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1 Introduction

Over the 50 years of CERN history numerous experimental programs were devoted to the
study of the properties of strong interactions [1]. Rich data on collisions of hadrons and
nuclei were collected. These results together with the data from other world laboratories
have significant impact on our understanding of strong interactions and at the same
time lead to new questions and define directions of future experimental and theoretical
studies [2]. In particular, recently obtained exciting results on nucleus-nucleus collisions
from the CERN SPS and the BNL RHIC suggest that the onset of deconfinement is
located at low SPS energies. The most important open issues related to this finding are
as follows. Is it possible to observe the predicted signals of the onset of deconfinement in
fluctuations, anisotropic flow and jet quenching measurements? What is the nature of the
transition from the anomalous energy dependence seen in central Pb+Pb collisions at the
SPS energies to the smooth dependence observed in p+p interactions? Does the critical
point of strongly interacting matter exist and, if it does, where is it located? In addition,
rapid development of neutrino and cosmic-ray physics generates an urgent need for precise
reference data on hadron production in hadron-nucleus interactions. In particular, the
results at the CERN SPS energy range are of high importance.

Therefore, following our previous suggestions [3], we propose to perform a sequence of
new measurements of hadron production in collisions of protons and nuclei at CERN by
use of the upgraded NA49 apparatus [4]. The proposed program consists of three subjects:

- measurements of hadron production in nucleus-nucleus collisions, in par-
ticular fluctuations and long range correlations, with the aim to identify the
properties of the onset of deconfinement and search for the critical point of
strongly interacting matter,

- measurements of hadron production in proton-proton and proton-nucleus
interactions needed as reference data for better understanding of nucleus-
nucleus reactions; in particular correlations, fluctuations and high transverse
momenta will be the focus of this study,

- measurements of hadron production in hadron-nucleus interactions needed
for neutrino and cosmic-ray experiments.

The NA49 apparatus at the CERN SPS served, during the last 10 years, as a very
reliable, large acceptance hadron spectrometer and delivered unique high precision exper-
imental data over the full range of SPS beams (from proton to lead) [5, 6] and energies
(from 20A GeV to 200A GeV) [7, 8]. Among the most important results from this study
is the recent observation [7, 8] of narrow structures in the energy dependence of hadron



production in central Pb+Pb collisions. These structures are located at the low CERN
SPS energies (30A-80A GeV) and they are consistent with the predictions [9] for the onset
of the deconfinement phase transition. The questions raised by this observation serve as
a strong motivation for new measurements with nuclear beams at the CERN SPS.

The most efficient and cost effective way to reach the physics goals of the proposed
new experimental program is to use the upgraded NA49 detector and its reconstruction
software and profit from the experience in physics analysis accumulated over many years.

This document is organized as follows. The physics programme and its motivation
are discussed in Section 2. The existing NA49 detector and the required upgrades are
described in Section 3. In Section 4 the physics performance is discussed. The beam
requirements and expected event rates are given in Section 5. The summary, Section 6,
closes the document.



2 Physics Programme

The physics programme of the experimental project is presented according to the increas-
ing physics complexity, level of detector upgrades and availability of the SPS beams. It
consists of three subjects:

I. measurements of hadron production in hadron-nucleus interactions needed
for neutrino and cosmic-ray experiments,

II. measurements of hadron production in proton-proton and proton-nucleus
interactions needed as reference data for better understanding of nucleus-
nucleus reactions; in particular correlations, fluctuations and high transverse
momenta will be the focus of this study,

III. measurements of hadron production in nucleus-nucleus collisions, in par-
ticular fluctuations and long range correlations, with the aim to identify the
properties of the onset of deconfinement and search for the critical point of
strongly interacting matter.

They will be performed in subsequent stages of the experimental program.

In the following all subjects are presented in detail.

2.1 Neutrino and Cosmic-Ray Physics Needs (I)
2.1.1 Neutrino Physics
Physics Questions and Problems

The study of neutrino oscillation, or in more general terms, the study of neutrino masses
and mixings is at present one of the most challenging topics in neutrino physics [10]. From
the recent results of neutrino oscillation and other experiments a clear picture emerges of
the phenomenology of neutrino mass and mixing. Mixing between the second and third
generation neutrinos are found to be close to maximal, while the one between the first
and second is large, but not maximal. For the 1-3 mixing only upper limits are available.
Recent experiments indicate unique solutions for the values of the ‘atmospheric’ mass
difference (Am3,) and the ‘solar’ mass difference (Am?,) in a range such that there are
chances to study CP violation in the neutrino sector in the future, provided the value of
0.3 is large enough.

High-precision measurements of the other angles will provide insight into the mixing
mechanism. A combination of a new generation of reactor experiments and the long



baseline experiments T2K [11] and Nova [12] will address these questions in the near
future.

The ultimate precision in the measurements of oscillation parameters can be reached
by experiments at a neutrino factory. The combination of very intense conventional beams
(‘super beams’) and a ‘beta beam’ [13], a pure electron(anti)-neutrino beam made by the
beta decay of nuclei in a storage ring, can also explore a large range in the parameter
space.

As mentioned above, the measurement of the value of 6,3 is essential to decide if the
study of CP violation is within reach at a given facility. A number of experiments are
proposed to improve the precision in this parameter. T2K is most probably the first
experiment which will probe an entirely new region in this parameter space.

In a long baseline neutrino oscillation experiment, neutrino interactions are measured
in a detector far from the neutrino source (‘far’ in this context means L/E > 1) and
compared with a prediction based on the neutrino flux unmodified by oscillation. A well-
known technique to predict the flux is to use a ‘near’ detector which intercepts the beam
at a distance where the effect of oscillations is negligible. If both detectors are sufficiently
far from the neutrino source to consider the source point-like and accept the same solid
angle, the ratio of the fluxes in the two detectors are accurately predicted by the squared
ratio of the distances from the source. When these two conditions are not satisfied the
details of the production mechanisms of the beam have to be known. In addition, in the
presence of backgrounds, their subtraction requires the knowledge of the neutrino flux
spectrum.

In the T2K experiment the neutrino beam is produced using the decays of pions
created in the interactions of 30, 40 and 50 GeV/c protons on a carbon target. The
pions are then focused into a decay region to produce the neutrinos. (In fact, in T2K,
the direction of the neutrino detector is slightly off-axis compared to the pion direction
to obtain better properties of the neutrino spectrum.) Apart from a full description of
the focusing system, the pion production under the conditions of this experiment has to
be known with high precision. In addition to the measurement of pion production it is
important to characterize the production of kaons with high accuracy. Decays of kaons
are the main component of the electron-neutrino flux which is responsible for the largest
background in the measurement of #;3. In the absence of dedicated measurements of
hadron production under the specific conditions of the neutrino beam-line, the lack of
knowledge of the hadron production introduces a significant systematic error.

HARP Measurement for K2K

The HARP experiment has demonstrated that such a precise measurement of the pion
yield as a function of momentum and production angle can reduce the component of the
experimental uncertainty introduced by the lack of knowledge of the hadron production
to a negligible level [14]. The HARP measurement was performed for the K2K beam,
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Figure 1: Muon neutrino fluxes in the K2K experiment as a function of neutrino energy
E,, as predicted by the default hadronic model assumptions in the K2K beam Monte
Carlo simulation (dotted histograms), and by the HARP 7" production measurement
(full circles with error bars). The left panel shows unit-area normalized flux predictions
at the K2K near (top) and far (bottom) detector locations, ®near and @, ., respectively,
while right panel shows the far-to-near flux ratio ®¢, ./®near (empty squares with error
boxes show K2K model results).

which is produced by a 12.9 GeV/c proton beam impinging on an aluminum target.

The HARP-based prediction has been obtained by substituting the original 7" pro-
duction cross-section assumed in the K2K beam Monte Carlo hadronic model with the
HARP Sanford-Wang parameterization. All other ingredients of the K2K beam MC sim-
ulation, such as primary beam optics, pion re-interactions in the aluminum target, pion
focusing, pion decay, etc. were not changed. The Sanford-Wang parameterization [15] of
the experimental results provides a smooth extrapolation into regions where no measure-
ments are available. More details on the K2K beam MC assumptions can be found in
Ref. [16].

The result of the calculation for the K2K beam is shown in Fig. 1. The left panel
shows muon neutrino fluxes in the K2K experiment as a function of neutrino energy
E,, as predicted by the default hadronic model assumptions in the K2K beam Monte
Carlo simulation (dotted histograms), and by the HARP 7% production measurement
(full circles). The plots on that panel show unit-area normalized flux predictions at the
K2K near (top) and far (bottom) detector locations, ®pear and @y, respectively. The
right panel shows the far-to-near flux ratio R = (bfar/ ®pnear obtained from the K2K
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Monte Carlo (empty squares with error boxes) and from the HARP measurement (full
circles with error bars). The fluxes predicted by HARP and the present K2K model are
in good agreement within the errors. This is reflected also in a good agreement in R,
in particular in the oscillation region (below 1.5 GeV). The error in R propagating the
uncertainties of the HARP measurement is of the order of 1%. The current systematic
error attached to R in the K2K analysis is of the order of 7%. It clearly shows the
considerable improvement that can be achieved by K2K by using this new measurement.
It should be noted however, that part of the latter uncertainty is also associated with
additional uncertainties in the flux calculations.

