
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013
THE ASTROPARTICLE PHYSICS CONFERENCE

Positron and proton separation with the AMS-02 RICH detector
L. ARRUDA1, F. BARAO1,2, R. PEREIRA1 ON BEHALF OF THE AMS RICH COLLABORATION
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Abstract: The Alpha Magnetic Spectrometer (AMS-02) experiment installed on the International Space Sta-
tion (ISS) is equipped with a Ring Imaging Čerenkov (RICH) detector. This is a device with a dual radiator con-
figuration consisting of aerogel (n=1.05) and a central square of sodium fluoride (n=1.334). The RICH can con-
tribute to positron and proton separation at low rigidity (< 10GV) allowing a large acceptance separation power
when combined with Transition Radiation Detector (TRD). The method relies on both velocity and signal mea-
surements made by the RICH and on its discrimination power calculated from the probability density functions
defined for each particle kind. The velocity and signal probabilities of each particle kind are computed for each
event and are combined in an overall e-like estimator. The performance of the e-like estimator, evaluated with
electron and proton data samples, and in particular the electron selection efficiency together with the proton re-
jection factor were studied.
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1 Introduction
The Alpha Magnetic Spectrometer (AMS-02) is a com-
plex detector built using state-of-the-art particle identifica-
tion techniques, totally devoted to studying primary cos-
mic rays in the energy range from 0.5GeV to 1 TeV. It is a
large acceptance detector (0.5m2·sr) operating aboard the
International Space Station since May 2011 and collecting
more than 40 million events per day. A data acquisition pe-
riod of the order of a decade is foreseen which provides
the largest collected statistics by a cosmic-ray experiment
so far. AMS-02 intends to indirectly search for dark matter
performing high-statistics precision measurements of an-
tiproton, positron and γ-ray spectra and looking for anoma-
lies on those spectra. The physics program of AMS-02 also
includes the search for cosmic antimatter through the de-
tection of antinuclei with |Z| ≥ 2, the study of light iso-
topes and nuclei as well as γ-ray physics topics. To accom-
plish its physics program, AMS-02 has a set of redundant
and complementary detectors to precisely identify cosmic-
ray particles. It consists of a transition radiation detector
(TRD), time-of-flight system (TOF), a permanent magnet,
a silicon tracker, an anticoincidence counter system (ACC),
a ring imaging Čerenkov detector (RICH) and a 3D sam-
pling electromagnetic calorimeter (ECAL). In April 2013,
AMS-02 collaboration has reported the first measurement
of the positron fraction, i.e. the ratio of positron flux to the
sum of electron and positron fluxes at energies between
0.5GeV and 350GeV [1]. The main difficulty in this mea-
surement lies on the dominating backgroundflux from pro-
tons which amounts to 103 times the positron flux at 1GV
and 104 times the positron flux at 100GV. Thus, a pre-
cise estimate of proton contamination in the positron sam-
ple is an important and challenging task. The RICH can
contribute to the positron/proton separation with a method
based on the definition of RICH velocity and signal prob-
ability density functions (PDFs) for each particle kind and
for each event with a given rigidity measured by the silicon
tracker. The RICH measured velocity and signal of each

event can be used to estimate the probability that defines
the degree of compatibility of the measurement with what
is expected for a given particle type (e+/e− or proton). An
e-like estimator combining these two probabilities is estab-
lished. This selection based on the RICH method can be
combined with the TRD detector to measure the positron
fraction at low rigidity with a large acceptance. A factor of
4-5 more events are collected at these energies when com-
pared with the selection using the TRD and ECAL detec-
tors.

2 Ring Imaging Čerenkov Detector
The AMS-02 RICH detector [2] is a proximity focusing
device with a dual radiator configuration at the top com-
posed of a low refractive index (n = 1.05) radiator made
of aerogel and a central square of sodium fluoride (NaF,
n= 1.334). Aerogel radiator is composed of 92 tiles with a
side length of 11.5 cm, 2.5 cm thick. The 16 tiles of sodium
fluoride, 0.5 cm thick, cover a total area of 34×34 cm2

which corresponds to 11% of the total RICH acceptance.
This dual composition of the radiator imposes a minimum
threshold on the velocity (β ) of the particles of 0.95c in
aerogel and 0.75c in NaF. Between aerogel tiles, gaps of
1mm filled with black PORON walls were introduced for
structure rigidity purposes. A high reflectivity conical mir-
ror surrounds the whole set with an expansion height of
46.9 cm. The Čerenkov photons are detected by 680, multi-
anode (4×4) photomultiplier tubes coupled to plastic light
guides with a pixel size of 8.5mm.

