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Abstract

This report evaluates the physics potential and technical benefits of the barrel time-of-
flight detector and summarizes its requirements.
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1 Introduction

This section deals with two major requirements of the PANDA experiment. The first one
is the need for charged particle identification (PID) over a large momentum range. This
cannot be achieved with one single process but several detectors have to participate. One
component of PID is the measurement of the time-of-flight of particles, which provides the
velocity allowing to discriminate different masses for slower particles.

The second requirement is the online selection of interesting physics signatures from the
data read out from all interactions. The first step of the selection has to be fast enough to fit
to manageable online computing resources and arrive at acceptable event rates. This topic
will be part of a second document.

In this section basic principles related to the time-of-flight detectors concerning the above
mentioned requirements are explained.

1.1 Positive Particle Identification

A critical issue is the evaluation of particle identification requirements of physics topics
relevant for PANDA. Here two applications have to be distinguished:

Positive particle identification means to identify a particle as being of the type
required for a given physics channel and distinguish it like this from all other particle hy-
potheses. This method is needed in cases where a large background completely covers the
looked for signal exceeding it often by many orders of magnitude. As a particular example in
many cases pions are much more abundant than Kaons and if a channel containing a Kaon
cannot be tagged by other means identifying the Kaon is the most important tool to select
the signal.

Negative particle identification means to identify a particle as being of another type
than the one required for a given physics channel and like this reject particles belonging to
the background. This method allows to improve an already selected signal by enhancing the
signal-to-background ratio but fails in the primary selection. Again the example of pions vs.
Kaons illustrates this: If the presence of a Kaon is required to select the signal, deselecting
an event where a pion was identified is not sufficient. Typical misidentification rates are of
the order of up to a percent. If a background rejection of several orders of magnitude is
required the misidentified pions interpreted as Kaons still lead to a far too large background
to clearly prepare the signal.

The effect of completely covering a very small signal by a small but still not negligible
misidentified background is illustrated in Fig. 1. In simulations performed for the Conceptual
Design Report of FAIR [2] at low momenta a misidentification level of pions of about 0.5 %
was found, consistent with previous results from BaBar.

1.2 Algorithms for Relative Time-of-Flight

ToF-based PID at PANDA is significantly complicated by two facts: The experiment will
run with a continuous high-rate anti-proton beam. In addition the installation of detector(s)
with very good time resolution close to the interaction point is excluded for technical reasons.

Under these conditions only the information on relative times of flight between charged
particles in a given event is available, and clearly a “conventional” single-track-based PID
can not be applied. There are a number of methods used to deal with the ToF-based PID in
such a configuration, which were described in detail elsewhere (see for instance presentation
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Figure 1: Separation power in a situation where the background is 1000 times higher
than the signal. Even if the background can be identified, a small percentage of
misidentified particles can fully cover the signal. Note the logarithmic vertical scale.

by S.Spataro for the XXVI PANDA meeting in Ferrara in 2008 [3]). Here we cover them
only briefly.

1.2.1 One identified particle in event

In case one of the particles in a given (multi-track) event is identified by means of some
other PID detector(s), one can use its measured arrival time t, momentum p, path length L
between the production vertex and the registering detector and mass hypothesis m in order
to estimate the start time (tS):

tS = t− L
√
p2 +m2/(pc) (1)

and use this information about tS to identify other particles in the event, assuming that
the time-of-flight ToFi for a given i-th particle with a measured arrival time ti equals to
ToFi = ti − tS .

1.2.2 Few identified particles in event

In case more than one particle in a given event was identified by other PID detectors, one can
calculate a weighted mean of their tS estimates in order to improve the accuracy. The task
is equivalent to finding a minimum of the functional ΨT (tS), which (neglecting uncertainties
in momentum and path length estimates and accounting for arrival time measurement errors
σT i) can be written down as a quadratic form with respect to tS :

ΨT (tS) =
∑
i

(ti − Li
√
p2
i +m2

i /(pic)− tS)2

σT 2
i

, (2)

where the sum is taken over all the identified particles, and be easily solved. Once tS is
found in this way, ToF-based identification of the other charged particles in event proceeds
the same way as described in 1.2.1.
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1.2.3 Simultaneous start time and particle mass variation

As a variant of 1.2.2, but without having any external PID knowledge on some of the particle
types in event one can try to construct a different tS-dependent functional

ΨM (tS) =
∑
i

(mi(tS , ti, pi, Li)−m0
i (tS))2, (3)

where the sum is now taken over all charged particle tracks with the arrival time mea-

surement ti available, mi = pi

√
(tic)2/l2i − 1. A step-wise quantity m0

i (tS) for each of the

tracks in the above ΨM -functional is a closest to mi(tS) value of a “realistic” particle mass
out of the discrete set of values {me,mπ,mµ,mK ,mp}. Written down like this, ΨM (tS) is
a piece-wise smooth function of tS and its global minimum can be taken as the best guess
tS estimate. Once tS is found in this way, a set of {m0

i } values at this tS can be used as
“identified” particle mass hypotheses.

1.2.4 Other ideas

Each of the options presented above has certain drawbacks. The first two methods require
external PID input. The latter one works in mass space, where error estimates are no longer
gaussian, so the χ2-like formulation of Eq. (3) is questionable. Neither of the presented
options takes momentum measurement uncertainties into account. Also they do not provide
any means to quantify the PID decision, so a detailed Monte-Carlo for a given physics channel
is needed to estimate the efficiency and contamination by other particle types.