The recent HARP results are compared with the collection of 7+ production data from
aluminum targets available in the literature prior to the HARP measurement [18, 19, 20,
21]. The comparison is restricted to proton beam momenta between 10 and 15 GeV/c
(close to the K2K beam momentum of 12.9 GeV/¢), and for pion polar angles below 200
mrad (the range measured by HARP and of relevance to K2K).

In order to match pion momenta and angles measured in the different experiments
the comparison is based on the HARP Sanford-Wang parameterization. A correction to
rescale the HARP Sanford-Wang parameterization at 12.9 GeV/c beam momentum to
the momenta in the range 10 GeV/c-15 GeV/c beam momenta of the other Al datasets
is applied [22].

Figure 2 shows the comparison between HARP and the above datasets. The figure
shows that it is of enormous importance to measure the full phase-space in a single exper-
iment to avoid the relatively large systematic normalization errors between the different
experiments. The situation for the T2K experiment is analogous, certainly for the first
phase of the data taking. (In a possible second phase an extra detector could be con-
structed at an intermediate distance, which is sensitive to a neutrino flux with properties
much closer to the flux at the far detector.) As mentioned above, the conditions under
which the beam will be produced is different from the case of K2K, and therefore new pion
production measurements are needed. The requirements are similar to the ones for the
K2K measurement. Since, in addition to the measurement of the disappearance of muon
neutrinos also the appearance of electron neutrinos is important, the kaon production
yield is an important element to determine the beam backgrounds.

Several opportunities to measure the pion yield for the beam line of the T2K exper-
iment have been explored: the COMPASS experiment at CERN, the MIPP experiment
at Fermilab, and the NA49 experiment at CERN. The most promising option is the use
of the NA49 detector.

This detector has the acceptance and the particle ID capabilities needed for this mea-
surement. In the following these capabilities will be compared with the requirements
imposed by the T2K beam-line.

In order to demonstrate the relevance of the hadron production measurements, one
can investigate which hadron decays contribute to the neutrino flux in the T2K detectors.
The relevant region in the p-f plane, where p and # are the momentum and angle of pions

10
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Figure 2: Comparison of the double-differential pion production cross-section measured
in HARP, and the one measured in past experiments using an aluminum target and 10-
15 GeV/c momentum beam protons. The points are the data from the experiments prior
to HARP, and the shaded area reflect their normalization uncertainty. The solid line
is the HARP Sanford-Wang parameterization rescaled to the beam momentum of past
experiments, as discussed in the text.

at their production point, respectively, is shown in Fig. 3. In this figure the size of the
boxes is a measure of the relevance of a given point in the hadron production phase space.
The population in this plane can be compared with the performance of NA49 detector
(see Section 4.1), which is seen to provide full coverage of the relevant phase space region.

Physics Needs

It is foreseen to operate the T2K beam-line initially with 30 GeV/c protons, while up-
grades to 40 GeV/c and 50 GeV/c are foreseen. It is planned to use a carbon production
target. The most important data-sets would be taken with a thin carbon target (a few
per cent of a nuclear interaction length A; which would be used to measure the primary
p—C hadron production cross-section). In addition to this basic configuration, also runs
with targets of various thicknesses (of the order of one A1) would be needed to control the
simulation of secondary interactions.

If time permits, different materials which could be envisaged for targets in higher
intensity operation should be added.

11
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Figure 3: The population in the p—f plane of pions of which the decay contributes to
the neutrino flux in the T2K detectors. The size of the boxes indicates the relative
contribution of a given point in phase space.

2.1.2 Cosmic-Ray Physics
Physics Questions and Problems

One of the central questions of astroparticle physics is that of the sources and propagation
of cosmic rays. Even more than 90 years after the discovery of cosmic rays we still don’t
know their elemental composition at high energy and also the information on the energy
spectrum is very limited [23, 24]. Knowing the cosmic-ray composition is the key to
understanding phenomena such as the knee — a change in the power-law index of the
cosmic ray flux at about 3 x 10° GeV — and the transition from galactic to extra-galactic
cosmic rays. Furthermore, composition information is essential for confirming or ruling
out models proposed for the sources of ultra-high energy cosmic rays, many of which
postulate new particle physics [25].

At energies above 10° GeV, the flux of cosmic rays is so low that it cannot be measured
directly using particle detectors. Therefore all cosmic-ray measurements of higher energy
are based on analyzing the secondary particle showers, called extensive air showers, which
they produce in the atmosphere of the Earth. To interpret the characteristics of exten-
sive air showers in terms of primary particle type and energy, detailed modelling of the
various interaction and decay processes of the shower particles is needed [26]. Modern
high-precision experiments like KASCADE [27] and the Pierre Auger Observatory [28]
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measure several observables for each shower. The uncertainty in interpreting the data
from these experiments is dominated by the uncertainty in predicting hadronic multi-
particle production in extensive air showers.

For example, the KASCADE Collaboration uses the measured number of electrons
and muons at detector level to derive the primary energy and composition of the showers
in the knee energy region. Having collected more than 40 million showers it is still not
possible to obtain a clear picture of the elemental composition [29]. Applying different
hadronic interaction models leads to significantly different fluxes for the elemental groups
considered in the analysis. In particular, the fundamental question of having a mass- or
rigidity-dependent scaling of the knee positions of the individual flux components cannot
be answered.

S GHEISHA
© urQMD |
L
[oN
G-FLUKA -
UrQMD
10000

distance [m]

Figure 4: Lateral distribution of particles (electrons, photons and muons) in vertical,
proton-induced showers of 10'° GeV. Interactions at laboratory energies below 80 GeV
were simulated with the models G-FLUKA [30], UrQMD [31], and GHEISHA [32]. The
model QGSJET [33] was used for simulating high energy interactions. Shown is the ratio
of the particle densities relative to the prediction of UrQMD. (from [34])

The dependence on modelling hadronic interactions is also clearly demonstrated by
the fact that the Auger Collaboration finds indications of a 20% discrepancy of the energy
that would be assigned to a shower by using either only the Auger surface detector data
or the calorimetric measurement of the Auger fluorescence telescopes [35]. In addition,
any composition analysis will be hampered by the uncertainty of simulating hadronic
interactions. For example, the slope of the lateral distribution of particles in a shower is
a measure of the mass of the primary particle. This slope, however, is also very sensitive
to assumptions on hadronic multi-particle production in the energy range up to a few

13



hundred GeV, see Fig. 4.

In the foreseeable future soft multi-particle production will not be calculable within
QCD. Therefore the modelling of cosmic-ray interactions will strongly depend on the
input from accelerator experiments.

Role of low-energy hadron production in air showers

Typically only the dependence of extensive air shower predictions on the characteristics of
hadronic interactions at high energy is considered [36]. Only recently is has been realized
that interactions in the energy range up to a few hundred GeV are also very important.
This applies in particular to shower particles measured at large lateral distance, as is the
case in air shower arrays [37, 38].

In the following we illustrate the role of low-energy interactions by considering muon
production in extensive air showers [39]. (It should be kept in mind that the ratio of
muons to electrons in a shower is one of the best composition-sensitive observables.) The
simulations are done for proton showers of 10° GeV but the results apply also to showers
of higher energy and other hadronic primary particles. The competing processes of pion
interaction and decay in an air shower lead to a relatively energy-independent typical
energy below which pions decay and produce muons.
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Figure 5: Left panel: Energy distribution of interactions in a shower which produce
a meson that in turn decays into an observable muon. The discontinuity at 80 GeV
(where the hadronic interaction model is switched from GHEISHA to QGSJET) reflects
shortcomings in the hadronic interaction models. The three curves show the relative
importance of pion, kaon and nucleon interactions. Right panel: Rapidity distribution
(relative to beam rapidity) of secondary pions which produce muons that are detected in
air shower experiments. The minimum-bias pion distribution is shown for reference and
compared to that of proton-carbon interactions. (from [39])

In Fig. 5 (left) the energy distribution of hadronic interactions, in which at least one
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meson was produced that in turn decayed to a muon that reached sea level, is shown. The
maximum of the energy distribution falls in the range between 80 and 200 GeV. Most of
the interactions are induced by pions (70%) and nucleons (20%). The shortcomings of
the simulation of hadronic interactions are clearly visible as a discontinuity between the
energy region of the high- and low-energy models applied in this simulation.

