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1 Introduction

This document is an addendum to the ALICE Proposal [1] with the aim to propose an ex-
tension of the present central detector to allow a comprehensive investigation of electron
pair physics as well as studies of open charm and open beauty production in nucleus-nucleus
collisions at LHC energy. The ALICE detector and its physics capabilities are described in
detail in the proposal and the addendum for the forward muon spectrometer [2]. The addi-
tion of a Transition Radiation Detector (TRD) to the central ALICE barrel will provide, in
conjunction with data from the Time Projection Chamber (TPC) and Inner Tracking System
(ITS) detectors, sufficient electron identification to measure, in the di-electron channel, the
production of light and heavy vector meson resonances for Pb+Pb collisions at the LHC as
well as to study the dilepton continuum. In addition, the excellent electron identification at
relatively large transverse momenta (p; > 1 GeV/c) can be used in conjunction with the im-
pact parameter determination of electron tracks in the ITS to determine the overall amount of
open charm and open beauty produced in the collision. With a similar technique one can also
separate directly produced J/¥ mesons from those resulting from B decay. The latter could
potentially mask the expected J/¥ suppression due to quark-gluon plasma formation and
their measurement is, therefore, of crucial importance. Furthermore, since the TRD is a fast
tracker, it can be used as an effective trigger for high transverse momentum electrons. This
can be used to considerably enhance yields for T detection, for the measurement of the high
mass part of the dilepton continuum, and for J/¥ detection at high transverse momentum.
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2 Physics motivation

The physics case for the measurement of dilepton pairs has already been made in some detail
in the ALICE Proposal and the muon arm addendum. Here we focus on what is specific for
di-electrons in the central region and on recent developments in this area. As will become
clear, the di-electron physics we propose here is unique and complementary to the physics
capabilities which were opened up by the addition of the forward muon detector to ALICE.

To start the discussion we present, in Fig. 1, a schematic view of the expected di-electron
mass spectrum in the mass range 0 < Mote— < O GeV/c? for Pb+Pb collisions at LHC
energy, i.e. with 8000 charged particles per unit of rapidity, and under the assumption of
perfect particle identification. This spectrum is dominated by combinatorial background
from electrons resulting from the (Dalitz) decays of light mesons (7°,7) and the semileptonic
decays of the copiously produced D and B mesons. The Drell-Yan continuum and any possible
thermal continuum are not visible on this scale but all vector meson resonances (except the
very broad p meson) are still measurable, although the light ones (w and ¢) only with a
signal/background ratio of the order of 5%. The spectrum is calculated assuming perfect
electron identification. Therefore, any pions misidentified as electrons will deteriorate the
situation.

The spectrum clearly identifies the main challenges of di-electron measurements at LHC: the
detector has to provide excellent electron identification, has to be constructed such that one
can deal with or reduce the large combinatorial background from Dalitz and semileptonic
D and B decays, and has to have sufficient resolution and granularity to identify narrow
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Figure 1: Invariant mass distribution of eTe™ pairs produced in central Pb+Pb collisions at
the LHC (simulation). Included are electron pairs from resonance decays (7°, 1, p, w, ¢, J/ )
and from Drell-Yan, as well as electrons from D and B meson decays. The corresponding
combinatorial background including (excluding) the electrons from D and B meson decays is
shown as the solid black (red) line.



resonances with small signal/background ratio in a very high multiplicity environment.

The physics rewards for such a challenging detector project are, however, large:

e Spectroscopy of heavy and light vector meson resonances in an environment which is
most likely baryon free.

e Measurement of the open charm and open beauty cross sections through their electron
decay channels.

e Identification of J/¥ mesons resulting from B decay, a potentially serious background
for measurement of “direct” J/U’s.

e Access to the dilepton continuum at the Drell-Yan level.

e Characterization of the event class of the di-electron events in the ALICE central de-
tector, i.e. within the same acceptance as for the dileptons.

In the following we briefly discuss these issues. We first note that, in ALICE, the dilepton
measurement in the muon channel will focus on rapidities 2.5 < y < 4. While this has the
clear advantage that the muon energies are sufficiently high for the absorber technique to
be applicable, with experimental consequences for backgrounds and rates which are in detail
spelled out in the muon proposal, one should realize that baryon rapidity shifts of the order
of 3 or more units of rapidity are already observed in the SPS fixed target program [3]. Along
the same line, recent investigations [4] indicate that, at y=4, there might be a substantial
net baryon density even at LHC energies. Clearly, the region which is expected to be most
baryon free is near y=0, where the proposed measurements will be performed.

The measurement of the cross sections for open charm and open beauty production is of
paramount importance for understanding the role of color screening in the expected sup-
pression of quarkonium production in Pb+Pb collisions at LHC energy. First, one should
note that quarkonium production and open charm or open beauty production are intimately
related [5]. The heavy quarks are dominantly produced in hard partonic scattering processes
(gluon fusion). Some of these heavy quarks will eventually form quarkonia, while the large
majority will end up in correlated pairs of D and B mesons. Typical numbers are about 50
cC pairs per unit of rapidity compared to 0.5 for J/¥ mesons in central Pb+Pb collisions (see
Table 4). These numbers have been obtained using a perturbative QCD approach based on
the PYTHIA framework with a K-factor adjusted to reproduce B meson production in pp
collisions at the Tevatron and D meson production at lower energies. Similar results have
been obtained by Gavin et al. [6]. The extrapolation to nucleus-nucleus collisions is done as
in [7], i.e. by the total number of nucleon-nucleon collisions. This number is calculated from
the nuclear collision geometry at a given impact parameter assuming a Woods-Saxon nuclear
density distributions. In the calculation the inelastic nucleon-nucleon cross section drops out

and one obtains the scaling factor between the cross section in pp and the multiplicity in
Pb+Pb.

One should note that these predictions are still rather uncertain. First, there are indications
from the measurements of NA50 at CERN of a possible enhanced open charm production
(relative to PYTHIA predictions) already in Pb+Pb collisions at SPS energy [8]. Secondly,
the produced heavy quarks may suffer significant energy losses in the hot and dense fireball
formed at LHC energies, leading to considerable kinematical rearrangement of the final rapid-
ity and p¢ distributions and, consequently, also to potentially drastic changes in the dilepton
invariant mass spectrum from semileptonic decays [9, 10]. Thirdly, we have not accounted in
our simulations for a possible nuclear shadowing of the parton distribution functions which
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might lead to a factor of two reduction in cross section at LHC energies. Clearly, a direct
measurement of charm and beauty would be of great value for the interpretation of the data.

Furthermore, since the quark and the gluon structure functions are likely to be different at
LHC energies, one cannot use the Drell-Yan continuum as a convenient normalization for the
J/¥ measurements. In addition, the Drell-Yan cross section is expected to be completely
masked by the open charm continuum (for a discussion of our sensitivity to continuum par-
ticles, see below). However, a direct measurement of the open charm yield simultaneously
with the yield of quarkonia will provide a natural normalization and a gauge against which
to quantify the expected suppression of quarkonia.

As already mentioned above, the decay of B mesons can produce significant numbers of J/¥
mesons, especially at large py. This is demonstrated in Fig. 2, where the transverse momentum
distribution for “directly produced” J/¥ mesons is compared to the expected distribution
of J/U’s from B decay. The calculations were performed assuming no suppression for the
primary J/¥ mesons. If one wants to be sensitive to suppression factors of 10 or more and
if one wants to address the p; dependence of the suppression, it is obvious that the B decay
channel needs to be measured. The capability to do this is an important aspect of the present
proposal.

Another issue is the secondary production of J/¥ mesons from the annihilation of D mesons,
i.e. the process D+D — J/U + 7. Estimates for the yield due to this process have recently
been given [11, 12]. For presently discussed values of the cross section for D+D — J/¥ + 7
secondary production could seriously obscure the expected suppression in the plasma. It
is, therefore, clear that a clean interpretation of J/¥ production data can only be obtained
through a comprehensive measurement of open charm production.

The thermal dilepton continuum is notoriously difficult to measure. On the other hand, access
to the thermal radiation emitted from the hot, partonic fireball presumably formed at early
times in a Pb+PDb collision at LHC energy would give access to the initial temperature and,
in conjunction with a measurement of the associated (final) charged particle multiplicity, to
the entropy and, thereby, to the number of degrees of freedom in the plasma. Furthermore,
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Figure 2: Transverse momentum distributions of J/U¥’s produced directly and via B decay.



the initial entropy density is so large that a fairly long lived mixed phase is expected to be
formed, which also should produce a sizeable thermal continuum with a slope parameter of
the transverse mass spectrum given by the critical temperature. An example of the expected
temporal evolution of the partonic fireballs produced in Pb+Pb collisions at LHC energy is
shown in Fig. 3. This figure illustrates that, even assuming relatively large transverse flow
velocities already in the plasma, the mixed phase is expected to be a dominant feature of
the evolution. Under those circumstances it is clear that all efforts should be made to try to
address the continuum radiation experimentally. Predictions for the yield of thermal radiation
depend sensitively on the initial temperature, the degree of chemical equilibration of gluons
and quarks in the hot fireball, and on the lifetime of the mixed phase. As an ambitious goal
in this area we would like the ALICE experiment to be sensitive to the di-electron continuum
at the level of the dilepton yield from the Drell-Yan process. This is roughly the level of
current predictions for thermal radiation excluding contributions from the mixed phase. At
LHC energies the continuum is dominated, as shown in Fig. 1, by combinatorial background
from correlated and uncorrelated charm and beauty decays. We will demonstrate below that
electrons from semileptonic D and B meson decays can be recognized and (for this purpose)

LHC Fireball Evolution
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Figure 3: Expected temporal evolution of the partonic fireballs produced in Pb+Pb collisions
at LHC energy (see [12]). The calculation was done assuming 12000 particles per unit rapidity,
roughly corresponding to d N, /dy=8000.
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rejected such that the Drell-Yan continuum can be measured within ALICE, if a detector for
electron identification as outlined in this addendum is added to the present set of detectors
in the central region.

It is of considerable interest to be able to classify the di-electron events by their associated
event shape and distribution as measured in the ALICE central detector. In that way one
can, e.g., search for the dependence of J/U production yields on the strangeness content of
the associated events, on large hadron mean transverse momentum, or on the magnitude
of elliptic flow. Such variations in global hadronic observables, especially if they happen
simultaneously, are potential signals of quark-gluon plasma formation. Their connection to
leptonic signals such as J/¥ suppression is of utmost importance for the physics program
planned with the ALICE detector. Note that the information from the central detector on
hadron content and distributions is important for the study of short range (dy < 1) lepton-
hadron correlations while the dimuon measurement at forward rapidity would be sensitive to
long range correlations (dy > 2).

Another big advantage of the addition of a TRD to ALICE is the possibility to use it as an
effective trigger for high transverse momentum or high mass electron pairs. Since, as described
below, the TRD is devised such that tracking information is available a few microseconds
after the start of an event, one can use this to select events with high momentum electron
candidates and, e.g., open the gating grid of the TPC only for such events. First studies
indicate that this technique addresses the luminosity limitation due to the long drift time in
the TPC and could enhance the yields of high mass pairs by more than an order of magnitude.

An interesting example of the synergy between the ALICE muon arm and the proposed
TRD detector is the study of electron-muon coincidences. We have performed a feasibility
study for this and the results, as briefly discussed in Section 4.8, are encouraging. The main
interest in such measurements is to get more information on open charm production in a
channel where systematic errors are completely different from the planned measurement of
displaced vertices. Furthermore, such measurements would also provide information on the
rapidity dependence of open charm production, which is particularly interesting in view of
the possibility of large energy losses for heavy quarks in the hot and dense LHC fireball.

The TRD detector, as outlined below, will be a barrel detector, surrounding the TPC with
6 layers of a combination of a foil stack and a Xe-filled wire chamber. The aim is to build
this detector with an acceptance completely matching that of the TPC, corresponding to
a pseudo-rapidity coverage of —0.9 < n < 0.9. With this full TRD scenario all physics
topics discussed above can be addressed with reasonable statistics within a running period of
108 s corresponding to one ALICE year. To illustrate this we have evaluated (see Table 10
in Section 4.9) the expected yields for the relevant observables for a full size and half size
detector. As can be seen from this table, the number of detected T mesons in the full
size detector, e.g., is expected to be around 10* in minimum bias collisions and employing
the electron trigger. We note, however, that the efficiency for detecting dilepton pairs with
high mass and/or high transverse momentum scales approximately with the square of the
detector solid angle. Reducing the TRD coverage by approximately a factor of 2 in area as is
consistent with the presently accepted ALICE funding scheme and money matrix would lead
to a significantly reduced physics potential for T and high p; J/¥ measurements as well as
for studies of the high mass continuum. All other physics observables discussed above could
be well measured also with such a reduced size detector, albeit with less statistical accuracy.
More information about cost estimates and funding can be found in Section 7.



3 The Transition Radiation Detector

3.1 Introduction

For a comprehensive investigation of the physics accessible with electron pair and single
electron spectroscopy in the central detector of ALICE the particle identification capabilities
have to be improved. For this purpose we propose to extend the instrumentation of the central
ALICE barrel by a transition radiation detector located between the TPC and the Time-Of-
Flight (TOF) detector. The TRD will match the full TPC acceptance both in azimuth and
in pseudorapidity (|n| < 0.9). With the resulting additional pion rejection factor in the order
of hundred over the full acceptance of the central detector electron physics can be addressed
quantitatively within ALICE as discussed in Section 4.

3.2 Design considerations

The basic operational principle of the TRD proposed here is sketched in Fig. 4. To a large ex-
tent we follow the design of the TRD developed for the PHENIX experiment at Brookhaven
[13]. Transition radiation (TR) is emitted when a charged particle crosses the boundary
between two media with different indices of refraction. TR becomes useful for particle detec-
tors [14] when it can be observed in form of soft X-rays, typically in the energy range from
2 to 30 keV; this is the case for charged particles with Lorentz factors 7 larger than about
1000. Therefore, TRDs are ideally suited for electron/pion separation for momenta above
0.5 GeV/c. Since the probability for soft X-ray emission is only about 1% per boundary
crossing, practical TRDs use radiators with a large number of interfaces, e.g. foil stacks,
fibers, or foam radiators.