An attempt to overcome part of these difficulties has been taken recently [4]. For a
given N -track event and in general M possible particle mass hypotheses (see 1.2.3, where
M is taken to be 5) the suggested technique gives a statistically correct evaluation of all the
MN possible particle mass configurations by providing a χ2 probability weight W{m1,...,mN}
for each of them. In a simplified formulation the task to evaluate a certain particle mass
configuration {m1, ...,mN} for a given event is reduced to the minimization of a functional
very similar to the one considered in subsection 1.2.2:

ΨT
W{m1,...,mN}

(tS) =
∑
i

(ti − Li
√
p2
i +m2

i /(pic)− tS)2

σT 2
i + σR2

i

, (4)

where the sum however is taken now over all tracks with the time-of-flight measurement
and the denominator for each term is properly expanded by additional uncertainty coming
from momentum and path length reconstruction errors σRi. For the “true” particle mass
configuration the quantity ΨT

W{m1,...,mN}
at the minimum vs tS should be distributed as χ2

with N − 1 degrees of freedom. Therefore it makes perfect sense to use a probability of
observing obtained χ2 value as a weight W{m1,...,mN} for a given mass configuration. The
unique “true” configuration will have a flat distribution of this quantity in the range [0..1],
all the others - the “wrong” ones - will tend to have higher χ2 values and peak close to 0
depending on how incorrect their mass hypotheses are.

In principle a set of MN weights W{m1,...,mN} contains all the information provided by
the tracking and time-of-flight subsystems, which can be used for a PID decision. The way
of usage depends on the layout of the global PANDA PID. In particular, a set of weights
W{m1,...,mN}, together with the tS estimates for all the considered particle mass configurations
can be given over to this global PID as input.

Alternatively, a “standalone” PID mode is possible. For example, a decision on a proba-
bility for a given j-th particle to be a pion can be formulated as
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επj =

∑
{j}=πWi∑MN

i=1 Wi

, (5)

where the sum in the numerator is taken over all particle mass configurations, where the
j-th particle was assumed to be a pion, and the sum in the denominator is taken over all
MN configurations. The closer the quantity επj is to 1, the larger is the probability that the
particle was a pion, in this particular case. The value of επj in this example can therefore be
taken as selection criterion to either accept (επj ≥ εmin) or discard (επj < εmin) a given track
as a pion. The preliminary results of PYTHIA Monte-Carlo at 10 GeV/c beam energy for
PANDA Forward Spectrometer are shown in Fig. 2 for different momentum ranges. Typical
events accounted on this plot have between 2 and 4 charged tracks in forward direction.
Arrival time resolution of the Forward ToF Wall is assumed to be 100ps for each track. εmin
cut value varies between 0.1 and 0.9 along each of the four coloured lines, for illustrative
purposes. One can see for instance, that at 3 GeV/c momentum (blue curve) εmin cut can
be selected such, that pions will be identified correctly in ∼ 98% of cases, at a price of ∼ 5%
of protons misidentified as pions.
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Figure 2: Proton contamination versus pion selection efficiency as a function of επj .

Probabilities of multi-particle subsets of a given event can be evaluated in a similar fash-
ion. If some of the particles were reliably identified by the other PID detectors, respective
weights for “wrong” configurations should be explicitely set to 0 prior to calculating the prob-
abilities of Eq. (5). Such “external” input should also reduce the significant combinatorial
CPU overhead, intrinsic to this method.

A more sophisticated formulation of the described formalism allows to take into account
the χ2 value of the Kalman-filter-based track parameter fitting procedure, and make use of
the limited timing capabilities of straw tracking detectors.
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It should be stated explicitely, that the suggested PID algorithm uses all the charged
particle tracks of a given event at once, no matter whether they were registered by the
Target or Forward Spectrometers. The predictive power of the PID decision is the better,
the more tracks with different topologies and high-resolution ToF measurement are taken
into account. In particular, availability of the tracks with Barrel ToF information should
drastically improve the ToF-based PID procedure quality for the configurations with only a
few tracks in the forward direction, and also make possible such a PID for the large class of
events with only a single charged particle track in the Forward Spectrometer.

2 Physics Case

2.1 Hypernuclei

Hypernuclear research will be one of the main topics addressed by the PANDA experiment [23]
at the planned Facility for Antiproton and Ion Research FAIR [24]. The PANDA hyper-
nuclear programme shall reveal the strength of Λ–Λ interaction via the high resolution γ
spectroscopy of double Λ hypernuclei. Contrary to past hypernuclear experiments, where
only a few double hypernuclei events were found, the challenge of the PANDA experiment
will be the enhancement in statistics with an order of magnitude five larger than in previous
experiments. The reason resides in the fact that germanium detectors, instead of their good
energy resolution, have an efficiency of only a few percent.

In combination with a high luminosity of the antiproton beam at HESR, a high production
rate of single and double hypernuclei under unique experimental conditions will be possible
by the first time.

In the PANDA experiment, double hypernuclei will be produced as a result of a multi–
stage process. In the first stage a Ξ− (together with its associated strange particle) is
produced in a primary target via the p + p → Ξ−Ξ+. The Ξ will undergo scattering or (in
most cases) annihilation inside the residual nucleus. Strangeness is conserved in the strong
interaction and the annihilation products contain at least two anti-kaons that can be used
as a tag for the reaction.

In a second stage, the Ξ− is slowed down in a dense, solid material (e.g. a nuclear emulsion)
and forms a Ξ− atom [7]. After an atomic cascade, the hyperon is finally captured by a
secondary target nucleus. If the momentum of the hyperon is too high its stopping time
will exceed the lifetime and hence the Ξ− will decay prior to the atomic capture with high
probability. In order to reach a high capture probability it is mandatory to keep the primary
momentum of the produced Ξ− as low as possible.

The energy release of about 28 MeV during the conversion of the Ξ− into two Λ hyperons
may give rise to the emission of particles from the nucleus (double Λ compound nucleus),
where the conversion took place. As a consequence, a variety of double, single or twin
hypernuclei as well as ordinary nuclei may be produced in excited states.