2.1 RICH Velocity Reconstruction
Velocity can be measured by the RICH, TOF and TRD.
The most precise velocity measurement is performed
by the RICH, giving a relative resolution (∆β/β ) of
1.2×10−3 for singly charged particles crossing the aero-
gel radiator and 4.1×10−3 for the sodium fluoride radia-
tor. A charged particle crossing the dielectric material of
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the RICH radiator with a velocity higher than the speed
of light in the medium emits a cone of Čerenkov photons.
This light cone intersects the detection plane drawing a
pattern with the detected hits. Velocity is calculated based
on the reconstruction of the Čerenkov emission angle ex-
tracted from this pattern. Two different algorithms for the
reconstruction are available: one was based on single-hit
reconstruction, and the other on a maximum likelihood
method [3]. In the latter reconstruction approach, the algo-
rithm incorporates the probability density function for the
signal hits, assumed to be described by a double Gaussian
around the true Čerenkov angle, and the background hits,
which are assumed uniformly distributed. Each hit proba-
bility is weighted by its signal ni. The likelihood function
can be written as

L (θc) =
N

∏
i=1

Pni [ri(θc)]. (1)

where

P(r) = (1−b)(G(µ ,σ1)+G(µ ,σ2))+
b
D

. (2)

In the previous expression,σ1, σ2 are two Gaussian widths,
b is the background fraction, D represents the maximum
distance of a hit to the pattern and is identified with the ac-
tive matrix dimensions. The relative resolution of the mea-
sured velocity for Čerenkov patterns generated by protons
in aerogel and in sodium fluoride as function of rigidity is
shown in Figure 1. As stated before, a relative resolution
of ∆β/β = 1.2×10−3 is attained for high rigidity in aero-
gel while in sodium fluoride the relative resolution of ve-
locity obtained in the same regime is ∆β/β = 4.1×10−3.
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Figure 1: Relative resolution of velocity for proton events
in aerogel (open circle) and in NaF (full circle) as function
of rigidity.

2.2 RICH Signal Measurement
The Čerenkov photons produced in the radiator are uni-
formly emitted along the particle path inside the dielectric
medium which length is L, and their number per unit of en-
ergy depends on the particle’s charge Z, velocity β and on
the refractive index n, according to the expression:

dNγ

dE
∝ Z2L

!
1− 1

β 2n2

"
= Z2Lsin2 θc (3)

The photoelectron counting associated to the Čerenkov ring
together with the photon detection efficiency evaluation
gives an estimate of the total number of radiated photons.
In fact, the number of radiated photons (Nγ ) which will be
detected (Npe) depends on

• the interactions with the radiator (εrad): absorption
and, in the aerogel case, Rayleigh scattering;

• the photon ring acceptance (εgeo): part of the pho-
tons is lost through the radiator’s lateral and inner
walls due to total reflection in the radiator-air transi-
tion, because of mirror absorption or simply because
some photons fall into a non-active area;

• the light guide losses (εlg): photons can be reflected
when reaching the light guide surface and/or ab-
sorbed in the light guide material. In addition, detec-
tion efficiency depends on the photon incidence an-
gle on the top of the light guide;

• the photomultiplier quantum efficiency (ε pmt ).

Hence, the number of detected photoelectrons is given
by the expression

Npe = N′
NZ2

1
β 2

(β 2n2−1)
(n2−1)

ε
cosθ

(4)

where N ′
N means the total number of radiated photoelec-

trons by a singly charged particle with β ∼ 1, perpendicu-
lar incidence and full ring acceptance and ε = ε rad ·εgeo ·εlg
is the total detection efficiency excluding ε pmt . The num-
ber of detected photoelectrons from a Čerenkov cone gen-
erated by protons in the aerogel and sodium fluoride radi-
ators as function of rigidity is shown in Figure 2. In the
high rigidity regime, a mean number of photoelectrons of
the order of 7.1 is expected for protons radiating in aerogel,
while in sodium fluoride this value is 4.2. These results are
extracted from data collected with AMS-02. A fit to the
expected evolution of the number of photoelectrons with
rigidity gives an estimate for the total number of radiated
photoelectrons for perpendicularly incident protons with
β ∼ 1 producing full acceptance rings of 21.55 in aerogel
while in NaF the value is 19.23.
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Figure 2: Average number of photoelectrons detected per
Čerenkov ring generated by protons in the RICH aerogel
(circle) and NaF (triangle) radiators versus rigidity.
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3 Velocity and Signal Probablity Density
Functions