The rapidity distribution of the secondary particles, measured relative to the rapidity
of the particle that initiated the interaction, is shown in Fig. 5 (right). The constraint
on the muon energy (low-energy muons decay before reaching the detector level) leads to
a strong preference for high energy pions in air showers (filled histogram). Details about
the simulation and further phase space comparisons can be found in [39].
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Figure 6: Compilation of existing data on pion production in proton collisions with light
nuclei [40]. The covered secondary particle phase space is indicated by the shaded regions.
The histogram shows the relative importance of the beam energy and secondary particle
rapidity for muon production in extensive air showers.

There is a lack of measurements covering the aforementioned energy range and sec-

ondary particle phase space. A compilation of available measurements for proton projec-
tiles is shown in Fig. 6. Moreover, there exist no data for pion projectiles with good phase

15



space coverage for light target nuclei.

Both the energy as well as the secondary particle phase space accessible with the NA49
detector setup are of great importance for air shower physics. In particular the excellent
forward acceptance and particle identification are unique features needed for performing
measurements that can be used in air shower simulations.

Physics Needs

Regarding cosmic-ray physics, the most important projectile-target combinations would
be pion and proton beams on a carbon target. Beam energies as high as 150 GeV would be
desirable, but 50 GeV would already reduce model uncertainties considerably. All the data
have to be taken with minimum bias trigger and thin targets. It should be mentioned
that the analysis of HARP p/m-carbon data at lower energy (3 GeV to 15 GeV) is in
progress.

2.2 Reference p+p and p+A data (II)
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Figure 7: The ratio (Rcp) of pion transverse momentum spectra of central to peripheral
Pb+Pb interactions at 1584 GeV as measured by NA49 [41] scaled by the number of
binary collisions (left) and wounded nucleons (right).

An interpretation of the rich experimental results on nucleus-nucleus collisions at high
energies (see e.g. Section 2.3 in this document) relies to a large extent on a comparison to
the corresponding data on p+p and p+A interactions. However, the available p4+p and
p+A results concern mainly basic properties of hadron production and they are sparse.
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Many needed data on fluctuations, correlations and, in particular, particle production
at high transverse momenta are missing. Thus the measurements of hadron production
in p+p and p+A reactions are necessary and should be performed in parallel to the
corresponding measurements for A+A collisions. In the following this general requirement
is illustrated by an important example, the inclusive spectra of identified hadrons at high
transverse momentum, pr.

0% (a) A
2 pp—= 7 X

10 2

E. =12-2100 GeV ;

IC}Z 1AG A

E do/d3p (mb/GeV )

P (Gevic)

Figure 8: A compilation of the transverse momentum spectra of negatively charged pions
produced in p+p interactions at different collision energies [42]. The energy values are
given in the laboratory system. There are no data points between 24 GeV and 200 GeV.

One of the most striking features observed at BNL-RHIC is the suppression of high

17



pr hadron production in central A+A collisions relative to peripheral A+A collisions or
p+p interactions.
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Figure 9: Top/left: Uncorrected transverse momentum spectrum of all charged hadrons
as registered by NA49 in 4 - 10° p+p interactions at 158 GeV. Top/right: Data points
show the corrected pr spectra of pions produced in p+p interactions at energies close to
158 GeV (the top SPS energy for Pb+Pb collisions) in comparison to curves depicting
the Blattnig et al. [43] parameterization calculated for three slightly different values of
the energy parameter, corresponding to the present uncertainty in the extrapolation of
existing p+p data. Bottom/left: The deviations of the measured p; spectrum at 158 GeV
from the Blattnig et al. parameterizations. Bottom /right: The R44 ratio calculated for
central Pb+Pb collisions at 158 A GeV using the Blattnig et al. parameterizations of the

p+p data.
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This is generally interpreted as a sign of parton energy loss in hot and dense hadronic
matter created at the early stage of nucleus-nucleus collisions. This interpretation implies
that the suppression should disappear at low energies where the energy density is not
enough for creation of the deconfined state of matter. Numerous results on energy de-
pendence of hadron yields and spectra indicate that the onset of deconfinement is located
at the low SPS energies (see Section 2.3). Thus it is crucial to extend the study of the
energy dependence to high pr production, in particular in the CERN SPS energy range,
to search for onset phenomena in the high pr region.

The NA49 and other CERN SPS experiments measured identified hadron production
in Pb+PDb collisions at 1584 GeV up pr ~ 3-4 GeV/c [41]. The first results expressed in
terms of the ratio of the pr spectra measured in central and peripheral collisions (Rcp)
are shown in Fig. 7 where the corresponding results at RHIC energies are also plotted for
comparison. The suppression seems to weaken gradually with decreasing collision energy.
The key measure in this study is, however, the ratio between pr spectra measured in
central Pb+Pb collisions and p+p interactions, R 4.

A compilation of the py spectra of pions produced in p+p interactions (excluding
NA49 data) is shown in Fig. 8 which suggests a strong energy dependence of the high
pr tail over the SPS energy range, where the data points are missing. The statistics of
the NA49 p+p published data (= 3 - 10° events) at 158 GeV is presented in Fig. 9, it
ends at about 2 GeV/c. All this leads to a large systematic uncertainty of the estimate
of the high pr tail of the p+p spectrum based on an extrapolation of the existing data,
see Fig. 9 for an illustration.

The above example clearly shows an important need for high statistics and high pre-
cision measurements of identified hadron production in p+p and p+A collisions at SPS
energies. They require a significant increase, by a factor of about 10-50, of the event
collection rate.

2.3 Onset of deconfinement and critical point
in A4+A collisions (III)

2.3.1 Key questions

One of the key issues of contemporary physics is the understanding of strong interactions
and in particular the study of the properties of strongly interacting matter in equilibrium.
What are the phases of this matter and how do the transitions between them look like are
questions which motivate a broad experimental and theoretical effort. The study of high
energy nucleus-nucleus collisions gives us a unique possibility to address these questions
in well-controlled laboratory experiments.
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Onset of Deconfinement

Recent results on the energy dependence of hadron production in central Pb+Pb collisions
at 20A, 304, 404, 80A and 158 A GeV coming from the energy scan program at the CERN
SPS serve as evidence for the existence of a transition to a new form of strongly interacting
matter, the Quark Gluon Plasma (QGP) in nature. Thus they are in agreement with the
conjectures that at the top SPS and RHIC energies the matter created at the early stage
of central Pb+Pb (Au+Au) collisions is in the state of QGP.

The key results are summarized in Fig. 10. The most dramatic effect can be seen
in the energy dependence of the ratio (K*)/(r") of the mean multiplicities of K and
7wt produced per event in central Pb+Pb collisions, which is plotted in the top panel of
the figure. Following a fast threshold rise, the ratio passes through a sharp maximum
in the SPS range and then seems to settle to a lower plateau value at higher energies.
Kaons are the lightest strange hadrons and (K*) is equal to about half of the number of
all anti-strange quarks produced in the collisions. Thus, the relative strangeness content
of the produced matter passes through a sharp maximum at the SPS in nucleus-nucleus
collisions. This feature is not observed for proton-proton reactions.

A second important result is the constant value of the apparent temperature observed
in the transverse momentum distributions of K™ mesons in central Pb+Pb collisions at
SPS energies as shown in the bottom panel of the figure. The plateau at the SPS energies
is preceeded by a steep rise of the apparent temperature at the AGS and followed by
a further increase indicated by the RHIC data. Very different behavior is measured in
proton-proton interactions.

Presently, the sharp maximum and the following plateau in the energy dependence
of the relative strangeness content has only been reproduced by the statistical model of
the early stage [9] in which a first order phase transition is assumed. In this model the
maximum reflects the decrease in the number ratio of strange to non-strange degrees of
freedom and changes in their masses when deconfinement sets in. Moreover, the observed
steepening of the increase in pion production with collision energy is consistent with the
expected excitation of the quark and gluon degrees of freedom. Finally, in the picture of
the expanding fireball, the apparent temperature is related to the thermal motion of the
particles and their collective expansion velocity. Collective expansion effects are expected
to be important only in heavy ion collisions as they result from the pressure generated
in the dense interacting matter. The stationary value of the apparent temperature of
K™ mesons may thus indicate an approximate constancy of the early stage temperature
and pressure in the SPS energy range due to the coexistence of hadronic and deconfined
phases, as in the case of first order phase transition [50, 51].