The hypernuclei study will make use of the modular structure of the PANDA detector.
Removing the backward end-cap calorimeter will allow to add a dedicated nuclear target
station and the required additional detectors for γ spectroscopy close to the entrance of
PANDA.

The major difficulty to accomplish this project resides in the complexity of the hypernuclei
production mechanism and in the identification procedure. Furthemore, the pp→ Ξ−Ξ cross
section of 2µb is about a factor 25000 smaller than the total pp cross section of 50 mb at
3 GeV/c. As a consequence an strategy must be performed to enable an efficient background
signal suppression. As it was remarked before, associated antihyperons annihilates with a
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large probability1 (' 85%) within the primary target nucleus releasing at least two positive
kaons which can be used to tag the hypernuclei production. Kaons produced in this way
are emitted in the forward direction (beam direction) and with a momentum distribution
around 500 MeV/c. Here the difficulty resides in finding a proper detector system to identify
efficiently positive kaons.

Due to the importance of this aim, the present chapter is devoted to introduce a strategy
for background rejection based on the positive kaon identification, which must help to tag
the production of double Λ hypernuclei at PANDA. The kaon identification method presented
here, contemplates the use of the time measurement.

In the current PANDA design, particle identification for slow particles (below 700 MeV/c)
may be provided at large polar angles by a Time Of Fight detector in combination with the
Time Projection Chamber (TPC).

In the following, the efficiency of this technique will be studied by means of Monte Carlo
calculations.

2.1.1 Rate estimate

Based on calculations, the various steps of the double hypernucleus production process have
been quantified in order to derive an estimate of the final count rate.

According with these calculations, the rate estimate is based on an antiproton interaction
rate of 3 · 106 s−1. At a p momentum of 3 GeV/c the pp→ Ξ−Ξ+ production cross section is
about 2µb [8], to be compared to the elastic cross section σe(pp → pp) ≈ 23.7 mb and the
annihilation cross section of σa(pp → X) ≈ 26 mb. Since no information on the mass de-
pendence of the Ξ−,0 Ξ+ production cross section is available, we assume a A2/3 dependence.
This results in σ(Ξ−,0 Ξ+)/σtot = 4 · 10−5. With these assumptions we expect approximately
100 Ξ−Ξ+ pairs per second or 11 million per day. For a target in the Carbon mass region the
“production factor” (PF) is of the order 7.5 · 10−3. This provides with about 64 800 stopped
Ξ− per day.

Assuming a Ξ−p→ ΛΛ conversion probability of only 5 %. This results in the production
of about 3 240 double hypernuclei per day.

Individual excited states may be populated with up to 10 % of the total yield [13]. From
the thickness of the secondary target and the neutron moderator we estimate for γ energies
between 0.1 and 10 MeV an escape probability of a gamma ray from the target between 60
and 80 %. One cluster detector mounted at a distance of 30 cm covers 0.79 % of 4π. Since
the decaying hypernuclei are at rest and assuming isotropic angular distributions, 15 cluster
detectors will cover approximately 11.8 % of 4π corresponding to a full photo-peak efficiency
of 2.75 % for 1.33 MeV γ-rays.

The proposed trigger scheme assumes a detection of hadrons containing the associated
anti-strange quarks. The cleanest tag will be a high momentum Ξ+ at small angles. However,
the majority of Ξ+ will annihilate in the primary nucleus. Assuming the Ξ+p absorption
cross section to be close to the pp annihilation cross section and averaging over the impact
parameter we expect even in case of a carbon target a Ξ+ escape probability of only 20 %.

The expected reconstruction efficiency is about 40 %. This value has been estimated by
considering that the geometric acceptance of the proposed layout for positive kaon identifi-
cation emitted into the forward beam direction is of the order of 70%, a tracking efficiency
(accepted tracks candidates by the tracking procedure) of the 60 % and the particle identifi-
cation efficiency is of the 95% percent taking into account a time resolution of 100 ps for the
start detector.

1Probability is given by the UrQMD model
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While two kaons will be produced in the annihilation process, the trigger will be based
on the detection of only one K+ in the forward region θ ≤ 40◦ not covered by the secondary
target. In order to reduce the single K+ rate of about 5 · 105 s−1 to a rate acceptable by the
DAQ, additional filters based, for example, on the vertex in the secondary target, the signals
in the Germanium detectors or the missing energy in the forward region will be employed.
In the present work, a kaon trigger efficiency between 20 % and 30 % has been achieved.
However, an efficiency of about 40% would be a desirable aim.

In conclusion, the expected rate after the use of the kaon trigger is of about 69 events
per month for an individual transition (See Table 1).

The rate estimates corresponding to the UrQMD+SMM calculations are in comparison
with previous calculations (Intra nuclear casacde (INC) generator interface) a factor of 10
larger.

p interaction rate 3 · 106s−1

p momentum 3 GeV/c
internal target Z ≈ 6

reactions of interest pp→ Ξ
+

Ξ−

pn→ Ξ
+

Ξ0

cross section (pN) 2µb
rate 100 s−1

Ξ− PF 7.5 · 10−3

total stopped Ξ− 64 800 per day
Ξ−p→ ΛΛ conversion probability 5 %
produced ΛΛ hypernuclei 3 240 per day
probability of individual transition 10 %
target escape probability (Eγ = 1 MeV) 70 %
Ge solid angle 11.8 %
Ge efficiency (Eγ = 1.33 MeV) 23.3 %
trigger efficiency 20–30 %

detected individual transitions 69 per month

Table 1: Rate considerations for hypernuclear physics with γ-ray spectroscopy. An event

generator based on a intra nuclear cascade model was used for pp→ Ξ
+

Ξ− generation.