Wire chambers, operated with xenon-based gas mixtures for efficient TR absorption, are
commonly used to detect the produced X-rays. The typical emission angle of TR photons
is 1/y. This means, the X-ray photons are practically emitted along the charged particle
direction. The X-ray detector therefore usually measures the superposition of the ionization
energy loss of the primary charged particle and the energy deposition of the produced X-
rays. A very efficient discrimination between electrons and pions can be achieved using Time
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Figure 4: Basic operational principle of the proposed TRD.
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Expansion Chambers (TEC) as X-ray detectors. The electron clusters produced in the gas
volume of the detector drift in a homogeneous electric field towards the amplification region
of the TEC. There, gas multiplication takes place at the anode wires and the corresponding
signals induced on a cathode pad plane are read out. The pulse shape (in terms of electrons
before the gas amplification) as a function of drift time is depicted in Fig. 5 for a collection
of six typical “events”, containing one electron and one pion of 3 GeV /c momentum each. It
shows, for both particles, the energy loss by ionization with its fluctuations and, in case of
electrons, marked by the dots, the superimposed signal due to the absorption of TR photons.
These distributions have been obtained for the special case where charged particles penetrate
the TEC in the drift direction. The gas gain fluctuations and the electronic noise, as well
as the diffusion along the drift path, have been taken into account. No charge loss due to
shaping or charge sharing was taken into account.

Since for xenon there are no measurements concerning the cluster size distribution, we were
bound to use a model for the delta-ray spectrum. The photo-absorption and ionization model
(PAT) [15] has been intensively used for such studies [16, 17]. For the present simulations we
adopted a parameterization of ref. [16] that gives reasonable values for the average ionization
energy loss. See e.g. [18] for all the details concerning drift chambers.

In xenon-rich gas mixtures the energy loss of minimum ionizing particles is of the order of
a few keV/cm while the TR photons typically deposit their full energy in a very small gas
volume close to the entrance window of the TEC. Note that the mean free path of typical
TR X-rays with about 10 keV energy is about 10 mm in xenon. Electrons generating TR
can therefore be tagged by a large signal in a short (and generally late) drift time interval, as
can be seen in Fig. 5. Because the energetic delta-rays produced by the pions can mimic to a
certain extent the TR signals, it is mandatory to measure the size and position of individual
clusters. Obviously, this kind of cluster analysis with a TEC represents a more sophisticated
approach to separate electrons from pions compared to the traditional charge or cluster
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Figure 5: A sample of signals produced by electrons and pions passing one TRD layer.
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counting analysis techniques. Especially in the high particle multiplicity environment at LHC
we expect the cluster analysis to be more efficient than the latter methods. Furthermore, it
would allow for a certain suppression of highly ionizing particles using only the information
provided by the TRD itself. This may turn out to be crucial in the ALICE environment,
where a significant fraction of the particles will be non-minimum ionizing.

As illustrated in Fig. 6 the performance of any TRD is strongly correlated with its overall
depth. For a large variety of existing or proposed TRDs the pion misidentification probability
at a fixed electron identification efficiency of 90% is shown as a function of the detector depth.
From these data it is evident that a device meeting our requirements should have a minimum
depth of about 60 cm.

Electron efficiency = 90% 0 NA34 (HELIOS)
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Figure 6: Pion misidentification probability as a function of the total detector depth for
several existing and proposed transition radiation detectors (taken from [19]).

The performances summarized in Fig. 6 were obtained for isolated particles, while in “real
life” experiments the rejection factors can be worse by as much as a factor of 10 [14]. To
ensure the needed factor of about 100 for pion rejection we aim, at the simulation level, at a
rejection factor close to 1000.

It is not only the depth of the detector that determines its performance, the number of
layers and the method to process the signals play a significant role as well. To illustrate
the last point, Fig. 7 shows as a function of the electron efficiency the pion misidentification
probability derived using four methods: 1) Q - likelihood on total charge, integrated above a
certain low value threshold (10 times the noise level) [20]; 2) N - likelihood on cluster number
distribution. The clusters are counted if they are above a high value threshold [21]; 3) QN -
likelihood on total charge in the clusters [22]; 4) QX - two dimensional likelihood taking into
account the cluster charge above the threshold and cluster position in the drift time [23].

In general, a variable threshold is used. It increases as function of the distance from the
radiator at which the cluster is found (“intelligent threshold” [21]), being a factor of 10
bigger at the anode wires, compared to the value at the entrance of TEC. The four panels are
obtained for different values of the threshold level, vtl to vt4 corresponding to 18, 27, 45 and
59 electrons at the entrance of TEC (long drift times, see Fig. 5). Depending on the method
used, there is an optimum of the threshold value. It is also evident that the QX method gives
the best result, so that from here on we use this method (for the value v¢2 of the threshold)
to derive the optimum parameters of our detector.

Since, in the momentum range of interest, only 1-2 TR photons per incident electron are
produced on average in a typical radiator, a large pion rejection at 90 % electron efficiency
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Figure 7: Pion misidentification probability as a function of electron efficiency for different
methods of signal processing and four values of the threshold (see text for explanations).

cannot be obtained with a single radiator/TEC combination. The proposed TRD will there-
fore comprise six detector planes, each consisting of a radiator of polypropylene foils to
produce transition radiation photons and a TEC operated with a xenon-based gas mixture
to detect them as illustrated in Fig. 4. The material budget of the TRD has to be kept as
small as possible to minimize: a) the loss of incident electrons by bremsstrahlung, b) multiple
scattering of traversing charged particles, and c) the production of secondary particles, which
generate background in the TRD itself and in other ALICE detectors.

In order to cope with the huge particle multiplicities, which are expected to be as high as
8000 charged hadrons per unit of rapidity for Pb+Pb collisions at maximum LHC energy,
a high granularity of the TRD is mandatory. Since the number of electronics channels,
dominating the overall cost of the TRD, is given by the granularity, a careful optimization
of this parameter is of prime importance. A reasonable granularity can only be achieved
by instrumenting the TEC with segmented cathode pad planes. A chevron-type pad shape
is foreseen to achieve a good position resolution in ¢-direction' with reasonable pad sizes.
A good position resolution is required for an efficient and unambiguous matching of tracks
reconstructed in the TPC with hits registered in the six TRD planes. Moreover, the ALICE
TPC is too slow to exploit the full LHC luminosity in p+p or light ion collisions where the
charged particle multiplicity will be much lower than in the case of Pb+Pb collisions. For
these experiments one might consider to use the TRD, which has a drift time of only about
2 ps, as a tracking device together with the ITS. The question whether this scenario is a
realistic option needs to be evaluated carefully. Clearly, a good position resolution would
then be essential for a good momentum resolution. Finally, good momentum resolution by
the TRD itself is also important when using the device as a trigger (see below).

In summary, the TRD design has to be optimized with respect to the following criteria:

e large pion rejection at high electron efficiency;
e full coverage of the TPC acceptance;

e minimum overall thickness in terms of radiation lengths;

!We use a cylindrical coordinate system with the z-direction along the beam axis.
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e high granularity;
e good position resolution;

e minimal cost.

3.3 Mechanical structure

The currently envisaged mechanical design for the TRD foresees a subdivision of the detector
into 540 subdetectors (18 subdivisions in the azimuth, 5 along z for a total of 6 layers). This
matches the current planning for the space frame as depicted in Figs. 8, 9, and 10. In radial
direction the TRD will be located between the TPC and the TOF detectors. We note that
matching the geometry of all ALICE central detectors is still on-going and small changes in
the geometrical arrangement could be possible in the course of this optimization procedure.

The TRD has an overall length of 734 cm in beam (z) direction. In transverse direction
the inner and outer radii are 294 ¢m and 368 cm, respectively. In azimuth the TRD sectors
are covering 20° each. In radial direction a sector consists of six detector planes as depicted
in Figs. 9 and 11. The individual TRD modules consist of a combination of a foil stack as
radiator and a TEC (Time Expansion Chamber) as readout chamber. To cover the full TPC
acceptance (|n| < 0.9, corresponding to 45° < © < 135°) the width of the TRD modules in
r¢ and their length in z-direction have to increase accordingly if one goes from the innermost

Figure 8: Sketch of the space frame for ALICE. The inner opening accommodates the TPC.
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Figure 9: View of the 6 layers of the TRD in z-direction. The module boundaries of the TRD
are chosen to match boundaries in the HMPID.

plane (plane 1) to the outermost plane (plane 6). The central modules (in z-direction) and
the middle ones have the same length L; and Ly, respectively, for all layers, while the length
L, of the two peripheral modules changes. The corresponding values are summarized in
Table 1 along with the respective areas covered. Except for their width and length the TRD
modules in all planes have the same mechanical structure.

The overall depth of each TRD module is 110 mm, where the radiator contributes 48 mm
and the TEC together with the support structure of its cathode pad plane and the electronics
fills the remaining 62 mm. Two TRD modules are separated from each other by a roughly
13 mm wide gap.

The radiator consists of 100 polypropylene foils of 20 ym thickness each with a gap of 400 pm

plane | depth [mm] | Ri, [mm] | W [mm] | L; [mm] | L, [mm] | L, [mm] | total area [m?]
1 123.3 2940 996 1100 1560 910 108.3
2 123.3 3063 1041 1100 1560 1040 118.1
3 123.3 3187 1085 1100 1560 1170 128.1
4 123.3 3310 1129 1100 1560 1300 138.6
5 123.3 3433 1174 1100 1560 1430 149.6
6 123.3 3557 1218 1100 1560 1560 160.9
> 740 803.6

Table 1: Dimensions and positions Rj, in radial direction of the individual TRD modules.
The indices #,n, and o denote the inner, the two neighboring, and the outer modules of each
plane, respectively. In addition, the total area covered by the TRD is given in the last row.
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Figure 10: View of the 6 layers of the TRD in ¢-direction. The TRD is shown together with
the outer perimeter of the TPC, the PPC, and the HMPID.

between two adjacent foils. The distance between adjacent foils is kept constant through a
heat imprinted structure in the foils themselves. In this way the foils need little additional
stretching. To prevent sagging and to provide a gas seal of the COs filled radiator volume
towards the environment, it is sealed with a 5 mm plate of HEXCEL with 2 times 100 pm
G10 backing. During assembly the stack is inserted from the bottom (as shown in the cross
sectional cut through the readout chamber in Fig. 12). A Mylar foil of 25 pm thickness acts

=
—— I

740

Figure 11: Cut through a stack of 6 layers of TRD detectors with some of the absolute

dimensions.
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as a gas barrier at the entrance window of the radiator towards the TEC. This is immediately
followed by a perforated aluminum-coated Mylar foil. The perforation prevents bowing of
the HV electrode and thereby prevents distortions of the electric field. In case of ideal
equilibration of the pressure inside the TEC and inside the foil stack losses due to absorption
in the inactive volume of the TEC will be minimal. The drift and amplification regions of
the TEC have a depth of 35 mm (up to the pad plane) and are filled with the counting gas.
Currently, a mixture of 97% Xe and 3% C4Hig or, alternatively, 90% Xe and 10% CO; are
foreseen (see below). The TEC comprises two wire planes inside the gas volume parallel to
the entrance window and the cathode pad plane. They do not contribute significantly to
the material budget and are described in detail below. The cathode pad plane consists of
10 pm thick gold-coated copper pads on a G10 layer of 100 pym thickness which, at the same
time, serves as the gas barrier. To achieve the necessary rigidity of the pad plane ensuring
a constant distance between the anode wires and the pad plane over the full area of the
TEC, the G10 is attached to a supporting aramid fiber (NOMEX, HEXCEL) honeycomb
structure of 19.6 mm thickness followed by a second 300 pym thick G10 multilayer printed
circuit board. This sandwich construction should keep the distance between anodes and pads
constant to better than 100 ym. Electrical contact between the backside of the pad plane
and the multilayer printed circuit board is achieved by means of small gold-plated beryllium
springs contained in the honeycomb structure as detailed in Fig. 13.

The multilayer PCB backing will have four conducting layers to provide analog and digital
power and grounds, as well as analog and digital connections. The density of traces will
amount to an equivalent of 30 ym copper. The possibility of using aluminum traces for the
power and ground distribution network is currently being investigated. Taking into account
the lower conductance, this would decrease the radiation thickness to roughly 10 ym copper
equivalent. The front-end electronics would be mounted on the top layer of the PCB. As
maximum thickness of single electronics components we assume 7 mm. The wire chamber
frames still need careful engineering based on finite element calculations in order to achieve
the necessary rigidity while keeping the material budget as small as possible. The same is
true for the design of the support structure for the complete set of TRD modules.

The material budget of the TRD as we currently foresee it is summarized in Table 2. The
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Figure 13: Cut through the backplane of the
readout chamber showing the electrical contact
Figure 12: Cut through one side between the two baCkingS (pad plane and PCB)

of a TRD readout chamber. of the honeycomb material.
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Element Material X/Xo [%)at n =0
radiator gas seal G10 HEXCEL 0.18
radiator polypropylene 0.40
radiator gas COq 0.02
TEC gas Xe 4+ quench gas 0.23
cathode pads Au-coated Cu 0.08
multilayer PCB G10 0.16
FEE + signal lines | electronics + Cu 0.31
honeycomb support NOMEX 0.25
cooling H,O + PE 0.07
1 TRD module 1.70
full TRD 10.20

Table 2: Material budget of the TRD. Only components contributing significantly in the
detector’s active area are listed.

frames of the radiator and the TEC and the support structure are not included. Choosing
C4H1g or CO2 as quench gas in the TEC does not change the material budget significantly.
The integrated FEE electronics will be mounted on multi-chip modules, which use standard
laptop memory card edge connectors to connect to the top layer of the PCB. The size of the
modules will be roughly 9 cm? per 72 cm? readout area. The total material will be equivalent
to a continuous material layer of 0.25% Xy. Water cooling is foreseen for the cooling of the
front-end electronics. The cooling pads will cover the chips on the multi chip modules. The
pads will be flat panels of 2 layers of polyethylene of 1 mm thickness and a 1 mm water cooling
channel covering about 10% of the active area of the detector. The material needed for that
contributes another 0.07% X,. A GALICE simulation has been performed to evaluate the
occupancy in the TRD and to investigate the role of secondary particle production in the
TRD as background source in the TRD itself and in other ALICE detector systems. In that
simulation the wire planes of the TRD have been neglected. The radiator and wire chamber
frames have been assumed to be carbon composite frames of 1 cm thickness and a skeleton-
like support structure made of aluminum has been considered. The latter consists of profile
tubes of rectangular cross section running in z-direction between the 18 TRD sectors. The
dimensions of the profiles are 734 cm in 2z, 78 cm in r direction, and 40 mm in ¢ with a wall
thickness of 5 mm. In the transverse direction we simulate the TRD support for the moment
by 5 mm thick aluminum plates between the five TRD modules of each plane.

