distribution for a 10 GeV muon traversing 1.7 mm of silicon,
the stopping power equivalent of about 0.3 cm of PVT-based scintillator [1, 13, 33]. The Landau-
Vavilov function (dot-dashed) uses a Rutherford cross section without atomic binding corrections
but with a kinetic energy transfer limit of Wmax. The solid curve was calculated using Bethe-Fano
theory. M0(∆) and M1(∆) are the cumulative 0th moment (mean number of collisions) and 1st
moment (mean energy loss) in crossing the silicon. (See Sec. 34.2.1). The fwhm of the Landau-
Vavilov function is about 4› for detectors of moderate thickness. ∆p is the most probable energy
loss, and È∆Í divided by the thickness is the Bethe dE/dx.

Eq. (34.5), is thus ill-defined experimentally and is not useful for describing energy loss by single

particles.6 It rises as ln “ because Wmax increases as “ at high energies. The most probable energy

loss should be used.

A practical example: For muons traversing 0.25 inches (0.64 cm) of PVT (polyvinyltolulene)
based plastic scintillator, the ratio of the most probable E loss rate to the mean loss rate via the
Bethe equation is [0.69, 0.57, 0.49, 0.42, 0.38] for Tµ = [0.01, 0.1, 1, 10, 100] GeV. Radiative losses
add less than 0.5% to the total mean energy deposit at 10 GeV, but add 7% at 100 GeV. The
most probable E loss rate rises slightly beyond the minimum ionization energy, then is essentially
constant.

The Landau distribution fails to describe energy loss in thin absorbers such as gas TPC cells [1]
and Si detectors [31], as can be seen e.g. in Fig. 1 of Ref. [1] for an argon-filled TPC cell. Also
see Talman [32]. While ∆p/x may be calculated adequately with Eq. (34.12), the distributions are
significantly wider than the Landau width w = 4› Ref. [31], Fig. 15. Examples for 500 MeV pions
incident on thin silicon detectors are shown in Fig. 34.8. For very thick absorbers the distribution
is less skewed but never approaches a Gaussian.

The most probable energy loss, scaled to the mean loss at minimum ionization, is shown in
6It does find application in dosimetry, where only bulk deposit is relevant.

1st June, 2022

adds ln(KZz2x/(2Ab2I) term

[from D. Groom, PDG 
Review “Passage of 
Particles Through 
Matter” ]
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low momentum particle ID: dE/dx
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Particle ID homework problem #1:

In the forward endcap region of Belle II 
is the ARICH:

4.0 cm of aerogel radiator, followed by an 
array of finely segmented photodetectors. 
The separation is 20.0 cm (see figure) 
and n(aerogel) = 1.050. 

What is the difference in radii of the 
“Cerenkov rings” at the photodetectors 
for: 

a) p+ and K + with p= 3.0 GeV/c?

b) for p+ and K + with p= 4.0 GeV/c?

c) what are the mean g yields for these 
four cases?
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Particle ID homework problem #2:PTEP 2019, 123C01 E. Kou et al.

Fig. 3. Belle II top view.

◦ very good momentum resolution over the whole kinematic range of the experiment, i.e. up to
∼8 GeV/c
◦ precise measurements of photon energy and direction from a few tens of MeV to ∼8 GeV, and

efficient detection from 30 MeV onwards
◦ highly efficient particle identification system to separate pions, kaons, protons, electrons, and

muons over the full kinematic range of the experiment
◦ cover (almost) the full solid angle
◦ fast and efficient trigger system, as well as a data acquisition system capable of storing large

quantities of data.

The design choices of the Belle II experiment are summarized in Table 17, and are discussed in
some detail below. A full discussion can be found in the Technical Design Report (TDR) [6].

The expected Belle II detector performance of some of the critical components, including the track
reconstruction efficiency and particle identification capabilities, are discussed in Sect. 5.

3.2. Vertex detector (VXD)
The new vertex detector is comprised of two devices, the silicon pixel detector (PXD) and the silicon
vertex detector (SVD), with a total of six layers (Fig. 4) around a 10 mm radius Be beam pipe. The
first layers at r = 14 mm and r = 22 mm will use pixelated sensors of the DEPFET type [7,8].
The remaining four layers at radii of 39 mm, 80 mm, 104 mm, and 135 mm will be equipped with
double-sided silicon strip sensors. In comparison, in Belle the outermost vertex detector layer was
at a radius of 88 mm. Table 17 lists the sensor strip pitch sizes.

33/654
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nloaded from
 https://academ

ic.oup.com
/ptep/article/2019/12/123C

01/5685006 by guest on 18 August 2020

For a µ- to reach the KLM, it must pass 
through (at least) the following material:

a) iTOP quartz: 2.0 cm @ r = 2.201 g/cm3

b) ECL CsI crystal: 30 cm @ r = 4.51 g/cm3

c) magnet coil Alum.: 10 cm @ r = 2.710 
g/cm3

d) KLM iron (1 layer): 4.7 cm @ r = 7.874 
g/cm3

What is the minimum energy required for 
a “minimum-ionizing” µ-

‹-dE/dx› ≈ 2 MeV / (g/cm2) 

to reach the first scintillator layer of the 
KLM?