Thus, the anomalies in the energy dependence of hadron production in central Pb+Pb
collisions at low SPS energies serve as evidence for the onset of deconfinement and the
existence of QGP in nature. They are consistent with the hypotheses that the observed
transition is of first order. The anomalies are not observed in p+p interactions and they
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Figure 10: Collision energy dependence of the K™ to 7™ ratio and the inverse slope pa-
rameter of the transverse mass spectra measured in central Pb+Pb and Au+Au collisions
(solid symbols) compared to results from p+p reactions (open dots). The changes in the
SPS energy range (solid squares) suggest the onset of the deconfinement phase transition.
The energy region covered by the future measurements at the CERN SPS is indicated by
the gray band.

are not reproduced within hadronic models [52].
These results and their interpretation raise numerous questions which can be answered
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only by new measurements. Two most important open problems are:

e is it possible to observe the predicted signals of the onset of deconfine-
ment in fluctuations [53] and anisotropic flow [54]?

e what is the nature of the transition from the anomalous energy de-
pendence measured in central Pb+4Pb collisions at SPS energies to the
smooth dependence measured in p+p interactions?

Critical Point

In the letter of Rajagopal, Shuryak, Stephanov and Wilczek addressed to the SPS Com-
mittee one reads: ... Recent theoretical developments suggest that a key qualitative feature,
namely a critical point (of strongly interacting matter) which in sense defines the land-
scape to be mapped, may be within reach of discovery and analysis by the SPS, if data
is taken at several different energies. The discovery of the critical point would in stroke
transform the map of the QCD phase diagram which we sketch below from one based only
on reasonable inference from universality, lattice gauge theory and models into one within
a solid experimental basis. ... More detailed argumentation is presented below.

Rich systematics of hadron multiplicities produced in nuclear collisions can be rea-
sonably well described by hadron gas models [55, 56, 57]. Among the model parameters
fitted to the data are temperature, 7', and baryonic chemical potential, g, of the matter
at the stage of freeze-out of the hadron composition (the chemical freeze-out). These pa-
rameters extracted for central Pb+Pb collisions at the CERN SPS energies are plotted in
Fig. 11 together with the corresponding results for higher (RHIC) and lower (AGS, SIS)
energies. With increasing collision energy 7" increases and pp decreases. A rapid increase
of temperature is observed up to mid SPS energies, from the top SPS energy (\/syy =
17.2 GeV) to the top RHIC energy (\/sny = 200 GeV) the temperature increases only
by about 10 MeV.

The sketch of the phase diagram of strongly interacting matter in the (7' — up) plane
as suggested by QCD-based considerations [58, 59] is shown in Fig. 11. To a large extent
these predictions are qualitative, as QCD phenomenology at finite temperature and baryon
number is one of the least explored domains of the theory. More quantitative results come
from lattice QCD calculations which can be performed at ug = 0. They strongly suggest a
rapid crossover from the hadron gas to the QGP at the temperature Tc = 170 — 190 MeV
(60, 61], which seems to be somewhat higher than the chemical freeze-out temperatures
of central Pb+Pb collisions (7" = 150 — 170 MeV) [62] at the top SPS and RHIC energies.

The nature of the transition to QGP is expected to change with the increasing baryo-
chemical potential. At high potential the transition may be of the first order, with the end
point of the first order transition domain, marked E in Fig. 11, being the critical point
of the second order. Recently even richer structure of the phase transition to QGP was
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Figure 11: The hypothetical phase diagram of strongly interacting matter in the plane
temperature, T, and baryonic chemical potential, ug. The end point E of the first order
transition strip is the critical point of the second order. The chemical freeze-out points
extracted from the analysis of hadron yields in central Pb+Pb (Au+Au) collisions at
different energies are plotted by the solid symbols. The region covered by the future
measurements at the CERN SPS is indicated by the gray band.

discussed within a statistical model of quark gluon bags [63]. It was suggested that the
line of the first order phase transition at high pp is followed by the line of the second order
phase transition at intermediate pp, and then by the lines of ”higher order transitions”
at low ug. A characteristic property of the second order phase transition (the critical
point or line) is a divergence of the susceptibilities. Consequently an important test for
a second-order phase transition at the critical point is the validity of appropriate power
laws in measurable quantities related to critical fluctuations. Techniques associated with
such measurements in nuclear collisions have been developed recently [64] with emphasis
on the sector of isoscalar di-pions (o-mode) as required by the QCD conjecture for the

23



critical end point in quark matter [58]. Employing such techniques in a study of nuclear
collisions at different energies at the SPS and with nuclei of different sizes, the experiment
may test not only the existence and location of the critical point but also the size of critical
fluctuations as given by the critical exponents of the QCD conjecture.

Thus when scanning the phase diagram a maximum of fluctuations located in a domain
close to the critical point (AT ~ 15 MeV and Aup ~ 50 MeV [65]) or the critical line
should signal the second order phase transition. The position of the critical region is
uncertain, but the best theoretical estimates based on lattice QCD calculations locate it
at T~ 158 MeV and pup ~ 360 MeV [66, 67] as indicated in Fig. 11. It is thus in the
vicinity of the chemical freeze-out points of central Pb+Pb collisions at the CERN SPS
energies.

chemical freeze-out

160+

1401

120+

100 ] Lol ] Lol ] Lol
1 10 10° 10°
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Figure 12: The dependence of the chemical and kinetic freeze-out temperatures on the
mean number of wounded nucleons for p+p, C+C, Si+Si and Pb+Pb collisions at 1584
GeV.

Pilot data [5] on interactions of light nuclei (Si+Si, C+C and p+p) taken by NA49
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at 404 and 158A GeV indicate that the freeze-out temperature increases with decreasing
mass number, A, of the colliding nuclei, see Fig. 12. This means that a scan in the collision
energy and mass of the colliding nuclei allows us to scan the (T' — pp) plane in a search
for the critical point (line) of strongly interacting matter [68].

The experimental search for the critical point by investigating nuclear collisions is
justified at energies higher than the energy of the onset of deconfinement. This is because
the energy density at the early stage of the collision, which is required for the onset
of deconfinement is higher than the energy density at freeze-out, which is relevant for
the search for the critical point. The only anomalies possibly related to the onset of
deconfinement are measured at /syny = 8 GeV (see Fig. 10). This limits a search for
the critical point to an energy range \/syny > 8 GeV. Fortunately, as discussed above
and illustrated in Fig. 11, the best theoretical predictions locate the critical point in
the (T — pup) region accessible in nuclear collisions in this energy range. Thus the new
measurements at the CERN SPS can answer the fundamental question:

e does the critical point of strongly interacting matter exist in nature and,
if it does, where is it located?

In conclusion, the recent experimental and theoretical findings strongly suggest that
a further study of nuclear collisions in the CERN SPS energy range is of particular im-
portance. The new measurements can answer the questions concerning the nature of the
onset of deconfinement and the existence and location of the critical point.

2.3.2 General requirements

The physics goals of the new experimental program with nuclear beams at the CERN SPS
presented in the previous section require an energy scan in the whole SPS energy range
(10A-200A4 GeV) with light and intermediate mass nuclei. The measurements should be
focused on the precise study of fluctuations and anisotropic flow. The first NA49 results
on these subjects [69, 70, 71, 72] suggest, in fact, the presence of interesting effects for
collisions with moderate number of participant nucleons and/or at low collision energies.
However, a very limited set of data and serious resolution and acceptance limitations do
not allow firm conclusions. This will be discussed in detail in Section 4.1.

The general physics needs when confronted with the existing NA49 results and expe-
rience suggest improvements of the current performance of the NA49 apparatus.

1. The event collection rate should be significantly increased in order to allow a fast
collection of sufficient statistics for a large number of different reactions (A, \/Syn)-

2. The resolution in the event centrality determination based on the measurement of
the energy of projectile spectator nucleons should be improved. This is important
for high precision measurements of event-by-event fluctuations.
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3. The acceptance for the measurements of charged hadrons has to be increased and
made as uniform as possible.

With such an improved setup we intend to register C+C, Si+Si and In+In collisions
at 104, 204, 304, 404, 80A, 1584 GeV and a typical number of recorded events per
reaction of 2 - 10°.

In the following sections we propose hardware upgrades of the NA49 apparatus (Sec-
tions 3.3 and 3.4) and discuss the resulting improvements of its physics performance (Sec-
tions 4.3). The detailed beam requirements and the expected event rates are presented
in Section 5.

2.3.3 Experimental landscape

High energy nucleus-nucleus collisions have been studied experimentally since the be-
ginning of the 1970s in several international and national laboratories. Several groups
participating in this letter of intent have a long experience in this study. In particular,
pioneering measurements of hadron production were performed by: the Dubna, Moscow
(a first measurement of the charged kaon to pion ratio [73]), and Warsaw groups at the
Dubna synchrophasotron, the Stony Brook group at the BNL AGS, the Athens, Bergen,
Dubna and Frankfurt groups at the CERN SPS and the Bergen, Cracow and Frankfurt
groups at the BNL RHIC.