3.4 Radiators

For the radiator material one has, in general, the choice between regular foil stacks, fiber
radiators, and heterogeneous foams. The latter have the advantage that they are much
easier to handle and to produce compared to foil stacks where a regular spacing between
the individual foils has to be maintained. This is difficult especially in the case of foil stacks
covering a large area as foreseen in the TRD proposed here, since there the bending of the foils
under the influence of the gravitational force cannot be neglected. Foil stack radiators, usually
made of polypropylene foils, have the advantage that, if spaced regularly, produce 50% more
TR photons than typical foam radiators of the equivalent thickness. This is demonstrated in
Fig. 14 (taken from [21]). These data summarize results from radiator tests performed as part
of the R&D program for the TEC/TRD presently being built for the PHENIX experiment at
RHIC. Shown is the normalized yield of detected TR photons produced in one layer of various
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Figure 14: Normalized yield of detected TR photons produced in one layer of various radiator
configurations as a function of the incident electron momentum (taken from [21]).

radiator configurations as a function of the incident electron momentum. As X-ray detector
a modified version of the NA34 TRD [24] has been used. The X-ray absorbing xenon volume
had a thickness of only 1 cm corresponding roughly to the mean free path of the X-rays,
which means that about 30% of the produced TR photons remained undetected.

The question whether a fiber radiator, as recently chosen for the HERMES TRD [25], would
meet our requirements in terms of performance and mechanical properties will be addressed
in our forthcoming R&D program (see below). It has been shown already [22, 23] that the
performance of such radiators can come close to that of foil stacks, but in order to minimize
the material budget foils probably would be preferable.

Despite the technical difficulties mentioned above we currently foresee foil stacks as radiators
for the ALICE TRD. The foil stack parameters have to be optimized in order to produce on
average enough TR photons to ensure efficient pion rejection for momenta of about 1.5 GeV/c
and above. Therefore, a Monte Carlo simulation, along the lines worked out in [20, 26], has
been performed taking into account parameterizations of TR photon production, absorption
of the X-rays in the foil stack itself and in the inactive parts of the TEC (the entrance foil
of the chamber, considered to be mylar of 25 ym thickness), the energy loss of the primary
charged particle in the TEC, and the detection of TR by photoabsorption in the TEC gas.
Special attention has been paid to the delta-rays, as explained at the beginning of this section.

The results are summarized in Fig. 15. The left panel shows, as a function of the gap
dy between the foils, the average number (nTr) of TR photons produced by electrons of
3 GeV/c momentum impinging perpendicular on a stack consisting of Ny = 100 foils in a
CO4 atmosphere for three values of the foil thickness d; = 15, 20 and 25 ym. The average
number of produced TR photons in one foil stack starts to saturate at a foil spacing of around
500 pm. Also visible is that changing the foil thickness from 20 to 25 ym hardly increases
the TR photon yield.

The right panel of Fig. 15 shows the corresponding pion misidentification probability assuming
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Figure 15: Simulation of the performance of a polypropylene (CHy) foil stack in a COq
atmosphere.

a six layer TRD equipped with Xe/C4H;o-filled TECs and applying cuts such that the electron
identification efficiency is 90%. These results have been obtained using a bidimensional
likelihood in cluster charge and position (QX method). One can see that choosing gaps of
600 pm between the individual foils one can still improve the pion rejection factor. However,
taking into account that keeping the required regularity of the foil separation might be more
difficult for such a large foil gap and that the fiber radiator option would mean a lower
TR production, we used the value do = 400 pm for the subsequent studies of the pion
misidentification probability. In terms of foil thickness, dy = 20 pym is an optimum because
the TR spectrum is harder for thicker foils and with increasing d; the chamber gets more
and more transparent for the TR photons.

3.5 Time Expansion Chambers

The schematic layout of the TECs is shown in Fig. 4. In Section 3.2 the basic operation
principle has been discussed and the mechanical structure is described in Section 3.3. Here
we focus on the readout chamber and field configuration. The drift lines are shown for three
drift cells in Fig. 16 for the actual chamber geometry and field configurations. The high
voltage electrode at the entrance of the TEC (y = 0.0 cm in Fig. 16) is biased to -4.0 kV in
case of the Xe/C4Hjo gas mixture and to -1.5 kV for Xe/COg2 (see below). The drift region
has a depth of 30 mm and is separated from the amplification region by a cathode wire
plane consisting of copper-beryllium wires of 75 ym diameter which are connected to ground
potential (y = 3.0 cm in Fig. 16). These wires run in ¢-direction with a pitch of 5 mm and a
distance from the cathode pad plane of 5 mm. The anode wire plane (y = 3.25 cm in Fig. 16)
is biased to +1.6 kV. It comprises gold-plated tungsten wires of 25 ym diameter which run in
¢-direction with 5 mm pitch and at a distance of 2.5 mm from the pad plane (y = 3.5 cm in
Fig. 16). According to GARFIELD [27] calculations these configurations yield homogeneous
drift fields of -1.36 kV/cm and -0.56 kV/cm for Xe/C4H;p and Xe/COq, respectively, over
the entire drift region. In the setup within the ALICE experiment the magnetic field of 0.2 T
points in z-direction. E x B distortions near the wire plane are discussed below. Electron
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Figure 16: Drift lines for the proposed chamber geometry and field configurations with the
gas mixtures Xe/C4Hig (left panel) and Xe/COq (right panel), respectively.

clusters produced at any location in the drift volume are collected on the anode wires without
notable loss by charge collection on the cathode wires.

For efficient TR photon absorption the chamber gas has to be xenon rich. Two effects have
to be taken into account when choosing the quench gas component. Due to the large flux
of neutrons to be expected from Pb+Pb collisions at LHC the quench gas should ideally
be free of hydrogen in order not to generate highly ionizing secondary protons inside the
TEC’s active volume. In that respect, a mixture of 90% Xe and 10% CO4 at atmospheric
pressure seems to be a reasonable chamber gas. Unfortunately, admixtures of COo to noble
gases are known to significantly increase the three body electron attachment which may
result in some loss of electrons produced by the primary X-ray photoabsorption. If this issue
turns out to be important an alternative choice could be 97% Xe and 3% C,Hig, which is
a gas mixture similar to the one considered for the PHENIX TRD. The question which gas
mixture represents the better choice cannot be answered at the moment, since neither the
secondary particle production by neutrons nor the signal loss by electron attachment have
been quantified yet. These effects will be addressed in simulations and in our forthcoming
R&D program (see below).

Calculations with MAGBOLTZ [28], taking into account the magnetic field, give a drift
velocity of about 1.5 cm/us for both gas mixtures resulting in maximum drift times of about
2 ps. The transverse and longitudinal electron diffusion constants have been calculated to be
about 600 ym/y/cm and 170 pm/+/cm, respectively, in the case of the Xe/C4Hiy gas mixture.
The corresponding values for the Xe/CO2 gas mixture are 230 pm/y/cm (transverse diff.)
and 330 pm/+/cm (longitudinal diff.). The magnetic field results for both gas mixtures in a
Lorentz angle of about 5° deflecting the drifting electrons along the wire direction.

For all TRD Monte Carlo calculations presented in this writeup we used Xe/C4H;( as the
gas mixture. Since electron attachment and neutron flux are not taken into account in the
simulations, the TRD performance is completely determined by TR production in the radiator
and TR absorption by xenon. Therefore, there is no significant difference between Xe/C4Hjj
and Xe/COg2 gas mixtures in the simulations.
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Figure 17: Average number of detected TR photons as function of the thickness of the TEC’s
gas volume for incident electrons of 3 GeV/c momentum (left panel) and pion efficiency as
function of TEC thickness for 85 % and 90 % electron efficiency (right panel).

For many reasons the overall depth of the gas volume should be as small as possible but at
the same time it has to be large enough to ensure efficient X-ray absorption and to allow for
a better pion rejection by exploiting the position information of the clusters.

Fig. 17 shows in the left panel the simulated dependence of the average number of detected
TR photons on the depth of the TEC gas volume for electron tracks normal to the TRD with
a momentum of 3 GeV/c. The right panel presents the pion misidentification probability for
electron efficiencies of 90% and 85%, obtained with a 6 layer TRD. Fig. 17 demonstrates that
about 70% of the X-rays are absorbed already in the first 2 cm of the Xe/C4H;y mixture.
Nevertheless, a deeper gas volume will clearly help to distinguish TR signals from fluctuations
in the energy loss of charged particles by ionization (cf. Fig. 5). Increasing the depth of the
TEC’s drift region beyond 3 cm improves the TRD performance marginally, therefore for the
moment we consider 3 cm as the desirable depth of the drift volume. Given the large area
covered by the TRD, the depth of 3 cm and the additional amplification region of the TEC
with a depth of 5 mm result in an overall active volume of about 28 m? to be filled with the
counting gas. In view of the price of xenon it is obvious that a careful design of a recirculating
gas system, which has to ensure an efficient purification of the gas and a minimum leakage
rate, is mandatory.

In order to define the necessary granularity of the TRD a full GALICE simulation has been
performed. The event generator SHAKER [29] has been used with the assumption that in
a central Pb+Pb collision at LHC 8000 charged particles are produced per unit of rapidity.
Particles were generated within the pseudorapidity interval |n| < 1.5. The production of
secondary particles in the material of the full ALICE setup including the TRD itself has
been taken into account. The energy deposition in the TEC was treated identical as in the
simulations explained above, but no transition radiation was considered. Fig. 18 shows the
occupancy (defined as the number of time bins over the threshold over the total number
of time bins) of the TEC as function of threshold for three values of the pad size, 3.0, 4.5
and 6.0 cm?. The threshold is expressed in number of electrons, after gas amplification,
considering a gas gain of 2-103. In these terms a value of 1/20 from the most probable value
of the energy deposit of a MIP would correspond to about 2000 electrons per time bin. At
this value, which is considered an optimal threshold for a reliable charge division for position
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Figure 18: TEC occupancy as function of threshold for three values of the pad size, as
obtained with a GALICE simulation.

reconstruction and tracking for MIPs, the occupancy for 4.5 cm? pads is around 12 %. For
this pad size, which is our present choice (see the trigger requirements, Section 6) the expected
noise is around 1000 electrons. A pad size of 4.5 cm? leads to a total of 1.2 million readout
channels. The above occupancy calculations have been done for the first TRD layer. Due
to the geometry, for the outer layers the same occupancy can be achieved with bigger pads.
The design of the cathode pad planes allows to adjust the pad size in steps of 0.5 cm? (see
below), by connecting together 9 or more individual chevron units (as sketched in Fig. 19).

Although particle production in the TRD is moderate, it contributes significantly to the
occupancy in the TEC, especially in the outermost plane where roughly 30% of all hits are
due to secondaries produced in the TRD itself. The influence of these secondaries on the
other ALICE detectors is discussed in Section 3.6.

The shape of the individual cathode pads has to be optimized for position resolution in ¢-
direction while the resolution in z-direction is of less importance. We propose to use displaced
single chevron pads [30] which, by geometric charge division, yield a rather precise centroid
determination of spatially extended charge signals induced on the cathode plane. The general
layout of a cathode pad plane with chevron-shaped pads is shown in Fig. 19.

Following the empirical Mathieson formalism [31] calculations have been performed of the
charge distribution induced on the pad plane and the charge sharing between adjacent pads
of w=10 mm width, made from units of length s=5 mm. This implies that the area of each
individual unit is 0.5 cm?. Based on these calculations we optimized the overlap factor fy of
the pads and the distance h between the anode wires and the cathode pad plane. The results
are summarized in Fig. 20. To find the optimum overlap factor fy, = 1.0 the differential
nonlinearity (DFNL) has been calculated according to:

UIRmax — UIRmin

DFNL = 2
UIRmax + UIRmin

d¢rec> -1
d¢

Here, the UIR is the uniform irradiation response and ¢;¢. is the ¢ position reconstructed
from the induced charge distribution. In practice, fx should be increased to about 1.05 to

UIR = ( (1)
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Figure 19: General layout of the chevron cathode pad planes. The blue shaded area corre-
sponds to one individual unit. Here, w denotes the width, s the length, and fx the so-called
overlap factor of the pads. Anode wires with spacing s run in ¢-direction. In z-direction sev-
eral units of one row are coupled together to form one pad which corresponds to one readout
channel.

take into account the finite separation between the individual chevron pads [30].

The calculation of the systematic position error A¢ = ¢pec — ¢ as a function of the true
position ¢ for different values of the wire plane distance h shows that for h = 2.5 mm A¢ is
less than 5 ym. In addition to this systematic contribution to the overall spatial resolution,
the statistical contribution cannot be neglected. This term is to a large extent determined
by the electron statistics and the overall noise behavior of the detector. Due to the small
drift length, diffusion of the drifting electron cloud and the track angle with respect to the
pad orientation play a minor role. The performance of existing similar wire chambers [32, 33]
gives us confidence that an overall position resolution better than 200 ym can be achieved
with the proposed design. To meet the requirements in terms of maximum occupancy we
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Figure 20: Optimization of the parameters of the chevron cathode pad planes. The differential
nonlinearity as function of the overlap factor is shown in the left panel. As function of the true
position in ¢ we plot the uniform irradiation response in the middle panel and the position
error for different values of the distance between anode wires and pad plane in the right panel.
Refer to the text for the definition of all quantities.
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currently plan to couple together several chevron units in z-direction to form one readout
pad. As mentioned above, the chosen chevron shape then allows to adjust the size of the
individual readout nodes in steps of 0.5 cm?.

3.6 Expected performance

A TRD has to be designed to minimize the probability to misidentify a pion as an electron
at a fixed electron efficiency of, e.g., 90%. Since the design proposed for the ALICE TRD is
similar to that of the PHENIX tracking TRD, we show in Fig. 21 the pion rejection power
that has been determined in the PHENIX R&D program [34] together with results we have
obtained in a TR simulation of the ALICE TRD design. For momenta above 2 GeV /c a pion
rejection factor higher than 500 can be reached with the proposed design. From the simulation
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Figure 21: Probability to misidentify a pion as an electron as function of the momentum at
a fixed electron efficiency of 90%. Results of the R&D program for the PHENIX TRD are
shown in the left panel (taken from [34]). The right panel shows results from the simulation
of the TRD proposed for ALICE for a total of 5, 6, and 7 radiator/TEC planes.

results one can, furthermore, conclude that the TRD performance depends strongly on the
number of radiator/TEC planes. Reducing the TRD depth by one plane decreases the pion
rejection capability by more than a factor of 3 for momenta above 2 GeV/c (see also Fig. 6).