2.1.2 Generation of Hypernuclei

The Monte Carlo calculations will make emphasis on the first stage of the hypernuclei mech-
anism, which regards the generation of Ξ− + Ξ+ pairs in the p+12C reaction at 3 GeV/c
within the primary target of the hypernuclear setup(See [23]).

For that, a primary generator (UrQMD+SMM) [10] based on an extended version of the
UrQMD model [9] has been used. In this event generator, the rescattering mechanism plays
a important role in the production of low momenta Ξ− below 500 MeV. The annihilation
of the associate particle Ξ+ with a nucleon, which results in at least two positive kaons, is
also considered. Mandatory for this study is the production of background reactions, which
correspond to p+12C which does not lead to the production of Ξ−+ Ξ+ pairs. The interface
to the standard UrQMD model has been considered to accomplish this task.
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Figure 3: Phase space distributions corresponding to positive kaons produced as a result of
the signal (top panel ) and background (bottom panel ) generation.

In the following, we will focus on the production of positive kaons, resulting from the
signal and the background generation. Fig. 3 illustrates the phase space distribution of
positive kaons resulting from the signal generation (top panel) and from the background
generation (bottom panel), respectively. In both cases positive kaons are emitted mainly
into the forward direction. However, the position of the maximum of the kaon distribution
is different in each case. For example, in the case of kaons produced from the signal, the
maximum is centered around 500 MeV/c and in the background case, kaons are centered
around 700 MeV/c.

2.1.3 Event Simulation

The Monte Carlo simulation has been performed within the PANDAroot [11]. The hypernu-
clear detector setup is the one described in ref. [22, 6].

The analysis procedure in the present work is managed by tools provided by the Rho
package [12]. For each event the information obtained after the reconstruction stage is asso-
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ciated to particle candidates (kaons, pions or photons) according with the particle hypothesis
calculated during the particle identification process and are stored in particle lists. For the
identification of complete decay chains selector applications can be applied to get access to
the candidate lists and to extract information such as number of particles, total event energy
or four vectors of each particle.

The different detectors electronic signals are reconstructed to build particles trajectories,
whose momenta can be extracted by using a devoted tracking algorithm. The assignment of
particles trajectories to a certain particle type, takes place in Sec. 2.1.4, where the energy
loss and the timing measurements together with the tracking information is used to calculate
particle hypotheses.

In addition, the efficiency of a method for the background rejection based on positive
kaon identification will be in Sec. 2.1.5 evaluated.

2.1.4 Reconstruction

The reconstruction of charged particles trajectories uses the hits information of the sev-
eral detectors involved in the simulation after the digitization process. The reconstructed
trajectories, denominated also tracks candidates, are parametrized with special algorithms
provided by the selected track model to obtain information such as momentum, length of
the trajectory, direction etc. In this section a particular emphasis will be given to the recon-
struction of the low momentum charged particles resulting from the hypernuclei production
mechanism. This procedure will be mainly accomplished by the secondary active target
and eventually by the scintillation fibers array. Charged particles with moderated momenta
emitted into the forward direction will be reconstructed making use of the time projection
chamber as main tracker detector and of the time of flight system.

Momentum resolution and low momentum particles To enable the time of flight
measurement, the produced particles must have enough momenta to cross the start detector,
the TPC and to arrive to the time of flight barrel (stop detector). In other words, produced
particles must be able to traverse the interior of the target spectrometer (radius R' 50 cm).

With PT = 0.3RBq, positive charged kaons moving in a magnetic field B of 2 T must
have a transverse momenta component PT above 150 MeV/c to fulfil this requirement. It is
also important to remark, that for a good suppression of the background signal, the detector
acceptance for kaon detection has to be large. The reason for that, is that one should not
only account for the probability of producing Ξ−, but also one should consider the stopping
probability and the conversion probability which represents a 5% of the total rate. The
enhancement in statistic can be easily achieved by reducing the magnetic field to 1 T. As a
consequence, the number of positive kaons fulfilling the above condition is then even larger,
and the momentum threshold can be then placed below 100 MeV/c.

Charged Particle Identification Good particle identification (PID) for charged hadrons
and leptons plays an essential role for PANDA and must be guaranteed over a large momen-
tum range from 200 MeV/c up to approximately 10 GeV/c. Several subdetectors provide
useful PID information for specific particle species and momenta. While energy loss mea-
surements within the trackers obtain good criteria for the distinction between the different
particle types below 1 GeV/c, the DIRC detector is the most suitable device for the identi-
fication of particles with momenta above the Cerenkov threshold, eg. 500 MeV/c for kaons.
Moreover, in combination with the tracking detectors, the EMC is the most powerful detec-
tor for an efficient and clean electron identification, and the Muon detector is designed for
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the separation of muons from the other particle species. The best PID performance however
can be obtained by taking into consideration all available information of all subdetectors.

The PID procedure is divided in two different parts. In the first stage the recognition is
done for each detector individually, so that finally probabilities for all five particle hypothesis
(e, µ, π, K and p) are provided. The probabilities are normalized uniquely by assuming same
fluxes for each particle species.
In the second stage the global PID combines this information by applying a standard likeli-
hood method. Based thereon, flexible tools can be used which allow an optimization of effi-
ciency and purity, depending on the requirements of the particular physics channel. Based on
the likelihoods obtained by each individual subdetector the probability for a track originating
from a specific particle type p(k) can be evaluated from the likelihoods as follows:

p(k) =
∏
i pi(k)∑

j

∏
i pi(j)

, (6)

where the product with index i runs over all considered subdetectors and the sum with index
j over the five particle types e, µ, π, K and p.