Present and future accelerator facilities for relativistic nuclear beams are shown in
Fig. 13, where their nominal energy range is also indicated. The facilities are ordered
according to the top collision energy in Fig. 14. The basic physics of strongly interacting
matter which is related to the specific energy domain is also given in Fig. 14.

In addition to the CERN SPS also the BNL RHIC [74] can study the physics of
the onset of deconfinement and the critical point. Up to now the experiments at RHIC
were performed in the collider mode in the energy range \/syny = 20 — 200 GeV. Tt
seems, however, plausible to run RHIC even at significantly lower energies [75], down to
V8nvn & 5 GeV, and thus cover the SPS energy range. The advantages of this potential
RHIC program would be:

e an even broader collision energy range covered by a single experimental facility
which yields small relative systematic errors of the resulting energy dependence of
hadron production properties,

e a uniform and almost complete acceptance around mid-rapidity, provided the exist-
ing STAR apparatus is used in this study; this uniform acceptance is important for
the measurements of the anisotropic flow.

However, running experiments in the collider mode does not allow a measurement of
the spectator fragments which is important for studies of event-by-event fluctuations, in
particular of extensive variables like particle multiplicity.
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Figure 13: The present and future accelerators of relativistic nuclear beams. For each
facility the name of the laboratory, the name of the accelerator and the energy range
(center of mass energy per nucleon-nucleon pair in GeV) are given.

The RHIC accelerator can be used also as a fixed target machine. In this case the
top energy is \/syy ~ 14 GeV and the existing BRAHMS detector can be used for
measurements of inclusive identified hadron spectra [74]. This option is considered as a
possible fast cross-check of the NA49 results.

In view of the importance of the physics of the onset of deconfinement and the crit-
ical point it appears desirable to perform the experiments both at the SPS and RHIC.
The expected results will be complementary in the important aspects of fluctuations and
anisotropic flow. The partial overlap of the results will allow the necessary experimental
cross-checks.

A future CBM experiment at SIS-300 (FAIR, Darmstadt) will study properties of
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Figure 14: The accelerators of relativistic nuclear beams ordered according to the top
collision energy and the basic physics of strongly interacting matter related to a given
energy domain. The central horizontal bar indicates the energy range of the CERN SPS.

dense baryonic matter in nuclear collisions at energies 10A-40A GeV starting from 2015.
It will be able to measure low cross-section processes like di-lepton as well as open and
hidden charm hadron production. Both experiments have several collaborating institu-
tions and groups in common, some of which have embarked on a common project for the
construction of a Projectile Spectator Detector (see Section 3.4.1). Others work together
in a Virtual Institute (VI-SIM) of the Helmholtz Gemeinschaft.

3 Experimental Apparatus

3.1 NAA49 detector

The NA49 experiment is a large acceptance hadron spectrometer at the CERN-SPS for
the study of the hadronic final states produced by collisions of various beam particles
(p, Pb from the SPS and C, Si from the fragmentation of the primary Pb beam) with a
variety of fixed targets. The main tracking devices are four large volume Time Projection
Chambers (TPCs) (Fig. 15) which are capable of detecting 70% of the approximately
1500 charged particles created in a central Pb+Pb collision at 158 A GeV. Two of them,
the vertex TPCs (VTPC-1 and VTPC-2), are located in the magnetic field of two super-
conducting dipole magnets (1.5 and 1.1 T, respectively) and two others (MTPC-L and
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MTPC-R) are positioned downstream of the magnets symmetrically to the beam line.
The NA49 TPCs allow precise measurements of particle momenta p with a resolution
of o(p)/p* = (0.3 —7) - 107* (GeV/c)™'. The set—up is supplemented by two time of
flight (TOF) detector arrays with a time measurement resolution oy, ~60 ps and a set
of calorimeters.

The targets, C (561 mg/cm?), Si (1170 mg/cm?) and Pb (224 mg/cm?) for ion collisions
and a liquid hydrogen cylinder (length 20 cm) for elementary interactions, are positioned
about 80 c¢cm upstream from VTPC-1.

Pb beam particles are identified by means of their charge as seen by a helium gas-
Cerenkov counter (52’) and p beam particles by a 2 mm scintillator (S2). Both of these
are situated in front of the target. The study of C+C and Si+Si reactions is possible
through the generation of a secondary fragmentation beam which is produced in a primary
target (1 cm carbon) in the extracted Pb-beam. With the proper setting of the beam
line magnets a large fraction of all Z/A = 1/2 fragments are transported to the NA49
experiment. On-line selection based on a pulse height measurement in a scintillator beam
counter (S2) is used to select particles with Z = 6 (carbon) and Z = 13,14,15 (Al, Si,
P). In addition, a measurement of the energy loss in beam position detectors (BPD-1,2,3
in Fig. 15) allows for a further selection in the off-line analysis. These detectors consist
of pairs of proportional chambers and are placed along the beam line. They also provide
a precise measurement of the transverse positions of the incoming beam particles.

For p beams, interactions in the target are selected by an anti-coincidence of the
incoming beam particle with a small scintillation counter (S4) placed at the beam axis
between the two vertex magnets. For p+p interactions at 158 A GeV this counter selects
a (trigger) cross section of 28.5 mb out of 31.6 mb of the total inelastic cross section.
For Pb beams, an interaction trigger is provided by an anti-coincidence with a helium
gas-Cerenkov counter (S3) directly behind the target. The S3 counter is used to select
minimum bias collisions by requiring a reduction of the Cerenkov signal by a factor of
about 6. Since the Cerenkov signal is proportional to Z2, this requirement ensures that
the Pb projectile has interacted with a minimal constraint on the type of interaction.
This setup limits the triggers on non-target interactions to rare beam-gas collisions, the
fraction of which proved to be small after cuts, even in the case of peripheral Pb+Pb
collisions.

The centrality of the nuclear collisions is selected by use of information from a down-
stream calorimeter (VCAL), which measures the energy of the projectile spectator nucle-
ons. The geometrical acceptance of the VCAL calorimeter is adjusted in order to cover
the projectile spectator region by the setting of the collimator (COLL).

Details of the NA49 detector setup and performance of tracking software are described
in [4].
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Figure 15: The experimental set—up of the NA49 experiment [4] with different beam
definitions and target arrangements.

3.2 Stage I upgrades

For the first stage of data taking the following modifications or replacements of obsolete
equipment of the existing NA49 facility are planned.

In the trigger system the beam defining counters have to be replaced. The trigger
logics (based on NIM and CAMAC) needs to be modernized like its Lab-View control
system.

The beam position detectors need to be refurbished (rewiring, new LV power supplies
and shaper boxes).

The FASTBUS read-out of the time-of-flight detectors has to be replaced by a modern
VME system.

The data acquisition system is based on the old VME/VSB systems. A repository of
spare modules is required.

The existing on-line computers need to be replaced with up-to-date Linux machines.
The raw data has to be transferred to the central data recording system of the CERN IT
division.

Control and monitoring of the low voltage and gas system has to be migrated to a
standard PC based system. The hardware of the gas system and the cooling systems of
the TPCs need to be revised and upgraded.

The total material cost of the upgrades listed above is estimated to be 250 kSFR and
the required manpower is 3.5 man-years.

In order to optimize the existing setup for the runs for the neutrino and cosmic-ray
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Figure 16: Schematic view of the Vertex TPCs mechanical construction.

physics needs the following modifications are under discussion.

In order to avoid complex trigger-bias corrections a simple trigger avoiding a beam veto
in the downstream decision logic can be used. The most unbiased solution is to trigger with
scintillator planes downstream of the TPCs covering the full acceptance of the secondary
particles within the momentum and angular window of interest. Alternatively, a small
scintillator telescope can be used which intercepts the non-interacting beam particles. A
coincidence in this telescope selects interactions by vetoing the beam particle. The latter
solution requires only a very small amount of hardware, but may induce some bias by
over-vetoing. It will be investigated which of the two solutions is optimal. It is expected
that these low-bias triggers have a relatively low purity. This is taken into account in the
data taking needs.

The NA49 detector is equipped with a high-precision time-of-flight measurement sys-
tem. This system is valuable to cross-check and calibrate the PID measurement based
on dE/dz in the TPCs but has a limited acceptance. It is presently being investigated
whether the addition of more TOF detectors will significantly improve the results. Es-
pecially in the low momentum region, where the dF/dx bands of pion, kaon and proton
cross, an additional TOF measurement is useful. This region lies at sufficiently low (3 to
allow PID by time-of-flight to be performed successfully.
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Figure 17: Geometrical acceptance in transverse momentum and rapidity of the TPCs
after modifications of the geometry for collisions at 158 4 GeV (left) and 204 GeV (right).
The beam and target rapidities are +2.91 and +2.08 at 158 A and 20A GeV, respectively.
The fraction of accepted vertex pions increase in comparison to the NA49 TPC configu-
ration by ~20% at 1584 GeV and by ~50% at 204 GeV.
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Figure 18: Geometrical acceptance in azimuthal angle for the rapidity interval —1 <y < 0
after (squares) and before (triangles) modification of the TPC geometry for collisions at

158A GeV (left) and 204 GeV (right).
3.3 Stage II upgrades
3.3.1 Increase of the Event Rate

The physics goals presented in Sections 2.2 and 2.3 require significant increase of the data
rate in comparison to the NA49 system. 39



First investigations have demonstrated that it is possible to increase the event rate by
a factor of about 20 by replacement of the TPC readout by an ALICE-like system while
keeping the TPC front-end cards of NA49.