A second important issue is the question whether secondary particle production in the TRD
is an important source of background for the TRD itself and other ALICE detectors. While
the effect on the TRD has been discussed already above, Fig. 22 summarizes the influence
on the TPC and the HMPID. Again, these spectra have been obtained with a full GALICE
simulation based on the primary production of 8000 charged particles per unit of rapidity.

Obviously, backscattering of secondaries from the TRD into the TPC can almost be neglected.
Mainly pions of low momentum but also a few protons and even deuterons are observed. The
overall increase of the TPC occupancy is less than 1% both on the particle and on the hit
level if one adds the TRD to the ALICE setup. This is true even close to the outer border of
the TPC. For the case of the HMPID the occupancy increase caused by the TRD still is only
about 8%. It appears that the presence of the TRD in the ALICE setup does not do harm
to the TPC or to the HMPID.

These results have been obtained with the initially considered version of the mechanical
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Figure 22: Particles seen in the TPC (left panels) and in the HMPID (right panels). The
upper panels show the total energy distribution of particles per event. In the lower panels
the hit distributions per event are plotted as function of the radial distance from the beam
axis. In each panel the blue histograms represent all particles while the yellow ones reflect
the contributions of secondary particles produced in the TRD.

support structure consisting of four segments along z-direction. With the present structure,
divided according to the dead zones of the HMPID (cf. Section 3.3), the number of TRD
secondaries in the HMPID will even decrease.

3.7 Forthcoming R&D program

Extensive R&D studies are foreseen to address the open questions in the TRD design and to
optimize the detector parameters. For that purpose a TRD prototype with an active area of
47 x 50 cm? is currently being built at GSI. The prototype setup follows to a large extent
the design of the radiator/TEC combination proposed for the ALICE TRD in this writeup.
The radiator and wire chamber geometries will be identical. For the first tests the TEC’s
cathode pad plane will be built in the standard pc-board technique. A thin G10-NOMEX
honeycomb pad plane will be introduced as a next stage. Otherwise, the layout of the pad
plane corresponds to that described above. Since dedicated TRD electronics first needs to be
developed, we will start our R&D program with a 100 MHz FADC system and appropriate
discrete preamplifiers and shapers available at GSI. For in-beam tests of the prototype we plan
to make extensive use of the pion beam facility which went into operation at GSI recently
[35]. A secondary beam of pions, muons, and electrons is available with intensities up to
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10°/s. Particle momenta between 0.5 GeV/c and 2.8 GeV/c can be selected. The electron
content in the mixed beams decreases in the relevant range of particle momenta from about
10% at 1.0 GeV/c to about 0.1% at 2.8 GeV/c. The first test experiments are planned for
June 1999. Finally, we list the topics we want to address in the forthcoming R&D program
by systematic studies:

comparison of various radiator materials (foil stack or fiber radiators) and dimensions;
test of alternative gases (e.g. He) for the radiator atmosphere;

optimization of the TEC’s gas mixture in terms of drift properties and electron attach-
ment;

optimization of the field configuration in the TEC;

confirmation of the expected position resolution of the TEC;

test and comparison of thick (pc-board) and thin (honeycomb) pad planes;
development and test of front-end electronics;

development and optimization of pattern recognition and trigger (see below) approaches.
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4 Physics capabilities

4.1 Description of the simulation environment

In order to quantitatively evaluate the di-electron physics possibilities with the ALICE de-
tector including the TRD, we have performed simulations with a large number of events. To
obtain the necessary speed the detector was only included schematically, as discussed below?.

In total, 10° events were generated with realistic particle multiplicities using the program
SHAKER [29] with empirical parameterizations of the transverse momentum spectra of the
various particle species. The rapidity distribution is assumed to be flat around midrapidity.
The total charged particle density was chosen to be dN/dy = 8000 for central collisions.
D and B mesons, which turn out to be important for the electron spectra, were added
with multiplicities according to [5], e.g. no reduction due to parton energy loss was used.
Similarly, J/¥ and T yields were extrapolated from pp collisions without any suppression
factor. In order to get acceptable statistical errors their yield was artificially enhanced to 100
per event. This enhancement was properly taken care of in the analysis steps by rescaling.
The uncertainties in the yields of primary particles have to be kept in mind when discussing
the results of the simulations.

Particles with rapidities of |y| < 1.5 were propagated through the detector by means of the
GEANT 3.21 based program GALICE (version 2.05) with all the GEANT physics options
turned off except for the finite lifetime of the particles. All decays were handled within
GALICE by calling the proper JETSET subroutines. This allows to go beyond the 3 particle
decay limitations of GEANT and is essential when including B and D meson decays in the
simulation. The momenta and vertices of all charged particles and of their secondary decay
products were registered keeping the parent information. This allows to trace back the
composition of final spectra under complicated multidimensional cuts.

The detector response was modeled schematically by the following cuts and folding proce-
dures:

1. Applying a polar angle cut of 45° < © < 135°.

2. Applying a vertex cut of vy < 3 cm to eliminate a large fraction of all photon conversions
(vy is the distance between the track vertex and the interaction point).

3. Folding the primary momenta with the detector resolution as given in the ALICE
Proposal. For a nominal magnetic field of B = 0.2 T a mass resolution of o = 31
(138) MeV/c? is obtained for the J/¥ (T). The mass resolution improves to 16 (70)
MeV/c? if the magnetic field is increased to B = 0.4 T. Thus for the high field setting
the excited states of the T can be resolved.

4. Applying a minimum transverse momentum cut of p; > 0.25 GeV/c, motivated by the
availability of particle separation within ALICE.

5. Removing electron tracks according to the finite detection efficiency (e = 0.9) when
applying particle identification cuts (e = 1 for perfect particle identification).

6. Reassigning the particle identity according to the particle identification capabilities of
the detector components. Several scenarios are shown in Fig. 23 and listed in Table 3.

?Note that the occupancy calculation, discussed in the previous section, contained a detailed detector
description, including secondary particle production, and no track specific cuts.
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Figure 23: Pion rejection capabilities of the various detector components. The probability
to misidentify a pion as an electron is plotted versus the pion momentum for an efficiency of
90% to detect the electron.

For the case where both TPC and TRD are available for ALICE the total detector response is
a combination of the TPC and TRD performances. If not specified explicitly in the following
the TRD scenarios are including the more realistic TPC2 performance parameterization with
a pion rejection efficiency of 99% for pion momenta below 3 GeV/c. Note that the TRD2
option is a parameterization of the TRD response presented in Fig. 21 that was experimentally
achieved within the PHENIX R&D program.

The resulting inclusive transverse momentum distribution of electrons is shown in Fig. 24.
Major sources of electrons are 7°, n, D and B mesons. They exceed the yield from interesting
sources such as J/U, T, Drell-Yan (DY), etc. by orders of magnitude. The aim of the
simulation is to demonstrate how and to which extent one can extract physics signatures
taking into account the full complexity of LHC Pb+Pb events.

Table 4 lists both the primary multiplicity of particles in the rapidity interval |y| < 1.5 and
the number of electrons they contribute within the cuts listed in the figure caption, roughly
corresponding to the acceptance of the detector.

With about 30 electrons with p; > 0.25 GeV/c (see Table 4) emitted per event the challenging
problem at LHC is the control of the combinatorial background. According to Table 4 Dalitz
decays of 7° and semi-leptonic decays of D mesons contribute about 40% each to the total
number of real electrons within one event. Conversion electrons generated from the decay

Option | Description Comment

PERF | perfect particle identification best case reference

TPC1 | PID with TPC based on dE/dz only optimistic parameterization
TPC2 | PID with TPC based on dE/dz only realistic parameterization

TRD2 | PID with TPC&TRD(PHENIX prototype) | TRD Depth: 70 cm
TRD3 | PID with TPC&TRD(reduced resolution) | TRD Depth: 40 cm
TRD4 | PID with TPC&TRD(reduced resolution) | TRD Depth: 30 cm

Table 3: Particle identification scenarios considered in the simulation.
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Figure 24: Transverse momentum spectrum of single electrons into the TPC acceptance for
the reaction Pb+Pb at /s = 5.5 TeV.

Table 4: Integrated electron yields for
the reaction Pb+Pb at /s = 5.5 TeV
obtained under the following cuts:

ly| < 1.5,

45° < © < 135°,

0.25 < py < 15 GeV/c,
v < 3 cm.

SHAKER e* after decays and cuts

particle | # primaries # <p,> (GeV/c)
p° 6000 11.446 0.473
h 1005 2.686 0.465
p* 2 x 6000 0
p* 2 x 450 0
K* 2 x 675 0.056 0.377
K° 2 x 675 0.249 0.368
r 1800 0.061 0.639
w 1680 2.773 0.456
f 195 0.146 0.558
JY (€9 | 9.3x10? 0.101 1.593
U | 2.22x10" 0.0002 4.408
D* 2x33 4.472 0.551
D° 2 x96 6.078 0.554
D 2x18 1.181 0.531
B* 2x1.2 0.207 1.304
B° 2x1.2 0.237 1.240
B 2x0.3 0.062 1.253
DY 0.0078 0.0012 2.999
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photons are not included in the present analysis since they are originating from the interaction
with detector material outside of our primary vertex window of vy < 3 ¢cm. The number
of electrons is augmented by the number of pions that are misidentified as electrons and,
consequently, pass the particle identification cuts. Therefore, the background depends on the
pion rejection that one can achieve within a certain detector scenario.

As is visible from Fig. 25, applying the particle identification available from the TPC only
results in a combinatorial background that is more than 2 orders of magnitude above the
signal in the resonance peaks of J/¥ and Y. (Note that the analysis of the continuum part of
the correlations within one event (comb.) is indistinguishable from the results when combining
electron candidates from different events (miz.).) Even applying the very optimistic version
of the TPC1 response would not solve the problem. The combinatorial background due to
misidentified pions essentially eliminates all di-electron physics capabilities with the TPC
alone.

Therefore, an additional detector is necessary to perform the di-electron physics program
outlined in the beginning of this report. As an example the results for the scenarios TRD2
and TRD4 are also shown in Fig. 25 demonstrating how additional pion rejection leads
to a significant reduction of the combinatorial background. Depending on the quality of
pion rejection a detector performance close to an ideal detector (PERF, black lines) can be
reached. For the TRD2 case, resonance peaks are visible in the simulation even without
any background subtraction. A signal can be derived as in the experiment by subtracting
a mixed event background distribution (solid lines) from the invariant mass distributions
where all e"e™ pairs are included within one event (dashed lines). At this level unavoidable
physics sources of electrons are dominating the combinatorial background. Within the current
simulation scheme for the reconstruction of the invariant mass distribution of ete™ pairs the
following processes are included in the simulation and can be evaluated quantitatively:
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Figure 25: Invariant mass spectrum of e* e~ candidate pairs. A p; > 1 GeV/c cut was applied
to all electron candidates. The lines correspond to different electron identification schemes
shown in Fig. 23.
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particle identification;

vertex distributions;

transverse momentum cuts;

Dalitz decays (7°, 7, ...);

semi-leptonic decays of D and B mesons.

The excellent impact parameter resolution of tracks (minimal distance to primary vertex in
transverse (d0) and longitudinal direction (20)) as shown in Fig. 26, in combination with the
knowledge that the high yield of D and B mesons is contributing significantly to the high
momentum tails of the electron spectrum (Fig. 24), allows to further reduce the combinatorial
background. Fig. 27 shows a plot of d0, folded with resolution, for electrons from various
sources with transverse momenta p; > 1 GeV/c.

Beyond a distance of 160 ym the spectrum is mainly determined by electrons from D meson
decays. Finally, beyond distances of 300 um electrons from B meson decays dominate. While
this distribution suggests the exciting possibility to perform a direct measurement of the
inclusive yield of open charm and open beauty (see Section 4.4), one can also turn things
around and exploit the above impact parameter distributions to reduce the combinatorial
background for all the sources originating from the primary vertex.

The resulting invariant mass spectrum, comparable to Fig. 25, with a momentum dependent
vertex cut on the +20 level in d0 and 20, is shown in Fig. 28. It demonstrates a) that
the improvement for detector concepts that suffer from a large pion contamination (TPC)
is marginal, and b) that for clean electron samples (PERF) a substantial reduction of the
background can be achieved. Realistic TRD scenarios are located between those extremes.
More details will be given in the following subsections, where the various physics signals
are discussed, including the choice of transverse momentum cuts and the quality of Dalitz
rejection strategies. Since the optimum cuts depend on the specific physics observable, no
general numbers will be given here.
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Figure 26: Bending (r¢) and non-bending (z) projections of the impact parameter resolution
for electrons (taken from the ALICE Proposal [1]).
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Figure 27: Distribution of minimum transverse distance to primary vertex for electrons with
transverse momenta of more than 1 GeV/c originating from different parent particles. The
effect of track resolution is included.

Numerical fluctuations are still visible even with 10° events in the region of invariant masses
larger than 7 GeV/c? (dashed curves in Figs. 25 and 28). They can be recognized by com-
paring to the mixed event analysis, where the two electrons originate from different events.
Much higher statistics is available for the mixed event analysis allowing for a more accurate
determination of the background level. In this range the determination of the signal is most
reliably done by directly combining the proper pairs as known by the parent identification.
The directly computed signal is shown in Figs. 25 and 28 by the yellow areas. With sufficient
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Figure 28: Invariant mass spectrum of eTe™ candidate pairs with p; dependent +20 vertex
cuts on d0 and 20. A p;¥"8!® cut of 1 GeV/c was applied to all electron candidates. Different
lines correspond to different electron identification schemes.
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statistics, e.g. in the J/¥ region, it was verified, that both methods, direct reconstruction
and subtraction of combinatorics and mixed event spectra yield the same results.

4.2 Heavy vector meson resonances

J/¥ and T yields and their possible suppression relative to open charm or open beauty pro-
duction are of prime interest for studying the properties of the QGP. Important information
is expected in the p; dependence of the signal (suppression). Since the signal is decreasing
rapidly with p; one has to confirm that the various scenarios cover a sufficiently large range
in p; to extract the physics signature.