In the following, special emphasis will be made to explain the particle identification tech-
niques for the low and moderate momentum particles (pions, protons and kaons) emitted
during the hypernuclei production. Basically the techniques here employed are the use of
dE/dx and the timing measurements by the secondary active target and the TOF detector
system respectively. Due to the readout electronics similarity between the secondary ac-
tive target and the MVD readout electronics, the technique relative to dE/dx measurement
performed by the latter will be also here adopted.

Using the tracking (momentum, charge, track length) and the timing information particle
identification may be performed. Indeed, a particle with mass m and momentum p has a
velocity v which can be expressed in units of the light velocity c by β = v/c

β =
p√

p2 +m2
(7)

γ =
1√

1− β2

Using the definition of γ and β, one gets the following expression p
m = βγ.

Based on this feature, different methods can be adopted for particle identification (PID).
In the following, the so–called “probability method” will be reviewed.

Probability method The probability method consist in assigning to each kind of particle
a probability density function (p.d.f.) based on some separation parameter, for instance the
mass, by fitting the appropriate Monte Carlo simulated distribution. Therefore, one can
compute the probabilities for each track, measured with a given mass m, to be a pion, a kaon
or a proton from the heights of the corresponding mass p.d.f’s (fk, fπ, fp) at this m–value.
Each p.d.f. should be normalized to the corresponding particle yield. The probability to be
a particle of type i can be indeed defined as

Pi(m) =
fi

fπ(m) + fk(m) + fp(m)
(8)

Fig. 4 shows an example of the p.d.f, for i = k, π, p, obtained as Monte Carlo mass dis-
tributions. However, mass is not a very good separation parameter because its probability
density function has not a proper Gaussian shape as a consequence of the mass determina-
tion. Time–of–Flight is indeed Gaussianly distributed and can be more conveniently used
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Figure 4: Mass probability density functions for pions, kaons and protons, obtained as mass
spectra of unambiguously TPC–TOF matched tracks with a momentum ranging from a
200 MeV/c to 1.4 GeV/c (data sample contains 200,000 Ξ− + Ξ̄+ events at B=1 T). Super-
imposed, some gaussian fits to guide the eye.

for probability calculations. For a track measured with a given flight–time t, the probability
to have a mass mi can be calculated for i = k, π, p as

Pi(t) =
gi

gπ(m) + gk(m) + gp(m)
(9)

where g(ti) is the height of the Gaussian p.d.f. g( with mean value t and standard deviation
σt) at the time ti derived from the track length l and momentum measurements with mass
hypothesis mi(see Fig. 5). Here a weighting procedure is applied to consider the different
particle yields. The time–based probabilities obtained in this way are shown in Fig. 6 as
functions of the mass. One can see the masses at which the probability for a particle to be
a pion becomes equal to the probability to be a kaon(≡ 0.3 GeV/c2), and the probability to
be a kaon becomes equal the probability to be a proton(≡ 0.7 GeV/c2) correspond to the
crossing points of the π, K, p mass p.d.f’s of Fig. 4.

2.1.5 Kaon identification based on timing measurements

In the present work, a strategy will be introduced to identify low and moderate momentum
kaons via the timing measurement of TOF (Time of flight system) in combination with the
tracking performance of the TPC detector at PANDA. The efficiency of tagging the produc-
tion of Ξ− hyperons via the kaon identification will depend also of the geometrical acceptance
of the detection system. The main difficulty of the proposed setup resides in to optimize the
distance of the hypernuclear target to the central tracker of PANDA spectrometer. Due to
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Figure 5: Example of time–of–flight probability density function. The standard deviation
σt of this gaussian function, centered at the measured track time t, has been enlarged by an
arbitrary factor for the sake of clarity.

the fact, that the backward region has been chosen for the placement of electronics readout
of the central tracker detectors, the space left closed to the TPC detector is therefore limited.

The identification procedure consist in using the timing measurement, provided by the
TOF detector system in combination with the tracking information given by the TPC (as
discussed in Sec. 2.1.4), to separate different particles types. Moreover, the probability
method, explained in Sec. 2.1.4 of this chapter, will be used to calculate the corresponding
particle hypotheses, through which kaons, pions or protons will be recognized.

The starting point of the analysis begins with the production of 200,000 Ξ− + Ξ̄+ pairs
events at the magnetic field of 1 T by the extended UrQMD+SMM generator interface.

In the next stage, track candidates are built using the method introduced in Sec. 2.1.4.
For that, hits produced in the start detector, the TPC and scintillation barrel detector are
considered. Particles tracks which do not fulfil this condition will be not accepted by the
tracking procedure. Typically, the geometric acceptance of the scintillation barrel detector
goes from 22◦ to 140◦ for an interaction point placed at center of the target spectrometer
reference system. However, because the interaction point for the hypernuclear layout is
placed at -55.5 cm from target spectrometer center, the corresponding geometric acceptance
will be from 14◦ to 80◦ (See Fig. 7).

For the present studies, the detector system acceptance for kaon identification is then of
the order of the 60% percent. Fig. 8 illustrates a typical kaon event traversing the volumes
of scintillating fiber array detector, the TPC and the TOF barrel detector. The picture
shows the kaon track from the front and side view. In the next step, reconstructed tracks
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Figure 6: Time –based PID probability distributions as function of the mass, for pions, kaons
and protons, corresponding to unambiguously matched TPC–TOF tracks with a momentum
range from 0.3 GeV/c to 1.4 GeV/c and a track length of approximately 1 meter at B=1 T

are assigned to kaon candidates according with the particle hypotheses obtained via the
probability method as indicated in Sec. 2.1.4.