The higher beam rate requires besides the change of the DAQ system, the introduction
of a vacuum beam pipe to minimize chamber loading effects of d-electrons. Additionally
fast beam position detectors have to be introduced.

3.3.2 Enlargement of the TPC Acceptance

In order to improve the performance of the detector for fluctuation and correlation mea-
surements and to achieve the physics goals presented in Section 2.3 an enlargement of the
TPC acceptance is necessary. This concerns in particular an increase of the acceptance
in azimuthal angle and in the backward hemisphere.

This goal can be reached by reducing the gap between the sensitive volumes of the left
and right readout chambers of the VTPC-1 and VTPC-2 detectors (see Fig. 16 for details
of the vertex TPCs construction) from about 25 cm to 9 cm and moving the target closer
to VIPC-1 (by about 60 cm). This together with the introduction of a vacuum beam
pipe requires redesign of the field cages of the vertex TPCs.

The geometrical acceptance for charged vertex pions resulting from the above modifi-
cations is shown in Figs. 17 and 18 for collisions at 204 and 1584 GeV. In Fig. 18 the new
acceptance is compared with the acceptance of the standard NA49 setup. The fraction
of registered vertex pions will be ~75% and ~90% for collisions at 20A and 158A GeV,
respectively.

Other options to enlarge the acceptance of the NA49 facility are also under discussion.
In particular, it is considered to add planar (between TPCs) and cylindrical (around
target) GEM detectors in order to increase forward and backward rapidity coverage,
respectively.

3.4 Stage III upgrades
3.4.1 Projectile Spectator Detector

The Projectile Spectator Detector (PSD) is meant to measure the number of non-interacting
nucleons from a projectile nucleus in nucleus-nucleus collisions on an event-by-event basis
which in turn allows to determine the number of nucleons participating in a reaction. The
latter quantity is of key importance in the study of event-by-event fluctuations which are
the focus of the future experimental searches for the critical point of strongly interacting
matter and of the analysis of the properties of deconfinement.

The proposed PSD has two main features which distinguish it from the Zero Degree
Calorimeters (ZDCs) commonly used by the current heavy ion experiments experiments
at CERN and RHIC. First, it is the large size of the detector which is determined by the
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Figure 19: Spectator spot 20 m downstream of the interaction target: projection onto
the (horizontal) X-axis for collision energies 104 GeV (left) and 100A GeV (right). The
magnetic field is scaled proportional to the beam momentum.

spectator spots at the detector position in the required energy range, 10A-158 A4 GeV. As
seen in Fig. 19, the dimensions of the spectator spots increase strongly with decreasing
energy due to an increasing spread caused by Fermi motion of the projectile spectators.
This demands a large front (transverse) size (~ 2x1 m?) calorimeter in contrast to compact
ZDCs used at higher beam energies. Second, it is the required energy resolution which
must be several times better than the typical resolution of ZDCs due to the challenging
task of a precise measurement of the number of participants.
The main properties of the required detector are:

e a high energy resolution of the total energy of the projectile spectators (o(E)/E <
50/ \ﬂE)) in a very broad energy range from 10 GeV to 30 TeV which should lead
to a low uncertainty in the determination of the number of interacting nucleons
even for peripheral collisions of heavy nuclei at low energies (below 10% for Pb+Pb
collisions with 20 participant nucleons),

e a modular design, which should allow to optimize the detector geometry in accor-
dance with the requirements defined by the collision energy as well as the target-PSD
distance and the magnetic field used in the experiment, and provide the necessary
reduction of systematic errors due to non-uniformity and leakage,

e a high granularity of the energy measurement, which will enable the separation of
different contributions (protons, neutrons, fragments) and should allow the deter-
mination of the event reaction plane.
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Challenging energy resolution, transverse uniformity as well as linearity and Gaussian
shape of the detector signal are the critical parameters for the appropriate detector design.
These requirements mandate a specific type of PSD, namely, the compensating hadron
calorimeter. The concept of compensating calorimetry was intensively developed during
the last years based on the understanding of the physical processes inside the hadron
shower. The hadron shower in an absorber consists in reality of two components, one
electromagnetic (e) and the other pure hadronic (h). The former originates from neutral
pions produced in nuclear interactions and is the dominant source of the fluctuations.
The energy sharing between the e and A components can be very different from event
to event and depends mainly on the nature of the first interaction, which will produce
(or not produce) 7%. The equalization of the calorimeter response to the e and h com-
ponents (e/h = 1 or compensation concept) eliminates one of the dominant sources of
the energy fluctuation and hence improve the energy resolution of the calorimeter. The
other advantages of compensating calorimeters are the linearity and the Gaussian shape of
the detector signal. This concept was initially applied to uranium calorimeters and then
generalized. Now this approach is successfully applied to calorimeters with iron and/or
lead absorbers [76]. It was shown, that the compensating condition (e/h = 1) depends
on the relative absorber/active medium thickness ratio and equals Fe:Scintillator=20 for
iron absorber and Pb:Scintillator=4 for lead absorber. The lead/scintillator calorime-
ter is rather attractive due to the smaller compensating ratio and consequently smaller
sampling fluctuation of the shower.

These general considerations were confirmed experimentally during the last few years.
At present, there exist a few compensating lead/scintillator calorimeters with rather
promising energy resolution [77, 78]. These designs together with preliminary Monte
Carlo simulations indicate that the compensating lead/scintillator calorimeter meets all
the requirements of our project and might be cheap enough in spite of the rather large
required size.

The above considerations allow us to summarize the parameters of PSD modules as
follows:

-energy resolution < 50%/ \RE),

-transverse non-uniformity of the light collection < 5%,

-full functionality in the energy range 10-30000 GeV,

-transverse dimensions of a single PSD module: 10x10 cm?,
-longitudinal segmentation: 60 layers of lead and scintillator,

-lead thickness of one layer 16 mm,

-scintillator thickness of a single layer 4 mm,

-total length of a single module 120 cm (6 nuclear interaction lengths).

The key challenge in the development of the PSD detector is to establish a reliable
method of light readout. Traditional usage of WLS plates and/or fibers with subsequent
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Figure 20: Top: PSD module: Pb-lead absorber, Scint.: scintillator plate with WLS fiber
tile, SIPM: silicon photo-multiplier. Bottom: Photo of scintillator plate-WLS-tile unit.
The WLS-fiber is situated in the circular groove and one fiber end is read out by the
silicon photo-multiplier.

coupling to Photo Multiplier Tubes (PMT) has several problems, namely, Cerenkov radi-
ation in plates/fibers, nuclear counting effect in PMTs, light transport over long distances
(attenuation length, radiation effect, mechanical instability, etc.). Presently, the most ad-
vanced technique for the light readout is use of the tile WLS-fibers which are embedded
in the scintillator plates. This method is used in all LHC experiments. It provides ex-
cellent performance including high light collection efficiency and uniformity along the the
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scintillator plates. The light can be read out directly by silicon photo-multipliers (SiPM)
coupled to the edges of the fiber-tiles. SiPMs are rather novel devices with very promising
properties [79]. They are avalanche photo-diodes working in Geiger mode with internal
gain up to ~5x10°. SiPMs have extremely compact dimensions of a few millimeters and
hence can be inserted directly in the detector body. Due to the pixel structure, SiPMs
have no nuclear counting effect, are sensitive to the single photo-electron signal and have
remarkable energy resolution even for a signal from a few photoelectrons. The technology
of SiPM production and their parameters have rapidly improved. Presently there are sev-
eral experimental setups that use SiPMs for the light readout [80] including the hadron
calorimeter prototype for the future International Linear Collider project.

The sketch of one PSD module is shown in Fig. 20. About 200 modules are required
to fully cover the spectator spot at 10A GeV beam energy.

Further development of the PSD needs detailed simulation including realistic beam
conditions, detector geometry and hadron shower propagation in the calorimeter. The
optimization of the detector dimensions as well as of the longitudinal module segmentation
must be done. Also, intensive R+D should be performed to study the light readout from
the WLS fiber tiles and SiPMs. Nevertheless, the proposed concept of the PSD as a full
compensating lead/scintillator calorimeter seems to be rather realistic and satisfies all the
requirements of our project.