Heavy vector meson detection capabilities of the detector were studied mostly for the J/ U for
statistical reasons. Taking the integral results from Fig. 28 allows the statement that Ts will
be measurable at least with the same signal-to-background ratio, albeit with much reduced
statistics (1073).

As can be seen from Fig. 24, rather high single leg momentum cuts can be used without
compromising on efficiency. A more detailed analysis is shown in Fig. 29 where the signal and
the signal-to-background ratio (S/B) are plotted versus the cut-off momentum. The signal
was extracted by subtracting the invariant mass spectrum of the mixed event background
from the combinatorial one within an event and integrating over a +2¢ interval around the
nominal mass. The signal was scaled to 5 - 107 central events, roughly corresponding to
one year of ALICE running. A signal of about 10® J/¥ decaying into the e*e™ channel
is expected (PERF) of which about 5 - 10° can be reconstructed making use of the TRD
scenarios described earlier.

For all scenarios considered, the signal strength stays constant up to transverse momenta of
py = 0.8 GeV/c. Having the PID capabilities of the TPC only does not allow to extract any
reliable signal since the S/B is below 5% and it is therefore not plotted in Fig. 29. The S/B
ratios vary significantly when choosing different pion suppression levels. With a momentum
cut-off of py = 1.0 GeV/c the TRD3 (TRD2) parameterization allows to reach a S/B of
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Figure 29: Single leg transverse momentum dependence of the signal and the signal-to-
background ratio for the J/¥ for various detector scenarios. The event sample consists of 10°
central events. The data and the background were evaluated with 20 cuts around the mean
value. The signal is scaled to the statistics available within one year of ALICE operation
with 40 central events taken per second.
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0.39 (0.84) corresponding to 34% (73%) of the ideal case (PERF). Without vertex cuts the
signal-to-background ratio would be worse by a factor of about 1.40 (1.55) (compare Figs. 25
and 28).

Good pion suppression is essential when measuring the J/¥ p; spectrum. In Fig. 30 we
show how the performance of the considered detector versions depends on the ete™ pair
momentum. The results were obtained using a single particle cut of p; > 0.8 GeV/c. The
full size TRD option traces the curve of the PERF parameterization while for reduced TRD
substantial losses in the signal-to-background ratio are found. For the version TRD4 the S/B
drops below 10% for J/¥ momenta above 2 GeV/c. This makes a reliable measurement of
the py dependence doubtful, especially since the J/¥ could be in addition strongly reduced
due to the presence of the QGP. Already the TRD3 version, however, shows a S/B ratio
that is within the available accuracy independent of the J/¥ transverse momentum and
would thus allow to cover this important physics aspect. In order to visualize the quality of
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Figure 30: Pair transverse momentum dependence of signal and signal-to-background ratio
for the J/U for various detector scenarios. Conditions and color codes are the same as in
Fig. 29.

reconstruction, Fig. 31 displays the invariant mass spectra in the J/¥ region for a momentum
interval of 2.5 < pP¥’ < 4 GeV/c for three different TRD scenarios. On the left side
the TRD4 parameterization with a pion rejection of 98% was used, while the right side
corresponds to the TRD2 situation where the pion rejection capability is 99.7%. Within
the available statistics the left hand spectrum does not allow the extraction of any signal,
thus demonstrating the importance of sufficient pion rejection at large momenta. It is also
worth mentioning that the study of the momentum dependence of J/¥ suppression will
face decreasing signal strength and increasing background levels (see Fig. 2). Aiming to
cover a substantial p;P*" interval thus requires a maximum pion suppression. We note in
passing that, at LHC energies, measuring the transverse momentum dependence of J/¥
(and other quarkonia) production is particularly important as J/¥ may be regenerated by
collisions between D mesons. If this process is important then the D mesons will have thermal
momentum distributions with typical hadronic temperatures (of order 160 MeV). Hence, one
would expect a much softer transverse momentum spectrum for those J/¥ mesons resulting
from regeneration compared to those produced during the early phase of the collision.

Conclusions:

1. J/¥ physics is not feasible with the TPC alone; additional particle identification appears



4.3 Light vector meson resonances 33

10 -3

x

x 10 10 -3
s O ¢ s 06 } = 04
%_075 NAEE % } H MN % :
Dos S L g £ o5 bl
Eur I 5 (AR Wl 5 . L
02 il i
0.025 ' i 02 H il i 0.1 Ww&ﬂ ‘”‘Uj“ H“
2.5<pP" <4 GeVic | 25<pP <4 Gevic r 25<pP <4 c,LV/i:
0 L— : ' 0 L— : ' 0 L— : '
Inv. Mass (éeV/c 2). *Inv. Mass (éeV/c 2). Inv. Mass (éeV/c 2).

Figure 31: Invariant mass distribution of ete™ pairs in the J/¥ region for large pair transverse
momentum. Subtracted distributions are shown for the detector scenarios TRD4 (left), TRD3
(middle) and TRD2 (right). Error bars correspond to 10° events.

absolutely necessary.

2. Possible J/U suppression requires a safety factor in the signal-to-background ratio and
strongly favors the TRD performances like TRD3 or better.

3. D and B meson decays add substantial background. However, in the eTe ™ channel
their contribution can be suppressed significantly by cutting out tracks with displaced
vertices.

4. T states are resolved with a signal-to-background ratio of 2:1 for the TRD2 option.

4.3 Light vector meson resonances

Light vector mesons (p,w,¢) carry information about the restoration of chiral symmetry
since their masses and decay width might be influenced by the properties of the surrounding
medium. Since these medium modifications are also momentum dependent a sizeable fraction
of the phase space (p;) should be covered in order to reveal meaningful information.

Inspection of Fig. 1 and 24 demonstrates, however, that the reconstruction of light vector
mesons is a very demanding task. The expected signal strength for the w and ¢ meson is,
because of the small di-electron branching ratio, an order of magnitude smaller than that
for J/¥, with comparable background contributions. In addition, electrons originating from
the light vector mesons have momenta very close to those generated in Dalitz decays of 7°
and 7 mesons. To which extent those Dalitz electrons are contributing to the background
for the light vector mesons and to which extent they can be removed within the current
detector concept has been studied in a scenario with perfect particle identification (PERF).
The available statistics was not sufficient to model the experimental analysis strategy of
subtracting invariant mass spectra from mixed events from the combinatorial ete™ pairs
within one event. Rather, the input information of the number of detected pairs from the
same parent had to be used in order to determine the signal strength (magenta area in
Fig. 32). Note also that the results represent the best case for the application of Dalitz
rejection, misidentified pions will further enhance the background and cannot be rejected by
correlation techniques.
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Figure 32: Invariant mass spectrum of ete™ pairs in the ¢ mass region. A p;5"8'° cut of
1 GeV/c is applied.

Dalitz strategies, as successfully implemented in current SPS experiments, try to remove
those eTe™ pairs that fulfill the kinematical criteria of this decay mode. Having found a
Dalitz ete  candidate pair, both electrons are removed from the sample before computing
the invariant masses. Unfortunately, many of the electrons generated by Dalitz decays have
momenta below 250 MeV/c, a threshold below which no particle identification is available
within the studied detector scenarios.

The effect of those pairs detectable with momenta above 250 MeV/c is shown in Fig. 33 for
an otherwise perfect detector environment. In Fig. 33 the most successful strategy that could
be identified so far is used: the opening angle of the eTe™ pairs (apg). The (relatively small)
change of signal and the S/B ratio with opening angle demonstrate that removable Dalitz
electrons have a minor influence on both quantities. Much more important are contributions
from D and B mesons and the overall combinatorial background that is controlled by the
lower transverse momentum cut-off. Increasing this lower cut-off value to 1 GeV/c increases
the S/B ratio to about 10 % (Fig. 32) and allows the extraction of a signal, although within
a restricted phase space. Typical expected signals and signal-to-background ratios including
a £2¢0 cut on transverse and longitudinal impact parameter are given in Table 5 for the
various detector scenarios. Signals are extrapolated to 107 central events (1/4 year of ALICE
operation).

Conclusions:

1. Dalitz contributions are only part of the relevant background.

2. ¢ physics is doable only in restricted phase space (large p).
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Figure 33: Signal and signal-to-background ratio for the ¢ mesons versus Dalitz opening angle
cut in PERF scenario for an event sample of 5 - 10* central events. A lower single electron
transverse momentum cut of p; > 0.5 GeV/c was used for the final combinatorics. Pairs of
et e~ with single transverse momenta p; > 0.25 GeV /c and an opening angle of a < apg were
rejected. Results are shown for three different cuts on the transverse (d0) and longitudinal
(20) impact parameter of single tracks.

3. w mesons can be detected with similar efficiencies as ¢ mesons.

4. p not yet studied, but probably hidden under background due to its large width.

4.4 Measurement of open charm and open beauty

Fig. 27 demonstrated that secondary vertices are populated according to particle species.
Mesons with open charm and beauty are characteristically dominating the impact parame-
ter distribution at values of 150 < d0 < 1000 pm. These small distances are, due to the
projected excellent performance of the Inner Tracker System of ALICE, measurable with the

py > 0.5 GeV/c pr > 1GeV/e

Scenario | S (10%) | S/B (%) | S (10%) | S/B (%)
PERF 4.0 0.70 4.8 10.7
TPC2 3.2 0.03 4.5 0.2
TRD4 2.7 0.04 3.6 1.0
TRD2 2.7 0.08 3.6 6.4

Table 5: ¢ meson reconstruction efficiency and background contamination.
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resolution plotted in Fig. 26. Having, in addition, the particle identification power of the
TPC/TRD system allows to reconstruct impact parameter distributions for electron candi-
dates.

A quantitative analysis of the signal and the signal-to-background ratio as function of the
transverse impact parameter is shown in Fig. 34 for several lower transverse momentum cut-
offs. Note that up to 10 electrons from D decays are found with a p; > 0.25 GeV /c condition.
Due to the variation of impact parameter resolution with p; as shown in Fig. 26, a reasonable
separation of the secondary vertices requires a cut of p; > 1 GeV/c which still leaves about
0.15 D decays per event. At transverse impact parameter values of d0 = 180 pym a signal-
to-total ratio of about 40% is extracted. Inspection of Fig. 27 allows the conclusion that the
rest of the distribution is originating from semi-leptonic B decays.

Fig. 35 represents the same dependence for B mesons and shows saturation for the signal-to-
total ratio value for large transverse impact parameter and large p;. Large displaced vertex
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Figure 34: Signal and signal-to-background ratio for D mesons versus d0 lower cut.
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Figure 35: Signal and signal-to-background ratio for B mesons versus d0 lower cut.
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distances are dominantly populated by large-p; B mesons. Therefore, B meson production
can be measured in an inclusive fashion. Since the B meson yield is largely unknown this
information will be a necessary ingredient for the interpretation of the invariant mass spectra,
especially in the continuum region.

The deconvolution of the d0 distributions and their p; dependence will also allow to estimate
the D meson yields, carrying an important physics information by themselves and being a
substantial part of the continuum background. The correlation of the p; of the electrons and

their parents is quite strong, as shown in Fig. 36. This can be used to determine p; spectra
of D and B mesons.
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Figure 36: Correlation of electron p; and parent p;. The vertical bars represent the rms width
of the distribution.

We have also investigated the importance of non-Gaussian tails due to single and plural
scattering in the beam pipe and ITS. Due to the excellent electron identification of the
TPC/TRD, the additional background originating from this effect is below 5 % and can be
neglected.

Conclusions:

1. Secondary vertices can be exploited (making use of the ITS) in extracting an inclusive
D and B meson yield.

2. The py dependence of the signal allows a deconvolution into D and B contributions and
gives access to the primary p; of D and B mesons.

3. Quantitative understanding of D and B yields is necessary before addressing quarkonia
and continuum physics.

4.5 Measurement of J/¥ from B meson decay

B mesons decay into J/¥ mesons with a branching ratio of about 1%. Since B mesons are
produced by a factor of 5 more abundantly than J/¥ mesons, and since direct J/¥ pro-
duction might be further suppressed by QGP effects, secondary J/¥ mesons are conceivably
contributing a large fraction to the observable J/U signal especially at large p; (see also
Section 1).

The impact parameter measurement with the ITS and the particle identification by the
TPC/TRD allows to reconstruct the vertex of all ete  pairs. Gating on large transverse
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impact parameter and thus exclusively on electrons from B mesons results in the invari-
ant mass spectrum shown in Fig. 37. A peak of secondary J/U¥’s is clearly visible with a
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Figure 37: Invariant mass distribution of pairs with displaced vertices (left panel) and dis-
tance to primary vertex dependence of the J/¥ signal (right panel). The secondary vertex
distribution can be used to correct the J/W signal originating from the primary vertex. With
the open charm yields used in the current simulation this contribution amounts to 10%.

signal-to-background ratio of 3:1. Selecting pairs near the J/¥ mass peak gives rise to the
vertex distribution shown in the right side of Fig. 37. An exponential distribution is ob-
served and will allow to experimentally establish the secondary J/¥ yield. The simulation
allows to deconvolute the vertex distribution even for the primary vertex and proves that the
extrapolation method works.

With the multiplicities described in the introduction the ratio J/¥ (primary) to J/¥ (sec-
ondary) is 4:1 integrating over all d0 values. This yields a ratio of 10:1 within the primary
vertex resolution that can be determined by extrapolating the measured secondary vertex
distribution for J/W¥. As discussed earlier, the uncertainty of open charm and open bottom
production is very high. Without identifying the secondary J/¥’s the signal of J/¥ suppres-
sion in the QGP might be lost, since secondary decays could easily fill in on a few times 10%
level. The identification and reconstruction of secondary J/¥ mesons is even more important
for the p; dependence of the J/U signal, since J/¥ from B meson decays exhibit a much
harder transverse momentum spectrum than the primary one. At large transverse momen-
tum the ratio of primary to secondary J/¥ can grow as large as 1:1. A trustworthy physics
interpretation can clearly only be given once the secondary contribution is quantitatively
known.