To study the kaon identification efficiency the use of a start detector with a time reso-
lution comparable with the one of the scintillator Time–Of–Flight barrel (100 ps) has been
considered. Fig. 9 shows the reconstructed mass spectra assuming a start detector with 100 ps
(CVD detector). One can see that for a start detector with a timing resolution comparable
to the one of the TOF barrel (stop detector), particles such as pions, kaons and protons are
well separated. From the tracking procedure, a momentum and the track length resolution
of 1% and 3% respectively have been assumed for this analysis.

Furthermore, considering a start detector with a time resolution of 100 ps, the kaon
identification efficiency 2 3 is around the 95%.

Accordingly, the Ξ− + Ξ+ events which can be tagged based on the kaon identification
strategy is 20% (100 ps) of the total production. Assuming a timing resolution of 100 ps for
both, start and stop detectors, the number of stopped Ξ− is around 3000, which represents
a 20% of the total number of stopped Ξ− achieved by using the UrQMD+SMM generator
(See Fig. 3).

2It is defined as the number of kaon identified by the PID system divided by the number of produced kaons
3assuming a kaon hypothesis larger than 0.4 (see Fig. 6)
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Figure 7: Scatter plot showing the geometric acceptance of the TOF barrel detector
for kaons. Black boxes represent the transverse momentum vs polar angle distribution
of kaon tracks which are accepted for analysis.

Figure 8: Left and right panel show for an IP placed at z = −55cm. the X-Y and Y-Z
view of the TOF system layout, respectively. In both cases a kaon track is denoted by
its hits on the fibers array, TPC and TOF barrel.

In addition to these calculations, the same simulation procedure has been calculated plac-
ing the hypernuclear detector layout at a distance of -55.5 cm from the center of the PANDA
spectrometer. This is actually the closest distance to the central tracker the hypernuclear
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Figure 9: Mass reconstruction for positive charged pion, proton and kaons. The time
resolution of TOF start detector with 100 ps. The resolution of the reconstructed
momentum and length is 1% and 3%, respectively. The magnetic field value was
reduced to 1 T to increase the detector acceptance.

Table 2: Efficiency of the proposed method for the tagging of Ξ− + Ξ
+

events over the
background reactions (p+12C). The method is based on the identification of positive kaons

produced as a result of the Ξ
+

annihilation in the primary nuclear target

event % at σt=100 ps

Ξ− + Ξ
+

(IP = -76.5 cm) '19.
p+12C (IP = -76.5 cm) 7.7

Ξ− + Ξ
+

(IP = -55.5 cm) 28.3

detector setup can be placed [14]. Nevertheless, under this condition the geometric accep-
tance of the TOF system should improve significantly. However, after having applied the
same analysis procedure the efficiency to tag Ξ−+Ξ+ events has a value of 28.3% considering
a start detector with a time resolution of 100 ps.

Furthermore, the contamination of events resulting from background (p+12C) reactions
can be also be estimated by applying the method explained above. Fig. 10 illustrates the
reconstructed mass spectra of kaons, pions an protons particles generated as a result of p+12C
reactions. It shows the reconstructed mass spectrum assuming a start detector with time
resolution of 100 ps. The particle separation is in the case of a start detector with a 100 ps
resolution not well accomplished, maybe due to the small number kaons in comparison with
pions. The percentage of background events tagged considering the option of a start detector
with a 100 ps time resolution is 7.7%.

Table 2 gives an overview of the efficiency of method, which has been suggested in this
work, to tag the production Ξ− + Ξ+ events over the background resulting from the p+12C
interactions. According with previous estimates [1], a reliable trigger efficiency based on the
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Figure 10: Mass reconstruction for positive charged pion, proton and kaons as a result
of p+12C reactions. The resolution of the reconstructed momentum and length is 1%
and 3% respectively. For this calculations a sample of 100,000 p+12C events have been
considered.

positive kaon identification would account approximately a 40%.
Obviously, the value corresponding to the present layout is below the expected value.

Furthermore, one should take into account that previous estimates have been done consid-
ering that the interaction point (IP) of the hypernuclear detector layout was placed at the
center of the PANDA spectrometer, where the geometrical acceptance is pretty larger that
the calculated with the present layout. Actually, due to the present PANDA layout it will be
impossible to place the hypernuclear layout so close to the center of the PANDA spectrometer.

An alternative to the present layout for background discrimination could be the use of
the energy measurement of the TPC without considering the TOF system.

In summary, one can conclude that a background suppression strategy with the present
considerations would be not enough as stand-alone method, and therefore it must be com-
bined with other techniques to improve the efficiency in a factor two or more.

2.1.6 Conclusions

The associated Ξ Ξ production allows to trigger on the Ξ to suppress the background many
orders of magnitude. For the planned 12C primary target 15% of the Ξ leave the target
and decay. The other 85% annihilate within the target and produce due to strangeness
conservation two kaons. The number of positive charged kaons produced in this process
amounts approximatly a 40%. Here, the reconstruction probability of the kaons is of the
28%. These results are the predictions from a URQMD+SMM model [10] containing the
production of Ξ Ξ and the partial annihilation of the Ξ. Background contributions to the
kaon trigger amounts to 7.7% and is modelled by the URQMD model [9] not containing the
above mentioned processes. Triggering on the positive kaons increase the total trigger rate
by a factor of 7. The barrel DIRC can measure 55% of these kaons while 45% are below
its momentum threshold. The benefit of a positive kaon identification below the momentum
threshold of the barrel DIRC is a factor of 2 higher trigger rate.
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2.2 Baryon Spectroscopy

The study of the excitation spectrum of baryons is an important part of the PANDA physics
program. Antiproton-proton collisions are particularly well-suited to populate excited states
of strange, multi-strange and charmed baryons which can be investigated in exclusive reac-
tions. In particular, p̄p collisions allow independent measurements of the excitation pattern
in the baryon and the antibaryon sector, which option should be exploited to significantly
reduce systematic uncertainties. In order to understand the structure of individual states
it is mandatory to study their coupling to different final states. These include also kaons,
particularly in the decay of strange baryon resonances, as for example Ξ∗ → K̄Λ or Ξ∗ → K̄Σ.