Given a set of velocity and ring signal measurements, a
probability of the cosmic particle be an electron or a pro-
ton can be defined. For such purpose differential probabil-
ities on expected velocity and expected signal for electron
and proton particles allow to estimate the degree of agree-
ment between themeasured and expected values.More pre-
cisely, a probability density function for the expected ve-
locity β (m,Rig) and for the expected signal Npe(m,Rig)
can be built since for a given particle of mass m, with a
rigidity Rig measured by the silicon tracker detector, a set
of β and Npe measurements is expected. The probability
density function for velocity can be written as

dP(x,β ′) =G(x;Xm,△Xm)dxG
#
β ′;β (m,x),△β

$
dβ ′

(5)
where variables x and β ′ are the inverse rigidity (1/Rig)
and the measured velocity, respectively. The parameters
are mass m, charge Z, the inverse of the measured rigidity
Xm and the error on the inverse of rigidity△Xm. As stated
above, β (m,x) is the expected particle velocity given an
assumed rigidity 1/x and △β is the uncertainty on the
velocity for a fixed rigidity.
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Figure 3: Distribution of expected velocities for 3GV (top)
and 8GV (bottom) protons (dashed line) and electrons
(solid line) crossing the RICH aerogel radiator.

On the other hand, the signal probability density func-
tion can be expressed as

dP(x,Npe) = G(x;Xm,△Xm)dxP (Npe;µ) (6)

where µ = Npe
o (m,x) is the mean value of photoelectrons

from the Poisson distribution P(Npe;µ). Figures 3 and 4
show the probability density functions (PDFs) for elec-
trons/positrons and protons on velocity and on signal, re-
spectively for a set of events with rigidities 3GV (top)
and 8GV (bottom). An hypothesis test to identify the most
likely particle for a given measurement is performed, i.e.
the measured velocity and signal for every event is used
to estimate the probability defining the degree of compat-
ibility of the measured quantity with what is expected for
each particle type (e+/e− or protons). This is done integrat-
ing the area of the corresponding PDF up to the measured
value if β ′ < β (m,x), otherwise it is given by the former
result subtracted from the unity and similarly for the signal.

The velocity hypothesis test proved to be more discrimi-
nant than the signal test up to higher rigidities. The bottom
plots of Figures 3 and 4 illustrate it for 8GV protons and
electrons.
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Figure 4: Distribution of expected Čerenkov signals for
3GV (top) and 8GV (bottom) protons (dashed line) and
electrons (solid line) crossing the RICH aerogel radiator.

4 e-like Estimator
The electron and proton probabilities can be combined in a
RICH estimator to be used in electron/proton selection —
the e-like estimator. This estimator is based on the RICH
independent measurements of velocity and signal and is
built as

L = log
!

pe
pe+ pp

"
(7)

where

pe =
%
pβe · pse

pp =
%
pβp · psp (8)

are, respectively, the probability of compatibility with an
electron and a proton expressed as the geometrical mean of
velocity and signal probabilities. The e-like estimator was

p + pep
ep
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Figure 5: RICH e-like template in the rigidity range
[3.3,4.1]GV evaluated for proton and electron samples.

studied using enriched proton and electron data samples se-
lected with the TRD and ECAL. It will generically peak at
zero values for electron while protons will be distributed
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over lower e-like values. Figure 5 shows the RICH tem-
plates evaluated over a selected data sample of electrons
(filled histogram) and a proton sample (dashed line) both
measured with a rigidity between 3.3 and 4.1GV.

5 Selection Efficiency and Proton Rejection
with RICH

For each rigidity region different cuts on the e-like estima-
tor were tested in order to evaluate the electron selection ef-
ficiency as function of the proton rejection factor. The aim
was to select the highest fraction of electrons and reject the
highest amount of background protons. Figure 6 illustrates
this procedure for 6GV and 8GV.
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Figure 6: Electron selection efficiency versus proton rejec-
tion factor for 6GV and 8GV.
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Figure 7: Electron selection efficiency versus rigidity for
RICH e-like estimator.

A cut at -0.02 on the e-like estimator was established.
High selection efficiencies are obtained for electrons and
positrons from different rigidity regions. The selection ef-
ficiency is higher than 90% for rigidities up to 6GV and of
the order of 40% for 10GV electrons/positrons as can be
seen in Figure 7. On the other hand, the proton rejection
factor of this e-like estimator is of the order of 102 for mea-
sured rigidities between 3.7 and 5.6GV (Figure 8), which
combined with TRD proton rejection factor for the same
region gives a rejection power of 105.
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Figure 8: Proton rejection versus rigidity for RICH e-like
estimator.
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