Conclusions:

1. The J/U signal has to be corrected for secondary J/U’s.

2. Extrapolating the secondary vertex distributions for the J/ ¥ signal allows to quantita-
tively determine the contribution to the primary yield.
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4.6 Contribution of the muon channel

The results presented in previous sections were obtained by considering only the electron
channel for the decay of particles. However, a large amount of muons are produced at the
same time. In order to evaluate the contribution of the misidentified muons to the signal of
B and D mesons a study was made including this channel in the simulation. As the mass of
the muons is close to the one of the pions, the muons were treated in the same way as the
pions, in terms of resolution and rejection in TPC/TRD. With a p; cut of 1 GeV/c most of
the misidentified muons are coming from open charm and open bottom decay. As shown in
Table 6 the fraction of misidentified muons in the signal of both D and B mesons is very low
(of the order of 1% with the identification performances of TPC alone). The introduction
of the TRD allows to suppress this fraction down to 0.2%. According to these estimations
one can conclude that the results on open charm and open bottom presented in the previous
section will not be affected by the presence of misidentified muons.

pt > 1GeV/c | nr. of part./evt | frac. of electron | frac. of mis.id. 7 | frac. of mis.id p
TPC 0.24 0.91 0.075 0.015

B’s
TRD3 0.20 0.99 0.008 0.002
TPC 0.86 0.85 0.14 0.01

D’s
TRD3 0.68 0.973 0.025 0.002

Table 6: Fraction of electrons, misidentified pions and muons in TPC and TRD3 for B and
D meson signal.

4.7 The di-electron continuum

The continuum in the invariant mass spectrum between J/¥ and Y (Fig. 28) carries contri-
butions from very interesting processes, e.g. thermal plasma radiation and direct production
(Drell-Yan). While the thermal radiation depends strongly on the initial conditions and
the lifetime of the plasma and, therefore, has a very large uncertainty with the present
understanding of the reaction mechanism, Drell-Yan production can be predicted (semi-)
quantitatively and can be used as a reference for the extraction of continuum physics.

To address continuum dilepton physics the combinatorial background must be reduced as
much as possible. After applying best particle identification cuts and cuts on the impact
parameter to select tracks from the primary vertex there is only one remaining tool: the
lower transverse momentum cut-off that is used for all single electrons, before pairs are built
and the invariant masses are reconstructed. Once the average number of electron candidates
is substantially below one electron per event the combinatorial background should be strongly
reduced. This happens at rather large p; values. As an example Fig. 38 displays the situation
with a p; cut-off of 3 GeV/c as obtained with the currently available statistics of 10° events.
Particle identification was assumed to be perfect and a vertex cut at the 1o level was
applied. Even with these rather extreme cuts the combinatorial background extracted from
a mixed event analysis to reduce the statistical fluctuations exceeds the Drell-Yan signal by
an order of magnitude. Following common wisdom, a signal-to-background ratio of 1:10,
however, seems to be manageable provided there are enough events to do a proper mixing
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Figure 38: Invariant mass spectrum for ete™ pairs with single leg momenta larger than 3
GeV/c. Prediction for Drell-Yan and thermal radiation are given.

analysis. Therefore, a serious attempt for continuum physics defines strong requirements for
a dilepton trigger.

As already stated in the introduction, the yield of thermal photons produced in the QGP
phase is too uncertain to base any detector design on presently available predictions. Never-
theless, it is interesting to observe that, within certain scenarios [36], the yield of thermally
produced photons is close to the Drell-Yan level. In that sense Drell-Yan production of virtual
photons can be considered to be a well defined reference for dilepton continuum physics.

Summarizing this subsection, dilepton continuum physics at large p; requires the best possible
particle identification, optimum vertex resolution, and a dilepton trigger. With these tools at
hand a signal-to-background ratio of 1:10 is estimated for Drell-Yan production. Certainly,
further high statistics simulations are necessary to consolidate this finding.

4.8 Electron-muon coincidence measurements

Heavy mesons decay into e+X or p+X with a branching ratio of ~12% for charm and ~10%
for bottom. Therefore the complete ALICE device should allow to estimate correlated DD
and BB cross-sections from electron-muon coincidence measurements. This consists in re-
constructing unlike-sign electron-muon pairs where the electron is identified in the central
part of ALICE and the muon is detected in the forward muon spectrometer. The signal then
corresponds to unlike-sign electron-muon pairs where the electron and the muon arise from
the decay of the two mesons of the same pair. Note that as compared to ete  and ptpu~
channels, the ey channel gives a direct access to correlated DD and BB since neither the
thermal radiation nor the Drell-Yan mechanism can provide correlated ey pairs. This type of
measurement has already been performed successfully in p+p reactions at /s = 60 GeV [37]
and is planned to be done in heavy ion collisions with the PHENIX detector at RHIC [13].

Following the ideas from [38], fast simulations have been performed in order to estimate
the capabilities of ALICE to measure ey coincidence. We start by generating 10° (resp.
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Figure 39: Rapidity distributions of correlated lepton pairs from charm (left) and bottom
(right). The ALICE acceptance cuts described in the text are applied. The histograms
are normalized to one Pb+Pb central event. The ey spectra include both et~ and e~ p™
components.

10%) central Pb+Pb — ¢t (resp. bb) by means of 10° x 540 (resp. 10° x 7) p+p — cc
(resp. bb) events computed with PYTHIA 5.7 [39]. This assumes that a Pb+Pb event is a
superposition of a certain number of p 4+ p events. The number of heavy quark pairs per event
is obtained from PYTHIA predictions (using the MRSD-’1 parton distribution function) for
p + p reactions at /s = 5.5 TeV and then extrapolated to central Pb+Pb events. Heavy
quarks are then hadronized through a Peterson fragmentation function into heavy mesons
which are decayed with JETSET 6.4. Energy losses of heavy quarks and rescattering effects
of heavy mesons in the parton medium are neglected. In the last stage, the ALICE angular
acceptance cuts are applied, i.e. we keep muons emitted with 2° < ©, < 9° and electrons
with 45° < ©, < 135°. In addition, a p; threshold of 1 GeV/c is applied to both muons and
electrons. The number of correlated ey pairs per event after decays and cuts is about 1-1073
and 8 - 10™* for charm and bottom, respectively. Fig. 39 shows the rapidity distribution of
these ey pairs together with the ones of correlated ete™ and p™ ™ pairs. It can be observed
that the ey pair rapidity distribution sits in a region located between the ones covered by
ete  and putp~ pairs. Therefore the ey channel would provide with a relatively high statistics
i) an independent estimation of DD and BB cross-sections, and ii) a nice overlap between the
central part and the forward part of ALICE rapidity coverage.

The dominant source of background to this signal comes from the non-correlated ey pairs
from charm and bottom. This is due to the relatively high number of ¢¢ and bb pairs per
event. Fig. 40 shows the ey signal and 1/(signal/background) as a function of a p; threshold
on the electron and muon of the pair. The additional cut |[A®| > 90°, where A® denotes
the difference in azimuthal angle between the leptons of the pair, was applied. This cut is
motivated by the fact that the leptons from a correlated pair are strongly emitted back-to-
back compared to the non-correlated lepton pairs whose A® distribution is flat. Therefore
applying |A®| > 90° allows to reduce the combinatorial background by a factor of 2 with
essentially no loss of signal. It can be observed that a p; threshold of 1 GeV/c on both legs
of the pair leads to a very large signal (~ 40-10%). On the other hand, since this signal does
not appear in a narrow peak but it is spread over several GeV/c? in the invariant mass, the
corresponding S/ B of about 1/250 is definitively too low to extract any relevant information.
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Figure 40: Number of correlated ey pairs per year (left) and 1/(S/B) (right) as a function
of p; threshold on electron and muon. Only electrons and muons coming from D mesons
decay are considered. Signal and background were extracted by integrating the ey yield over
the full invariant mass range. The signal was extrapolated to one year of ALICE running
assuming a central event rate of 40 Hz and one month of heavy ion data taking.

Cutting stronger in py improves the situation drastically and with a p; threshold of 2 GeV/c
one would obtain ~ 5000 correlated ey pairs with a S/B of about 1/25. Similar conclusions
are obtained for ey pairs from bottom decay.

Fig.40 represents an ideal situation since the combinatorial background does not include
electrons and muons from bottom decay and from other sources such as 7° Dalitz and 7+, K+
decays. However, one could in principle disentangle charm and bottom contributions to the
total ey yield by using lower and upper cuts on the ey invariant mass and/or on single leg
lepton transverse momentum. On the other hand, with a 2 GeV/c p; threshold on both
electron and muon the background from 7 and K decays amounts to a S/B of ~1/50. This
can be improved for instance by rejecting electrons from 7° Dalitz decays with an appropriate
cutting strategy as described in Section 4.3, and by selecting large d0 impact parameters as
described in Section 4.4. After further cuts and a like-sign subtraction, the ey signal from
correlated DD and/or BB should be visible.

4.9 Event rates

The feasibility of dilepton physics with ALICE depends on the total event rates that can be
achieved. As outlined above, the most demanding requirements are obtained for the large
invariant mass pairs, as, for example, the ones originating from Y decays. The primary rates
obtained for various centrality classes are summarized in Table 7.

The measurable rate R is given by folding in the geometrical efficiency for electron pairs €ge,
and the detection efficiency of single electrons €goi: R =dN /dy - €geo - €4et- The geometrical
efficiency €40 = Ngﬁ_ce_ /(dN/dy) was determined by the Monte Carlo simulations to be
€geo = 0.65. The detector efficiency €4 is the product of the single electron efficiencies (0.9)
multiplied with the effective solid angle and amounts to €z; = 0.75.

Assuming that with a data taking rate of 40 Hz 4 - 107 events can be taken with a year of
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Event class 0/0ge0(%) | AN /dy(T — ete™)
b=0 0 7.4.107°
Highly Central 3 6.4-107°
Central 10 5.3-107°
Minimum Bias 100 1.54-107°

Table 7: Y production rates.

Event class 0/04e0(%) | untriggered | triggered
Highly Central 3 1240 1700
Central 10 1040 4680
Minimum Bias 100 300 13500

43

Table 8: Number of ete™ pairs from T decay. These numbers include an 81% electron
pair efficiency and a geometrical acceptance factor of 93% due to dead areas. An additional
efficiency factor of approximately 80%, expected due to the performance of the trigger in the
high multiplicity environment (see Section 6.2), is not included.

ALICE operations (10°s), the total number of Y’s in the event samples can be calculated.
An event sample of 4-107 highly central events would contain 1240 eTe™~ pairs from Y decay.
This number reduces to about 300 when the detector would be running in minimum bias
mode only (see Table 8).

The low rates can be cured by implementing an eTe™ trigger. The event rates of the different
event classes are listed in Table 9 for a luminosity of L = 5-10%6 cm~2 s~! and an interaction
cross section of oFPPP = 8 b,

The ratio of the primary T rates to the DAQ rate gives the maximum enhancement that can
be obtained by the implementation of a dedicated trigger. The resulting total numbers are
shown in the column labeled "triggered” in Table 8. With several thousand events containing
T mesons a physics analysis along the lines of present J/¥ studies will be doable.

The TRD as envisioned in this proposal covers the full TPC acceptance. Under the current
ALICE funding scenario approximately 1/2 of this detector is funded. The physics which can
be addressed with such a reduced size detector is still rich and will be an important part of
the ALICE program but several of the rarer signals such as T and high p; J/¥ production
as well as the thermal continuum cannot be studied anymore with significant precision. This
is illustrated in Table 10. Note that all yields for J/¥ and YT production do not include any
suppression factors as are expected for the LHC fireball scenario. The quoted numbers for the
minimum bias measurement with an T trigger include the 80% trigger efficiency discussed
above.

Level Rate (Hz)
Min Bias 4000
Clean MinBias (Before/After Protection) 1800
Clean Central 180
Clean Highly Central 55
DAQ 40

Table 9: Rates for various event classes.
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| Process | Cut | Neun—size | Nhalf—size |
®, central P > 1 GeV/c 2.2-10* | 9.103
J/ U, central PI8 > 1 GeV/c 3.3.10° | 1-10°
J/ U, central PS8 > 08 GeV/e | 3-10 | 9-103
PP > 3 GeV/c
T, central PS8 > 3 GeV/c 1240 360
Y, min-bias triggered | PS8 > 3 GeV/c 10880 3100
D—oe PI"Ee > 1 GeV/e 2.5.106 | 1.5-106
dp > 150 pm
B—e Pi8e > 3 GeV/c 4-10° | 2.5-10°
dp > 150 pm
B— J/¥ PI8 > 1 GeV/c 4-10* | 1.4-10*
Thermal Continuum | P38 > 3 GeV/c 100 33
4 <mge < 6 GeV/c?

Table 10: Comparison of expected yields in full size and half size detector. All yields are for
5-107 events.
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5 Electronics and readout

5.1 Signal processing and general layout

The signal collected by each readout channel is digitized and signal processing is based mainly
on the hit position determined by the charge sharing ratio of a track segment. This is done
on a per time bucket basis.

The choice of this method is natural, since the measurement of several energy deposition
clusters along the track in each TRD layer enhances the track identification capability of
the detector. Moreover, information on the correlation between the cluster energies and
drift times is obtained, thus allowing a better pion rejection because of the difference in the
patterns of energy deposition by TR photons and primary ionization.

The overall electronics chain, as it is considered now, includes a preamplifier and shaping
amplifier, an ADC, and data processing and transmission components. The structure, as
detailed below and in Section 6, will accommodate the need for an advanced trigger. The
integration into the ALICE DAQ system requires, if any, minor modifications of the overall
readout system and will make as much as possible use of the design elements adopted by the
various ALICE sub-detectors. Accordingly, the design of the TRD electronics chain should
greatly benefit from the R&D progress achieved so far. Basic target parameters of the system
are summarized in Table 11.

Ttem Value
No. of channels 1200,000
No. of samples/channel 30
Sampling rate 15-20 MHz
Shaping time 50-80 ns
ADC range 8 bits
FEE power consumption | 60-80 mW /ch
Total data volume 36 Mbyte
- after zero-suppression 3-8 Mbyte

Table 11: Electronics parameters.

5.2 Sampling

Energy deposition from the TR photon is initially localized within a small spot of 1-2 mm.
Diffusion of the electrons after a drift path of 1-3 cm in the Xe-rich gas will slightly increase
the longitudinal size of the cluster but the charge will still be effectively localized within
2 mm. If the total drift time is sampled in 30 time buckets the particle tracks are recorded
well enough to allow determination of position and angle of a given stiff track.