From experiments at LEAR [16] on the reaction p̄p → ΛΛ̄ it has become evident that
the angular distribution of this reaction is far from being isotropic. Instead, final states
with a Λ̄ in forward direction and a Λ in backward direction in the center-of-mass frame
are strongly favored. The angular distribution of other hyperon production channels in p̄p
collisions is not known, but it seems reasonable to expect forward and backward peaking of
the anti-hyperon and the hyperon, respectively, also for other hyperons like Σ or Ξ, including
excited hyperon states. The excited hyperon will then be slow in the lab frame and thus
kaons emitted in its decay are likely to have momenta below the threshold of being identified
by Cerenkov emission in the barrel DIRC detector. Qualitatively, this conclusion is correct
independent of the simulation of specific reaction channels, which remains to be done in order
to quantitatively determine the losses caused by the incapability to identify slow kaons.

At this point it is very important to note that the assumption of a phase space distribution
in the simulation - both in the production channel and in the hyperon decay - is not suited
to assess the necessity of slow kaon identification by a TOF barrel. It must be clear that
the relevant criterion is not merely the fraction of kaons lost in the case of no TOF barrel,
i.e. it is not a single number, but it is the question whether or not the full phase space is
sufficiently covered in order to allow the measurement of complete angular distributions in
production and decay channel and to determine the spin and parity quantum numbers of the
excited hyperon states.

2.3 Hadrons in the Nuclear Medium

A major aspect in the study of antiproton-nucleus collisions is the question how the properties
of hadrons are modified by the nuclear medium. Some hadrons may even feel a strongly
attractive field such that bound nuclear states may exist. So far none of such exotic hadron-
nucleus bound states caused by strong interaction has been unambiguously identified.

A particularly interesting question which has been under debate since long time is related
to the possible existence of antikaonic nuclear states. This problem also has astrophysical
implications as it is related to kaon condensation in compact stars. Antiproton-nucleus
collisions are particularly well-suited to produce low momentum antikaons inside the nucleus
which could be captured into bound states. This could be observed by using missing mass
spectroscopy in the reaction p̄A → φK+X, based on the elementary reaction p̄p → φφ
at small center-of-mass angles. Due to the small mass difference of φ and p̄ the initial p̄
momentum is transferred to one of the φ mesons whereas the other one is very low-energetic
in the lab frame giving rise to a low momentum K− captured in the bound nuclear state and
a slow K+. In case of an attractive K̄ nuclear potential of ∼100 MeV in line with theoretical
predictions [17] the K+ momentum would be around 300 MeV/c.

Substantial attractive nuclear potentials have also been predicted for D mesons. The
experimental investigation of D and D̄ meson nuclear potentials is even more demanding
since it requires the production of slow D or D̄ mesons in the lab frame, respectively. Due
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to the high D mass this is obviously not possible in single-step reactions. At the present
stage it is not clear whether or not more complicated multi-step processes producing slow
D mesons in the nuclear environment have sufficient cross section to allow unambiguous D
meson identification. If this should be the case, a measurement of their transverse momentum
distribution similar to the method proposed in Ref. [19]. In their decay slow D mesons would
also produce kaons below the Cerenkov threshold of the barrel DIRC.

3 Further Technical Benefits

In this section various additional technical benefits are summarized briefly. The extent of
their application still have to be verified and possibly simulated.

3.1 Discrimination of Charged and Neutral Particles

A fast detector sensitive to charged particles placed in the vicinity of the electromagnetic
calorimeter (EMC) Covering the acceptance of the EMC can serve as input to the EMC
to discriminate charged and neutral particles. This is of particular interest in the phase
of software triggering when full track information is not yet available but a preselection
of specific topologies requires this information. Plastic scintillators mounted in front of
electromagnetic or hadronic calorimeters are used for this purpose in many hadron physics
experiments.

3.2 Detection of Photon Conversions

In a similar way a fast detector sensitive to charged particles in front of the EMC can serve
to detect photon conversions happening inside the other detectors. A modification of the
setup where the timing barrel is placed outside the DIRC and immediately in front of the
EMC would extend this capability to the detection of conversions in the DIRC, which are
fairly frequent due to the thickness of the DIRC radiator. If the timing detector in addition
has a reasonable spatial resolution a reliable detection and correction of the effect of photon
conversions becomes possible.

3.3 Seed for Tracking

A detector with good time resolution outside the central tracker (CT) may serve as a seed
for track finding in the CT. This would work best if the detector would resolve both φ and
z at a reasonable granularity. With this combinatorics of track hypotheses in the process of
pattern recognition could be reduced. This hold for both considered types of central trackers,
the STT and the TPC.

In contrast, developing track seeds from the side of the MVD requires more processing
time due to more complicated structure of the MVD. Moreover tracks emerging from weak
decays might be missed. Another drawback here is the fact that due to the limited number
of layers in the MVD many ghost tracks can be formed confusing the further steps into the
CT region. Here the opposite would be applied, i.e. track seeding or at least cleaning up of
tracks of the MVD by tracks from the central tracker.

Neverthless the benefits of track seeds from a high granularity timing detector would be
significantly different for the two CT cases:
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• In case of the straw tube tracker (STT) a 2D track seed by a timing detector can simply
provide the starting point for the pattern recognition speeding up the process notably
without being a fundamental ingredient.