4 Physics Performance

4.1 Neutrino and Cosmic-Ray Physics Needs

In NA49 the TPCs perform the task of measuring the trajectories of particles and to
contribute to the particle identification (PID) by dE/dz measurements. A time-of-flight
(TOF) measurement system supplements the PID. In particular, the TOF provides a
good measurement of the PID in the non-relativistic regime where the dE/dz—p curves
of pions, protons, and kaons cross.

The acceptance of the Main TPCs and TOF detectors of the NA49 facility in the p—0
plane is shown in Fig. 21 for the magnetic field configuration used in running at 404 GeV.
The identification of charged pions, kaons and protons by use of the dE /dx measurements
in MTPCs is possible for p > 3 GeV/c. At lower momenta (1 < p < 3 GeV/c) the iden-
tification is performed with the help of the TOF information. Comparing the acceptance
needed for neutrino physics shown in Fig. 3 with the NA49 acceptance (Fig. 21), one
notes that the NA49 detector is very well suited for the reference measurements required
by the neutrino program.

The acceptance needed for the measurements motivated by the cosmic-ray physics is
shown in Fig. 5. It is almost fully located in the forward hemisphere, y > 0, where y
denotes the pion rapidity in the center of mass system. In Fig. 23 (below) the rapidity
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Figure 21: The acceptance of NA49 TPC (left) and TOF (right) detectors in the p—f plane
for hadrons for 40A GeV magnetic field configuration. The color of the fields indicates
the relative acceptance of the detector at a given point in phase space.

spectra of identified hadrons measured at the SPS energies (20A-158 A GeV) are presented.
For all hadrons and at all energies the NA49 acceptance matches requirements of the
cosmic-ray experiments.

Running Time

With the present performance of the NA49 DAQ the maximum number of events which
can be recorded per spill is about 50. Using a ball-park number of 18 s cycle length of
the SPS, the requirement of 2 x 10° triggers per setting, and an efficiency of the SPS of
about 80% to obtain the statistics for one setting requires about 10 days. After the stage
IT DAQ upgrades the running time for a single configuration will be reduced to 1-2 days.

As the initial T2K runs are foreseen with 30 GeV/c protons we propose to start our
measurements in 2007 by a one month run at 30 GeV/c. This will allow to collect basic
data with two different target thicknesses. It will also include a setting-up period, and
runs needed to study calibration and backgrounds. The further data on proton and pion
interactions on carbon target required by the cosmic-ray (at 50 and 158 GeV/c) and
neutrino (at 40 and 50 GeV/c) physics will be taken in 2008 after the increase of the
event collection rate.

Conclusions

The NA49 detector is well suited to measure with high precision the identified hadron
yields under conditions relevant for the T2K beam line as well as for the cosmic-ray ex-
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periments. The measurements can be performed with only minor additions to the existing
detector. There is a significant overlap between the data required by the neutrino and
cosmic-ray experiments. The time scale is such that these measurements can be available
at the start-up of T2K. These measurements would form an important contribution to
the T2K (neutrino) as well as KASCADE and Pierre Auger (cosmic-ray) experiments,
as a valuable addition to the present European efforts, e.g. the construction of the near
detector (T2K) and the construction and running of the cosmic-ray experiments.

4.2 Reference p+p and p+A data

The detector upgrades planned for the stage II of data taking (see Section 3.3) will result
in an increase of the event rate by a factor of about 20 and will lead to a significant
improvement of the acceptance which will reach ~ 75% at 204 GeV and ~ 90% at
1584 GeV

Thus within one month of p+p running at 158 GeV about 50 - 10° events with almost
complete acceptance for charged particles will be registered. This will extend the pr
coverage for identified hadrons to ~3 GeV/c and allow to study in detail fluctuations
and correlations in large acceptance needed for a comparison with the corresponding data
from A+A collisions (see Section 4.3).

4.3 Onset of deconfinement and critical point

In this section the performance of the upgraded detector (stage III) with respect to several
important quantities for the future physics program with nuclear beams is discussed.

4.3.1 Inclusive spectra of identified hadrons

The future measurements of inclusive spectra of identified hadrons in C+C, Si+Si and
In+In collisions at energies 104-1584 GeV are intended to be of similar statistical and
systematic significance as the results for central Pb+Pb collisions obtained by NA49 in
this energy range.

The lower multiplicity of hadrons produced in collisions of light and medium size nuclei
as compared to Pb+PDb collisions will be approximately compensated by the higher (by a
factor of about 20) number of registered events.

Typical systematic errors of the NA49 measurements of about 5-10% will be some-
what reduced by improved dE/dx resolution, tracking efficiency and reduction of the
background due to relatively low multiplicity of hadrons produced in collisions of light
and medium mass nuclei as well as use of the vacuum beam pipe.

In order to illustrate the quality of the expected results the transverse mass and
rapidity spectra of identified hadrons measured by NA49 in central Pb+Pb collisions at
the SPS energies are shown in Figs. 22 and 23.
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Figure 22: The transverse mass spectra of identified hadrons produced in central Pb+Pb
collisions at 158A GeV [81]. Only statistical errors are plotted, the systematic errors are
in the range 5-10%.

The precision of the expected measurements (5-10% for the particle yields and =
10 MeV for T and (my)) is sufficient (e.g. the yield ratios change be a factor of several, see
Fig. 10) to answer the question how the transition from the anomalous energy dependence
observed in central Pb+Pb collisions at SPS energies to the smooth behavior measured
in p+p interactions looks like.

4.3.2 Fluctuations

One of the first proposed signals of the critical point of strongly interacting matter was a
maximum of the transverse momentum fluctuations in the (collision energy)-(system size)
plane [68]. NA49 performed the system size scan at 1584 GeV and, in fact, a maximum
was observed for collisions with a number of interacting nucleons of about 40 [70].

The experimental results are shown in Fig. 24, where the intensive fluctuation measure,
¢p, is plotted against the mean number of interacting nucleons. The magnitude of the
observed fluctuations, ¢p, = 7£2 MeV, is in approximate agreement with the predictions
for the critical point, ¢p,. &~ 10 MeV [82]. However, whether the measured fluctuations
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Figure 23: The rapidity spectra of identified hadrons produced in central Pb+Pb collisions
at 204, 304, 40A, 80A and 158A GeV [81]. Only statistical errors are plotted, the
systematic errors are in the range 5-10%.

signal the vicinity of the critical point remains an open question. This is mainly because
systematic data on the energy dependence of this effect are missing. Only an observation
of a maximum in the energy dependence can rule out several alternative explanations of
the NA49 results.

The future measurements of py fluctuations in C+C, Si+Si and In+In collisions at
10A-158A GeV will clearly resolve this situation and possibly lead to the location of
the critical point. Due to higher statistics, lower background and larger azimuthal angle
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Figure 24: The measure of transverse momentum fluctuations ¢,, versus mean number of
interacting nucleons (Ny,) for nuclear collisions at 1584 GeV. The results for all charged
hadrons are presented. Only statistical errors are plotted, the systematic errors are smaller
than 1.6 MeV.

acceptance the statistical and systematic errors of the new measurements will be smaller
by a factor of about 2. The new data will allow to perform measurements in a broad
rapidity interval (—1 < y < 3) in which the magnitude of the critical fluctuations is
expected to increase to about 20 MeV.
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Figure 25: Scaled variance of the multiplicity distribution for negatively charged hadrons
as a function of the number of projectile participants for Pb+Pb collisions at 158 A GeV.
The solid line shows the systematic error resulting from the performance of the NA49
Veto calorimeter. The dashed line indicates the systematic error estimate based on the
parameters of the future Projectile Spectator Detector. The PSD detector will allow to
establish the behavior of the scaled variance for peripheral collisions where a maximum
is suggested by the present data.

Onset of deconfinement and the critical point are expected to lead to anomalies in the
multiplicity fluctuations [53, 68]. In particular, the dispersion of the multiplicity distri-
bution should increase by about 10-20% when crossing the energy domain in which the
onset of deconfinement is located [53]. An experimental observation of these important
effects is however not trivial. This is mainly because the measured multiplicity fluctu-
ations are directly sensitive to the fluctuations in the number of interacting nucleons
caused by event-by-event changes in the collision geometry. Thus a crucial experimental
goal in the study of multiplicity fluctuations is to understand the influence of fluctua-
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tions in the number of interacting nucleons. NA49 started pioneering investigations of
the multiplicity fluctuations in nucleus-nucleus collisions at 1584 GeV. The preliminary
results suggest a large increase of the multiplicity fluctuations with decreasing centrality
of Pb+Pb collisions. In Fig. 25 the scaled variance of the multiplicity distribution is
plotted as a function of the number of interacting nucleons from the projectile nucleus.
It was recently suggested [83] that the large fluctuations for peripheral collisions may be
caused by mixing of particle sources from the projectile and target nuclei. This mixing
is not present in existing string-hadronic models [84] and it can take place only at the
very beginning of nucleus-nucleus collisions. Thus the study of multiplicity fluctuations
as a function of collision centrality and system size provides a unique opportunity to test
different models concerning the early stage of A+A collisions. Further systematic study
of multiplicity fluctuations is thus urgently needed.