With a drift velocity of 15 mm/us (refer to Section 3.5) a sampling frequency in the range of
15-20 MHz is adequate, and a shaping time in the range of 50-80 ns would match the width
of the clusters and the digitization frequency range fairly well. Meeting these specifications
does not present any unusual technological challenges.
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5.3 Dynamic range and digitization accuracy

Transition radiation photons can have energies as high as 30 keV, which corresponds to about
1500 primary electrons being produced within a small region of 1-2 mm diameter®. Minimum
ionizing particles (MIP) deposit, on average, about 10 keV along a 3 cm track within a TEC
layer. Therefore TR photons can lead to clusters with a magnitude 50 times larger than a
typical MIP cluster. Requiring the MIP cluster to be 20 times above threshold results in a
dynamic range requirement of 10 bits.

However, for the position and angle determination of a minimum ionizing particle track 8 bits
are sufficient. Furthermore, 8-bit ADCs are significantly cheaper than 10 bit ADCs. On the
other hand a potentially very high TR photon peak shall be measured without overflowing
the ADC. The proposed implementation uses a preamplifier with a dynamic range of 10 bits
and two gains. If the high-gain part of the preamplifier reaches its maximum the output of
the lower gain stage will determine the preamplifiers output. This can be realized for example
by using an analog multiplexer selecting the appropriate internal amplifier stage. Which gain
mode was selected at any time bucket is indicated by a specific digital output signal for each
channel. The gain ratio between high-gain and low gain shall be 4. The advantage of this
method is a linear ADC response allowing to calculate the r¢ position of any hit using charge
sharing ratios without the requirement of any non-linearity corrections.

For particle identification purposes, the requirements for the digitization accuracy are not
very stringent. A precision at the level of about several percent is adequate. Therefore an
8-bit ADC is sufficient here.

We plan to test the first TRD prototype with a read-out system using an 8-bit ADC with
100 MHz frequency. The final design of the digitization system will be made taking into
account the results of the tests.

5.4 Power consumption

The TRD material budget has to be kept as small as possible. Therefore, in order to minimize
the material for cooling components, the power produced on the detector has to be minimized.
It is important to have a preamplifier /shaper stage for each channel close to the corresponding
pad. In order to be able to mass produce the electronics, 16 channels are grouped onto one
multi chip module, where all chips are mounted as bare dies. Therefore the ADCs can be
placed very close to the preamplifier, so that the driving requirements of the preamplifiers
output stage can be kept small. We assume a power consumption of the preamplifier of about
10 mW /channel.

The technical development of fast low power 8-bit ADCs is very rapid as they are being
used in mass markets such as mobile phones. One candidate, which is currently considered,
requires an operating power of 40 mW at a digitization rate of 40 MHz. The ADC, however,
has a power down mode, which could be utilized by using the fast pre-trigger. The wake-up
time of this pipeline ADC corresponds to 2.5 clock cycles, which corresponds to about 70 ns
latency, which would have to be counted into the pre-trigger latency. Whether powering
the ADC on and off is feasible without introducing too large distortions into the analog
front-end will have to be determined by further R&D. In the worst case the ADC would be
kept continuously powered, resulting in a power consumption of about 40 mW. The power
consumption stated in Table 11 assumes the ADC not being gated.

The digital tracking chip will implement a stand-by mode and thus contribute on average

3The range of a 20 keV electron in Xe at STP is 1.5 mm
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very little to the total power consumption. The power needed during the 5 us of the TRD
electronics being active can be provided by appropriate capacitors, thus avoiding the require-
ment to have power cabling according to the worst power consumption. In addition, the
power switching noise can be kept to a minimum.

The digital electronics, potentially including the ADC, will be idle in a stand-by mode until a
fast pre-trigger wakes it up. One scenario would be to use an external multiplicity trigger, for
example, based on scintillators. The total resulting latency of this pre-trigger will combine
the decision-making period and some time for the electronics to become active. We expect
that the total delay can be kept within 250 ns which corresponds to about 4 mm of the TEC
drift length.

5.5 Cooling

The following factors determine the choice of the cooling method for the TRD front-end
electronics: large overall amount of heat generated (up to 100 kW), large area from which the
heat will have to be transferred, and relatively small, compared to the length of the detector,
gap between the TRD layers. We intend to apply the system based on water cooling. The
forced air cooling technique has also been considered for its obvious advantage of introducing
no additional material within the TRD acceptance. Estimations have shown that effective
cooling can not be achieved with such an approach without applying prohibitively high air
pressure on the cathode planes of the gas chambers. Moreover, the configuration of the
TRD and other ALICE subsystems makes it difficult to introduce an air supply duct of large
cross-section required by the amount of air flow.

The water cooling will be free of these limitations and will provide effective cooling with
relatively small amount of material. In order to maintain reasonably low temperature gradi-
ents of about 4° in the whole system, the total water flow rate close to 22 m3/h is required.
Water will enter the TRD from one end-cap side and will be collected into a discharge pipe
on the other side of the detector. Additional lines, which are necessary to transfer water to
the water pump and heat exchanger, will be designed in such a way that the overall pressure
drop needed to recirculate water through the complete cooling system is minimized.

Each of the groups of 5 TEC, forming 108 planes, will be equipped with a pair of manifold
pipes of 1 cm diameter running the water in z-direction. These pipes will serve as inlet and
discharge ducts and will run down along the opposite sides of the chambers. The water flow
between the two manifold pipes will be divided into an array of flat cooling pads about 1 m
long running at constant z in 9 cm steps. We foresee that the packaging of the front-end
electronics on the cathode boards of the gas chambers will be arranged in such a way that the
heated components will be placed along straight lines, so that one cooling pad would remove
the heat from 12-15 FEE cards depending on the width of the chamber.

Each pad will be made of a polyethylene mesh 1 mm thick welded in between two polyethylene
sheets such that water would flow at moderate speeds through this sandwich. The pads can
be made 1 cm wide, so that they cover about 10% of the total area. We estimate that average
amount of material added by the cooling pads and the manifold pipes amounts to 0.07% per
layer (see Table 2).

The current scheme foresees that after flowing through one plane of electronics the temper-
ature rise of water will be about 4°. We estimate that in this case the heat produced by 15
FEE cards (up to 20 W) can be absorbed by water in one cooling pad with the water flow
of 1.2 ¢cm3/s per pad. The flow is laminar, and the pressure required to force water through
straight section of 1 m length is less than 0.02 bar.
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The flow through the manifold pipes is about 56 cm®/s per pipe, and even a diameter of
1 cm will not be large enough to preserve laminar flow conditions. The pressure drop for a
turbulent flow in the straight 7 m long section of such conditions is about 0.06 bar. Taking
into account the additional pressure drop due to the bends and fittings with contraction or
enlargement transitions, we estimate that combined pressure drop required to force water
through one plane is about 0.1 bar.

At the stage when individual TEC are assembled, the cooling pads and subsections of the
manifold pipes will be pre-mounted, and input and output of the cooling pads will be welded
to the manifold subsections. Later, during the installation of the complete TRD, the manifold
subsections will be connected to each other to form integrated system.



49

6 Trigger

The TRD subsystem can be used to increase data accumulation rate for di-electron events by
providing a trigger signature for high transverse momentum electron pairs where statistics
under normal running conditions is marginal (see Table 8). The TRD allows to efficiently
select events which contain electron-positron pairs with each of the leptons having a certain
minimum transverse momentum, typically in the order of 3 GeV/c. Simulations along the
lines discussed in Section 4 but including conversions show that 5% of central Pb+Pb events
contain such a pair.

6.1 Trigger concept

The method to select high momentum electrons is based on the deflection of charged particles
in the magnetic field. High momentum tracks have a small deflection with respect to a
straight line pointing to the primary vertex in the transverse plane. Fig. 41 shows the
typical deflections measured within one TRD readout chamber (TEC) versus the transverse
momentum. Particles with a transverse momentum larger than 3 GeV/c are deflected by
less than 1.5 mm from the straight line. The deflection is obtained from the tracks observed
within a single TEC. A typical event is presented on the right hand side of Fig. 41, where
the pulse height information from the FADC is shown for all pads within a pad row (of one
readout chamber). The polar angle was chosen at 75°. Tracks are easily identified in this
representation, especially when the occupancy is kept low. Fig. 41 corresponds to a pad size
of 4.5 cm? (1.2 Mchannels).

The trigger scenario described below is designed to find all charged particle tracks with a
certain limit on the deflection. It extracts the position, the angle and the average energy
deposit for all stiff tracks and transfers this information to a track matching unit, where due
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Figure 41: Reconstructed deflection versus transverse momentum (left) as obtained from
digitized tracks (right).
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to the spacing of the TRD layers, much larger deflections (1.8 cm for p; = 3 GeV/c) are
obtained and cuts can be applied on global deflection and energy deposit. A total reduction
from 1.6-10* primary tracks per event to 1-10~! candidate per event is required to match the
rates presented in Table 9.

6.2 Trigger performance simulation

In order to test the feasibility of a fast trigger derived from the TRD, a full scale Monte Carlo
simulation (based on GEANT and AliRoot) has been performed for central Pb+PDb collisions
including all background processes occurring in the detector material. The energy loss along
the track was modeled taking into account the fluctuations [16] as discussed in Section 3.2.
The charge was distributed onto the pads according to the pad response function for pads
with the characteristics described in Section 3.5 and digitized with a resolution of 8 bit.
Electronic noise of up to 1000 electrons per pad was found to be negligible since with the
assumed gain and conversion factors it converts to 0.3 ADC channels.

Track finding was implemented by inspecting three neighboring pads centered around the
primary peak at the entrance of the TEC. A position (in ¢ direction) was determined from
charge sharing for each time bin and and used in a linear regression to obtain the inclination
angle. The deflection is computed as difference of the straight line fit to the straight line from
the initial incident point at the chamber to the interaction vertex, taken at the pad plane of
the TEC.

The trigger tracking efficiency can be defined by the number of reconstructed tracks fulfill-
ing the maximum deflection criterium divided by the number of primary tracks within the
corresponding transverse momentum bin. Trigger tracking efficiencies of a single TRD layer
obtained within this scenario are plotted in Fig. 42 for tracks with transverse momenta of
more than 3 GeV/c. A maximum deflection of dj,q;=2 mm was used in the simulation. Two
different granularities, corresponding to occupancies of 12% and 24% for central collisions (see
Fig. 18) are shown as function of the secondary track multiplicity. Within the full simulation
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Figure 42: Trigger efficiency for high momentum tracks (p; > 3 GeV/c) versus total track
multiplicity.
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a total of about 26000 tracks is produced for central collisions. Under these conditions for
a pad size of Ap,q = 4.5 cm? a tracking efficiency of 78% is achieved within a single layer,
as compared to only 56% for half the granularity. This points to the necessity (as for the
TR recognition, see Section 3.2) to keep the occupancy low in order to achieve an acceptable
tracking efficiency. The efficiency is improving almost linearly when reducing the track mul-
tiplicity. This result was obtained by propagating only part of the primary tracks generated
for Pb+Pb collisions through the detector material. For minimum bias Pb+Pb collisions the
average multiplicity is about 13000 and single layer tracking efficiencies of 88% (74%) can be
expected for pad sizes of A,,q = 4.5 (9.0) cm?, respectively. For track multiplicities in the
order of 1000, corresponding to the C+C collisions, values of 98% (96%) are obtained.

The suppression of low momentum fake tracks can be expressed by the selectivity of the
trigger: out of 16000 primary tracks per event for central collisions, the algorithm described
above recognizes about 10000 tracks, of which about 900 pass the maximum deflection limit
of 2 mm. According to the simulations about 98% of these tracks still originate from (mostly)
secondary low momentum particles scattered into the required direction. Those candidates
can be quantitatively removed by the track matching units combining the information from
different TRD layers and thus operating with longer lever arms. About 17 track candidates
with py > 3 GeV/c remain per central collision that can be subjected to the transition
radiation selection. According to the response studies presented in Section 3.2, a simple
pulse height measurement allows for a pion suppression of 0.46 at the level of one layer.

The overall efficiency of finding electron tracks is given by requiring at least 4 matching track
segments out of six layers. For a single layer efficiency of 78% in central Pb+PDb collisions this
amounts to an overall efficiency of 88%. Note that for the reduced granularity of Ap.q =9 cm?
one obtains an overall efficiency of 44%. With 4 available segments the pion background can
be reduced by at least a factor of 22 resulting in a candidate finding probability of 0.39 per
central collision for single high p; electron tracks. Requiring pairs reduces the fake trigger
rate to 0.15 per central collision while good pairs are accepted with an efficiency of 63%. The
background rate can be further reduced by slightly decreasing the global deflection limit, e.g.
increasing the transverse momentum threshold. For p; > 3.2 (3.5) GeV/c background trigger
probabilities of 9-1072 (5-1072) are obtained. Another possibility to reduce the background
trigger rate is to somewhat release the condition on electron efficiency that is currently kept
at 90%. According to Fig.7 decreasing the electron efficiency from 0.9 to 0.85 results in an
improvement of about a factor of 2 in the background rate at the expense of the true pair
efficiency dropping from 63% to 56%.

With these numbers the trigger is close to the theoretical rates obtained from the nominal
operation of the TRD (see Section 4.9). Further improvements are possible by refining the
track finding and fitting algorithm. Especially a treatment of crossing tracks as possibly
recognized by the width of the pad clusters should improve the track quality and the overall
efficiency. Details need to be worked out in combination with the prototype developments of
the chambers by properly modeling the response of the readout chambers.

6.3 Trigger implementation

As outlined in Section 4.8 pre-trigger rates of up to 1800 Hz are required, which exceed the
capabilities of the TPC. Therefore the TRD has to operate as part of the L0 trigger system.
A total time budget of 5.5 us for the TRD LO decision was assumed to be a tolerable loss
for the TPC (about 7% of its active volume). This tight time budget requires most of the
logic to be implemented as part of the on-detector components. Within each detector layer
potential high p; track candidates are selected by implementing an ¢ angle cut and shipped
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to one out of 6 track matching stages.

The track parameters of the candidates fit into a 32-bit word (r¢ position: 11 bits, corrected
¢ angle or displacement: 5 bits, z position: 6 bits, amplitude: 8 bits, and two bits of TR
quality) are then transmitted by one link per detector to a track matching stage. At this
point three track matching units, covering an azimuthal angle of 120° each, are assumed per
detector side. They should be mounted on the end-caps as close as possible to the detector
in order to minimize cable delays.

We expect that highly ionizing hadrons will be efficiently rejected by the p; selection cut and
only the hits from high p; pions and electrons will pass the on-detector cuts. The optimal
strategy of rejecting pion hits in each TRD layer while keeping high overall efficiency to
electrons will be chosen after the prototype tests. For example, we can choose to operate
with less than 90% electron efficiency within each TRD layer but require at least 4 out of
6 layers to provide information about the electron track. We anticipate that, in this case,
significant pion suppression factor by individual TRD layers can be achieved. This will allow
to reduce the number of candidates from misidentified pions.