• In the case of the time projection chamber (TPC) the tracks have the uncertainty of the
starting time since the drift in t in z-direction. A 2D timing detector with segmentation
in z would identify starting time of the tracks drifting within the TPC in a very easily
available way allowing faster pattern recognition and more important solve the problem
of event association of TPC data to the underlying interactions. No separate algorithms
to find tracks from decay vertizes within the TPC would be needed.

The track seeding by the timing detector does not require the highest possible time
resolution. But a key issue is to have the hits of the timing detector easily available without
further parallel processing or calibration, since otherwise the tracking process would have to
wait for this pre-processing. For this reason the EMC is not well suited as a detector for
track seeds. In addition it can confuse charged and neutral particles.

4 Design Issues

In this section detector requirements are summarized and open design issues are discussed.
One main question is the interaction with other detectors, in particular the EMC. At the
end an alternative design option is presented.

4.1 Detector Requirements

The main requirement for the barrel Time-of-Flight detector is to achieve a time resolution
better than 100 ps. The acceptance has to cover the angular region from 22 deg to 140 deg.
The material budget of the detector has to be as small as possible. Another concern is the
size of only 3 to max. 5 cm in r. To exploit further benefits the detector should have an
acceptable position resolution both in z and in φ.

Presently three concepts are followed: One is based on long scintillator bars of 3 cm
thickness arranged in a barrel shape. Two others are different designs of glass based resistive
plate chambers with different readout geometry and segmentation. Here the material budge
is mostly determined by the glass, the number of gaps and the number of layers. More
detailed description can be found in [21].

4.2 Interaction with other Detectors

The biggest negative impact of the barrel time-of-flight detector consists in the deterioration
of the response of the EMC due to photon conversions in the material of the ToF detector.
The following results were presented at the PANDA Collaboration meetings in March 2010
and in September 2009 [25].

To study this G4 simulations with the Physics Book setup adding a barrel ToF detector
with one layer of bars between STT and DIRC (width: 5cm, length: 190cm, inner radius:
43cm) were performed. Two settings of the barrel ToF material budget were assumed, 10%X0
as default and 20%X0 for single π0 studies.

The material budget in front of the EMC can cause preshowers. As an example the DIRC
quartz radiator with an effective thickness of 17% to 50% of a radiation length depending on
the track angle had been studied previously. As a result the probability for a conversion is
between 15% and 27%. The energy resolution in EMC decreases (see [26]). The barrel ToF
adds material to the toal budget which will worsen the effiency.
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Figure 11: Preshower probability in DIRC and impact on energy resolution of EMC.

The effect of the barrel ToF on the EMC performance due additional conversions was
studied with several benchmark channels.

Single π0 were generated between 10MeV and 1.5 GeV in the barrel region and energy
dependent efficiency and background studies were done. As a result an efficiency loss of 10%
(20%) was found for a barrel ToF of 10% (20%) of a radiation length. The corresponding
decrease in the ratio of signal to background was 20% and 40% respectively.

For the channel pp̄→ γγ a reduction of S/B of 10% was found up to a value
√
s of 4 GeV

and 20% at 5.5 GeV.
Finally the effect on the charmed hybrid channel was studied. Here the reconstruction

efficiency without ToF was 7% and with ToF 5.38%, i.e. reduced by 23 %.

4.3 Alternative Design

In this section we present a new idea for a scintillator tile hodoscope (SciTil) as general
purpose timing detector in PANDA.

One of the main concerns with the barrel Time-of-Flight detectors is the influence on the
EMC due to its material causing photon conversions. This effect is reduced to a minimum
if one places the detector material as close as possible to the EMC and tries to reduce it to
the absolute minimum. In case of the scintillator based barrel ToF the main reason for the
thickness is the length of the scintillators bars leading to high light attenuation and in turn
to the need for a thicker scintillator to still have an acceptable light yield. Taking all these
concerns into account one arrives at a new timing detector concept based on 2x2x0.5 cm3
scintillator tiles matching the fronte face of the calorimeter crystals. The scintillator tiles
are read out by SiPMs of 3x3 mm2 size. The light yield at 1 GeV (MIP) is about 50-100
detected photons. By positioning one scintillator tile 2x2 cm2 in front of each PWO crystal
one achieves the shortest possible distance. The placement in the cold volume poses some
additional constraints but the noise level of the SiPMs is strongly reduced. Each SiPM is
read out by an ASIC so that only one five pin digital flat cables is needed for connection (2
lines differential output, one line SiPM bias, one line ASIC power and one common ground).
A detector optimisation has to determine the ideal position of the SiPMs on the tiles and
if one or two SiPMs per tile are needed. The ASIC will incorporate a fast preamp and a
discriminator. Outside the cold volume a TDC digitizes the signals. For the SiPMs three
candidates are under consideration: Hamamatsu provides so-called MPPC with 3 × 3mm2

active area in a nice SMD formfactor already now. Philips has developed a Digital SiPM
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a) b)

Figure 12: Layout of the SciTil hodoscope. a) one element of the SciTil. b) A half
shell of the SciTil shown with one super-module of the EMC crystals.

with on-die amplifier and TDC electronics.
The advantages of the concept are as follows: The concept results in the lowest possible

material budget. It provides fast timing in the order of 100 ps for a flexible software trigger
and Time-of-Flight. It allows clean detection of γ-conversions in front of the EMC in particu-
lar within the close by DIRC. In addition it is best suited for charged-neutral discrimination.
If also employed in the forward endcap additional timing is available where it was previously
missing altogether. Furthermore the detector provides space resolved timing signals as input
to trigger metrices and TPC track finding.

The SiPM operation in the cold still has to be tested. Compared to a scintillator barrel
ToF the cost is increased approximately two times. Nevertheless the R&D efforts needed for
this are quite limited.
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