The influence of the fluctuations in the number of interacting nucleons from the pro-
jectile nucleus was removed by NA49 by the following procedure. First, the energy of
the projectile spectator nucleons was measured for each event by the Veto calorimeter.
The scaled variance was then calculated in narrow bins of the measured energy and thus
only reduced fluctuations of the number of interacting nucleons are present in the event
subsamples selected in this way. Secondly, the result was corrected for the remaining fluc-
tuations of the number of interacting nucleons caused by the finite bin size, interaction of
the projectile spectator nucleons in the detector material and the resolution of the Veto
calorimeter. Unfortunately the latter two corrections are poorly known and this leads to a
large (about 50% of the correction) systematic error on the scaled variance for peripheral
collisions. The systematic error of the corrected scaled variance is shown in Fig. 25 by a
solid line. It is larger than 0.2 for collisions with number of interacting projectile nucleons
smaller than 35.

The large systematic error is caused mainly by an interplay between the strong non-
uniformity of the Veto calorimeter response and the poorly known physics of the nuclear
fragmentation processes. This error will be significantly reduced in the future measure-
ments by use of the Projectile Spectator Detector and by a reduction of the material
between the target and PSD due to the introduction of the vacuum beam pipe. The
systematic error on the scaled variance expected for the future measurements is shown in
Fig. 25 by a dashed line. It is smaller than 0.2 for collisions with the number of interacting
projectile nucleons larger than 10.

The NA49 results indicate that the scaled variance depends on the acceptance. The
acceptance of the NA49 detector is different for target and projectile hemispheres and
changes with energy. This clearly leads to difficulties when system size and energy depen-
dence of fluctuations is studied. The planned NA49 upgrades will significantly increase
the acceptance available for fluctuation studies and thus will allow a reliable comparison
of the results in target and projectile hemispheres and at different energies.

Similar to the multiplicity fluctuations, strangeness fluctuations are also considered
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to be sensitive to the onset of deconfinement [53] and the critical point [85]. The first
NA49 results indicate that dynamical strangeness fluctuations significantly increase at the
low SPS energies, see Fig. 26. Is this related to the onset of deconfinement as predicted
in [53]? To answer this question further experimental study is required. In particular,
measurements with high statistics and lower systematic uncertainties in larger acceptance
and energy range are needed.

The proposed future measurements meet all these requirements. At low energies the
statistical errors will be smaller by a factor of about 3 due to high event statistics. The
systematic error will be reduced because of the larger acceptance and lower track density.
The acceptance will be increased and it will be approximately energy independent. Finally
the measurement at 10A GeV will be crucial in getting more insight into the low energy
behavior of strangeness fluctuations.
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Figure 26: The energy dependence of dynamical strangeness fluctuations in central Pb-+Pb
(Au+Au) collisions at SPS and RHIC energies.
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4.3.3 Anisotropic flow
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Figure 27: The energy dependence of elliptic flow of charged pions at mid-rapidity in
Pb-+Pb (Au+Au) collisions for mid-central events.

The energy dependence of anisotropic flow is considered to be sensitive to both the
onset of deconfinement [54] and the critical point [86]. The two can be distinguished by
separate measurements of the flow for mesons and baryons. In the case of the onset of
deconfinement the flow of both mesons and baryons should be reduced [87], whereas the
critical point should lead to a decrease of the baryon flow and an increase of the meson flow
[86]. However, the existing data [88] are inconclusive on whether the expected effects are
present in the CERN SPS energy range. The main experimental results are summarized
in Figs. 27 and 28. The energy dependence of the vy parameter for pions in Pb+Pb
(Au+Au) collisions is shown in Fig. 27. A rapid increase observed at low energies seems
to weaken in the SPS energy range. In Fig. 28 the rapidity dependence of the elliptic
flow parameter, vo, of pions and protons is plotted for Pb+PDb collisions at 404 GeV. The
results from the standard analysis suggest the reduction of v, for protons at mid-rapidity.
This effect is, however, not observed in the results from the cumulant analysis and the
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40A GeV data from NA49 are the only data on proton flow at low SPS energies. Thus
the present data suggest the possibility of anomalies in the energy dependence of elliptic
flow of mesons and baryons at the SPS energies, but they are too sparse to allow any firm
conclusion.
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Figure 28: Elliptic flow of charged pions (left) and protons (right) obtained from the
standard (ve standard) and cumulant (vy(2)) methods as a function of the rapidity in
Pb+Pb collisions at 404 GeV for three centrality bins. The open points have been
reflected with respect to mid-rapidity. The solid lines are from polynomial fits.

The future measurements of In+In collisions at 10-158 4 GeV will allow to establish
the energy dependence of the elliptic flow for mesons (charged pions and K2 mesons) and
baryons (protons and A hyperons). For pions and protons the statistical resolution will
be increased by a factor of about 2 in comparison to the NA49 results at 40A GeV and
the systematic error will be reduced due to lower track multiplicity, lower background and
higher acceptance in azimuthal angle (see Fig. 18).

The large event statistics of the new data will allow to measure elliptic flow of K9
mesons and A hyperons. First results on A elliptic flow were recently obtained by NA49
from a high statistics (3 - 10° events) sample of Pb+Pb collisions at 1584 GeV, see
Fig. 29. The A multiplicity in In+In collisions is expected to be about half of that in
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Pb+Pb interactions, and approximately energy independent in the SPS energy range like
in Pb+Pb collisions. Thus the expected A multiplicity in 2-10° In+In events will be close
to the A multiplicity in 1-10® Pb+Pb collisions. The results obtained from this statistics
are also plotted in Fig. 29 to illustrate the feasibility of the A hyperon flow measurements
in the future study

mid-central events

0.2

< 6/G1or = 5.0 - 23.5 %
0.15 NA49 DATA
A (310%

0.1F O A (1.1*10%

0.05-

Preliminary

0 e OO U TP
- Blast Wave fit
005 1 2 3
pT (GeV/c)

Figure 29: Elliptic flow of A hyperons as a function of the transverse momentum in mid-
central Pb+Pb collisions at 1584 GeV obtained using the full event sample of NA49
(3-105) events and the reduced (= 1-10°) event sample which yields the same A hyperon
statistics as expected in the future measurements.

The expected results on elliptic flow of mesons and baryons in In+In collisions at
10A-158A GeV will allow to establish the energy dependence of the ve parameter and
therefore they will help to answer the question whether effects predicted for the onset of
deconfinement and the critical point are present at the CERN SPS energies.
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5 Beam requirements and expected event numbers

The beam requirements and the expected event numbers needed to reach the physics goals
of the programme presented in this document are summarized below:

e 2006: 7 days of proton beam at 200 GeV;
test run

e 2007: 30 days of proton beam at 30 GeV;
3-10% p+C events,

e 2008: 45 days of proton and pion beams at 30, 40, 50 and 158 GeV;
75 -10% p+p, p+C and 7+C events,

e 2009: 30 days of indium beam at 10A, 204, 30A, 40A 80A, 1584 GeV;
2-10% In+In events at each energy,

e 2010: 30 days of silicon beam at 104, 204, 304, 40A 80A, 1584 GeV;
2-10% Si+Si events at each energy,

e 2011: 30 days of carbon beam at 10A, 204, 30A, 40A 80A, 1584 GeV;
2-10°% C+C events at each energy.

For the period 2009-2011 we also plan to request runs with the proton beams at energies
between 10 GeV and 200 GeV (about 4 weeks per year) to continue study of p+p and
p+A interactions started by the 2007 and 2008 runs.

6 Summary

A programme to study hadron production in collisions of protons and nuclei at the CERN
SPS is proposed. It consists of three subjects:

- measurements of hadron production in nucleus-nucleus collisions, in particu-
lar fluctuations and long range correlations, with the aim to identify properties
of the onset of deconfinement and search for the critical point of strongly in-
teracting matter,

- measurements of hadron production in proton-proton and proton-nucleus
interactions needed as reference data for better understanding of nucleus-
nucleus reactions; in particular correlations, fluctuations and high transverse
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momenta will be the focus of this study,

- measurements of hadron production in hadron-nucleus interactions needed
for neutrino and cosmic-ray experiments.

The measurements should be performed by the upgraded NA49 apparatus in the period
2007-2011.
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