The number of such candidates can be estimated based on the expected yield of high p;
charged particles per Pb+Pb central event, and the potential pion rejection capability by a
single TRD layer. Simulations using the SHAKER+GALICE program show that, within the
TRD acceptance, the number of charged particles with p; exceeding 2.0, 2.5, and 3.0 GeV/c
amounts to about 750, 250, and 150 respectively (dominated by pions). In the following
we assume that 1000 track candidates will pass the on-detector cuts in each layer, which
corresponds to 12 candidates per detector.

The data from each detector element can be trivially ordered in z/r¢ so that a pipelined
processing at the next stage can begin as soon as the first words arrive, thus reducing the
overall latency. Fig. 43 shows the corresponding time line. Assuming a high maximum of 25
candidates per data-transfer link and event, each link would transmit up to 100 bytes per
event to the TRD track matching unit. Assuming a data transmission time of about 1 us
this corresponds to a band width of 100 MB/s. This can be implemented for example as
8-bit bi-phase 50 MHz link. Note that this digital data transmission will occur during a time
when the TRD detector is not active anymore and the TPC is not yet triggered.
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Figure 43: TRD time-line.

The architecture of the on-detector electronics is sketched in Fig. 44. The detector signals
are amplified by a shaping preamplifier (refer to Section 5) and then digitized by a fast 8-bit
ADC. The development of commercial, fast, 8-bit pipeline ADCs with low power consumption
and power down functionality is driven by the increasing demand for hand held devices such
as digital cameras and mobile telephones. During the past years the price-to-performance
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Figure 44: Functional blocks of the on-detector hit logic.

ratio has improved considerably. Therefore it appears logical to use a commercial ADC.
The overall architecture of a device as sketched in Fig. 44 will be implemented as multi-
chip-module (MCM), which can be mass produced. It is mounted on the detector using low
profile mezzanine connectors like those used in portable computers for memory expansion
modules. The ADC will have to be acquired as bare die. The advantage is that there will be
no other logic on the detector except for slow control functionality. The digitized amplitudes
are stored and processed by a digital custom chip, which is detailed below. The pin count of
this digital chip can be kept relatively small by multiplexing multiple ADCs onto one internal
digital readout bus. The MCM requires 16 ADC chips plus a 16 channel custom preamplifier
and a custom digital processing chip. The MCM will implement separate power planes for
digital and analog power. The layout can be chosen such that the digital and analog parts
are well separated.

The digital processing chip performs two functions. First it searches for stiff or high p; tracks
and then it searches for TRD signatures at those identified tracks. However in order to keep a
large degree of flexibility the overall architecture is chosen such that all stiff track candidates
can be shipped to the TRD track matching stations. The actual track fitting and the selection
of TR candidates is done by a programmable state machine labeled microCPU. A prototype
design already exists that can be programmed in Java byte code. The same programmable
unit can be used to perform intelligent readout of the detector, thus minimizing the data
volume sent to DAQ.

The tracking both on the detector and in the track matching stations can be implemented
relatively elegantly since all good tracks have to be stiff. Therefore the track candidates do
not have to be searched like in case of the TPC. Every r¢ hit position is determined due to
the charge sharing ratio and then stored in an array corresponding to the appropriate pad.
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If a track is very stiff all time buckets of this track should lie above one pad, resulting in a
large number of hit positions being produced. The next step is to perform a straight line
fit on those hits in order to determine the exact position and slope of the track (refer to
Section 6.3.1). The resulting x? and slope can be used to cut on good, stiff tracks. Tracks
with a large r¢ angle will cross over several pads and thus yield a small number of track
candidates per pad. Bent tracks will yield a poor x2.

In order to have good fit quality not all hits are used towards the track fitting. Ideally all
multi-hit clusters should be disregarded as the charge sharing ratio will yield a distorted
position. Therefore some cuts are placed onto all hit candidates, trying to reject most bad
clusters. First, the sum of three neighboring pads has to be larger than a certain threshold
to guarantee a good signal-to-noise ratio. Second, the measured amplitude of the pad has to
be larger than the amplitude of both of its neighbors. The functional block in Fig. 44 labeled
ClusterSelect performs the quality cuts discussed above. Further algorithms are currently
being investigated.

For any given track one pad takes at least 50% of the charge, which allows identification of
the center pad of the three adjacent pads firing for a given track. On average 2.4 pads are
hit by a track, and no more than three pads fire for any single hit cluster. A cluster can
span over two readout chips but there is no more than one channel missing at any readout
chip. Therefore, the first and the last channels are duplicated into two readout chips. This is
indicated in Fig. 44 by the two additional Event Buffers, which are fed by the ADCs of the
neighboring MCMs. Therefore in case of a cluster sitting right at the edge of this granularity
one chip will see a single isolated channel firing and the other will have the whole cluster.

Towards the edge of the detector tracks have a polar angle of about 45°, and tracks may span
over two pad rows. Therefore, it is necessary for the digital logic to be able to access the
appropriate channels of the next pad row downstream. This is indicated in Fig. 44 by the
bus labeled UpstreamReadoutBus. The implementation of the event buffer as dual ported
memory grants full asynchronous access to the upstream node.

In order to keep the design as flexible and configurable as possible, a simple micro coded
state machine will be used (labeled microCPU in Fig. 44) to calculate the various parameters
and to implement the cuts. It could be run at 2-3 times the digitization speed and thus allow
100-200 operations during a 2 us interval. The advantage of this approach is twofold. First,
the trigger can be kept fairly simple. Further, the actual trigger algorithm can be adopted
and modified even during the run time. Finally, once a trigger is generated, the same state
machine, if designed appropriately, could be used to perform an intelligent readout of the
data so that the detector will produce calibrated positions, angles and amplitudes.

The readout logic of the event buffers is designed such that the pre-selected group of three
pads can be addressed relative to the center pad (address -1,0,1). This avoids the requirement
for any searching or table lookup functionality. In other words, any further processing of the
signal will only address three pads (-1,0,1) and the pre-selection logic will automatically
refer to the appropriate channels. In order to determine an absolute detector coordinate
some Control and Status Register space will provide the actual channel ID of the TR track
candidate.

It is foreseen to have three TRD track matching stations at each end of the detector, each
covering an azimuthal angle of 120°. Consequently, the outputs of all TEC detectors are fed
into six tracking units which are mounted on the end-caps. This allows to keep all cables
shorter than 8 m. The signaling can be done using a technique which implements low-power
high-speed differential transmission up to 400 Mbit/s (LVDS, IEEE 1596.5). This trigger
stage, where tracks are determined from the pre-selected hit candidates, can be implemented
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using field programmable gate arrays (FPGA, such as Xilinx). It matches the pre-selected
tracks with TR signature requiring, e.g., at least 4 out of 6 detectors to have fired, and
calculates a new r¢ angle based on the longer leverage arm of 6 detector elements. Given the
high selectivity of the on-detector electronics and the limited angle distribution we estimate
that this processing can be done in about 1 us.

The final coincidence condition, requiring the transfer of very few bits only, will be imple-
mented in FPGAs also. These components will be located at a position to minimize overall
cable length. Tt is therefore most likely going to be close to the ALICE L0 trigger system.

6.3.1 Linear fit implementation

The number of operations necessary to calculate the charge sharing ratios and the sums for
the linear fit of at least 1-2 tracks would significantly exceed the available clock cycles. On
the other hand, it would be relatively inaccurate to pre-select track candidates and then
determine the angle of the track by just using two or three space points. This problem is
even worse taking into account that due to energy loss fluctuations (refer to Fig. 5) not all
hits of a good track have an adequate amplitude to determine a good position.

Fig. 45 sketches an algorithm allowing to perform a linear fit for all potential track candidates
of any given group of 16 channels. The logic sketched here requires little silicon real estate.
First, a good hit candidate is determined for each channel and time bin (ClusterSelect).
Given the criteria defining a good hit there can be up to 8 candidates per group of 16 channels.
On average there are 1.2 candidates. The pad space is broken up into two groups of 8 pads.
Each group implements its own linear fit logic block. If there are multiple hits per time bin
they are processed sequentially. About 3% of all cases will result in more than 4 hits per
16 channels. Therefore one implementation could be to run the linear fit logic at twice the
digitization rate. First design studies indicate that this logic could run at clock rates up to
80 MHz. In this case all potential hits could be processed. The trade-offs here are higher
clock rates and the corresponding risk of coupling of digital noise into the analog front-end,
which is active during this time.

The digitized amplitudes are readout using three 8-bit buses. Dependent upon which pad
is the center channel the three channels need to be rotated left or right in order to always
have the center and left/right channels at the same output bus. This is sketched by the
first functional block of Fig. 45. The next unit calculates the charge sharing ratio. Given
the detector resolution of better 200 pm and the pad pitch of 10 mm, 5 bits plus sign are
adequate to encode the hit position. The coordinate system here uses y as position along the
pad row and z as drift direction. The index ¢ denotes the time bin number.

The next stage calculates the individual sums for the linear fit. Note that the z position is
simply the time bin number. Only three 5-bit multipliers are required here.

8x3-bit RR calculate calculate calculate |« 64
8 8 y fit sums g 64 W Di
—P] A L P> summands 1
8 8 541 2y Iy ~ |loz |53 |5 |8
& (30 21 — —
—{B C pl Ar-AL AR 7 1 Xy, 3 22 (85 |©5 |32 (g2
pad Q T x2 |l V3 | v |V |T2|F2
8 8 Ag+AC+A | XYy 3 x < o ;5 =+ [ [
—4jC R » X2 1 t N2 lae |28 | %= [ ==
t 3 ) Iy I AT A N
Lad
SUM memory

Figure 45: TRD linear fit implementation.
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There are 5 sums required to allow calculating the straight line parameters and the y2. In
the given case 64-bits are required to store all sums of the fit. These sums are accumulated
for each pad and stored in a SUM memory as indicated. This is implemented by the last
building block by using a 64-bit wide memory, which is addressed by the pad number. Since
the memory has independent data in- and outputs a read-modify-write cycle can be easily
implemented, which first reads the memory content and then stores the sum of the calculated
parameters and the old memory content back into the same cell. Every time a summand is
added to a pad an appropriate pad hit counter is incremented.

The functionality sketched here is performed during the drift time and thus concludes 2 us
after the interaction. Good track candidates are selected now by requiring the pad hit counter
to be larger than a given threshold (e.g. 5-10). The remaining track parameters, which can
be determined directly by the sums stored in the sum memory is now performed by the
microCPU.

In order to determine the track parameters no more than 26 bits are required for the binary
operations. To calculate the slope and straight line intersect a total of 4 multiply, 2 divide
and 3 add operations are required. Note that those operations do not have to be executed
sequentially but may be executed in parallel. The x? is calculated only for stiff candidates
with an appropriate cut on the maximum slope. In order to calculate the exact fit error 7
multiply, 5 add, and one shift operation is required.

6.3.2 Data acquisition

Once a TRD trigger is accepted the TPC is activated and thus there is a large amount of time
available to the TRD for readout. The microCPU can easily perform this task, since no other
triggers can be fired during that time. A zero suppressed TRD raw data event has a size of
about 8 MB, i.e. less than 15 kB per detector module. Given a 100 MB/sec link, the data
transmission would take 150 us. The simplest implementation uses the now idling links to
the TRD track matching stations, which implement some elasticity buffers and an up-stream
link to DAQ. Taking into account a maximum trigger rate of 40 Hz the total aggregate zero
suppressed data rate originating from the TRD is 40 MBytes/s, which can be easily shipped
using one gigabit fiber per TRD tracking unit.

This data rate can be reduced considerably by transmitting track coordinates rather than
raw data. For example a track can be encoded for readout in 48 bits: (r¢ position: 12 bits,
corrected ¢ angle or displacement: 7 bits plus sign, fit x2: 4 bits, z position: 6 bits, amplitude:
10 bits, generic quality flags: 5 bits, and two bits of TR quality). This corresponds to 270
bits of raw data or a reduction factor of five for every good track. This encoding could be
used for tracks with very good fit quality only in order to avoid loosing information.
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7 Budget

The overall cost estimate for the full TRD detector is shown in Table 12. This cost estimate
is not generally based on firm quotes from industry. However, as can be seen from the table,
much of the detector costs will be in electronics: to keep the occupancy low enough even for
the highest foreseeable particle densities the full detector will have 1.2 M electronic channels.
Therefore, considerable effort went into the specification of the electronics chain. Based
on these specifications we have obtained preliminary price quotes from various industrial
vendors which form the basis of the cost estimate. The cost of mechanical items is based
on our experience with the recent building of similar components in experiment NA45. We
note that the overall cost of the detector exceeds the currently available funds of 7 MCHF.
If no additional funds can be secured then in the first stage we will build a TRD which is
reduced in size such that the budget is commensurate with the available funds. This implies

\ DETECTOR | Price (kCHF) |
Gas System 150
Gas (Xenon only, 24m?) 500
Radiator 560
Readout Chambers (5 x 18 x 6 = 540) 2750
| ELECTRONICS | |
Chip development and production CHF per channel
preamp 0.52
pipeline ADC < 2.0
digital chip 0.6
sum (based on 1.2Mch) 3750
FEE Boards CHF per board
board 4.3
parts/fitting, front and back connector 10
production < 25
sum (1.2M/16=80k) 3200
Motherboard CHF
board 315
clock interface 100
sum (5 X 18 x 6 = 540) 225
Link to trackfinder (540) 28
Trackfinder (2 x 3) 120
Link to DAQ 140
Cooling 200
Power supplies
HV 40
LV 150
Slow control
common part 50
on detector (Motherboard) 138
Prototyping 1000
SUM 13.000

Table 12: TRD cost estimate
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cutting the detector size approximately in half. However, since the cost of some items such
as detector prototyping and electronics will not vary linearly with size or number of channels
in the detector, a careful optimization procedure has to be applied for such a solution.

We foresee an R&D stage of about 1 year, starting from May 1999, to define in detail all
detector and electronics parameters. The prototype construction is well advanced and first
in-beam tests of a TRD prototype including pad plane read-out and flash ADC electronics
will take place at GSI in June of 1999. A Technical Design Report for the TRD should be
finished in summer of 2000.
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