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1 NA60+ proposal

1.1 Physics Case

We intend to propose an experiment at the CERN SPS to study specific observables related to
formation of the Quark-Gluon Plasma (QGP) in a regime characterized by large values of baryon density,
or equivalently baryochemical potential (µB) and to investigate the order of the corresponding phase
transition [1]. More in detail, we intend to study electromagnetic probes of the QGP, via the measurement
of the muon pair spectrum, as well as open and hidden charm production. The former give access to
the temperature of the strongly interacting QGP created in collisions of heavy ions as well as to the
modification of the hadronic spectrum due to the restoration of the chiral symmetry of QCD close to
the phase transition. Charm production studies give constraints on the transport properties of the QGP
(open charm) and on the modification of the QCD binding in a deconfined medium (charmonium). The
above mentioned quantities will be studied as a function of the collision energy with high-intensity beams
(∼ 107/spill), by means of an energy scan to be carried out with Pb ions from

√
sNN = 6 GeV up to

top SPS energy. As an example, we show in Fig. 1 (left) a temperature measurement, extracted from
the slope of the intermediate mass thermal dimuon production as a function of the collision energy.
The SPS energy range, where NA60+ will operate, is indicated and a few MeV uncertainty on the slope
measurement is expected. Together with complementary results in the lower energy range by FAIR/CBM
(blue circles), a fine mapping can be achieved in the region where signals of a first order phase transition
to QGP could be expected. We also show in Fig. 1 (right) the expected performance for the suppression
of the J/ψ meson, expressed through the nuclear modification factor RAA as a function of centrality. The
study refers to E = 50A GeV incident Pb-beam energy, and as a working hypothesis considers a 20%
suppression beyond cold nuclear matter effects, indicated as a blue band and obtained by a corresponding
measurement for p–A collisions.

1.2 Experiment description

The foreseen experimental set-up is based on:

• a vertex spectrometer, for a precise measurement of the momentum and production angle of the
large amount of produced particles (dN/dη > 400 in Pb–Pb collisions at top SPS energy);

• a muon spectrometer, which measures muon tracks which are filtered by a thick hadron absorber,
positioned downstream of the vertex spectrometer.

An engineering design is shown in Fig. 2.
Matching the candidate muon tracks in the muon spectrometer, in coordinate and momentum space,

with the corresponding track in the vertex spectrometer, the muon kinematics can be precisely accessed,
minimizing the effect of energy loss and multiple scattering in the hadron absorber. The precision tracking
in the vertex spectrometer also allows the reconstruction of selected two- and three-body decay topologies,
as those from strange and charmed hadrons. The detector concept resembles rather closely the previous
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Figure 1: (Left) Expected performance for the measurement of a caloric curve of thermal dileptons.
The expected NA60+ measurements are shown as blue triangles. (Right) Expected performance for the
measurement of the J/ψ suppression at intermediate SPS energy (see text for more details).

NA60 experiment [2], which took data for top SPS energy In–In and p–A collisions in 2003-2004, and
performed measurements of dilepton production of unsurpassed to date accuracy [3, 4, 5]. The current
experimental area foreseen for the NA60+ experiment is PPE138, and detailed integration studies were
performed to validate this choice [6].

Concerning the technological choice for the detectors, the default solution for the vertex spectrometer
is represented by CMOS monolithic active pixel sensors (MAPS). Each plane, featuring a material budget
of 0.1% X0 and intrinsic space resolution of ∼5 µm, is formed by 4 large area monolithic pixel sensors
of 15x15 cm2 each. The number of planes will be between five and ten. The required R&D is presently
performed in synergy with the ALICE experiment for the development of a stitched sensor for the ALICE
ITS3 project. The 65 nm TowerJazz technology is under test on small scale pixel matrices in the lab and
in test beams. The results are encouraging. The first stitched sensor prototype, with the aim to study
the yield of the process, is scheduled in 2022.

For the muon tracker, the main requirements are the resolution in radial direction of a few hundred
microns and a maximum flux rate of the order of a few kHz/cm2. Two solutions are considered for now:
Gas Electron Multiplier (GEM) technology, possibly for the first tracking station (MS0, MS1) and multi-
wire proportional chambers (MWPC) for the other stations. A test of the first prototype of MWPCs is
foreseen at the end of 2022 on the H8 beam.

The magnetic field for the momentum measurement in the vertex spectrometer can be provided by
a dipole magnet. The current choice is the MEP48 magnet, originally built for the PS170 experiment,
which can deliver a smaller field (1.5 T) over a much wider gap (400 mm). A preliminary survey of the
magnet, presently stored in building 190 at CERN, has shown that a refurbishment, due to a short-circuit
in the lower expansion, will be necessary.

The toroidal magnet for the muon spectrometer is foreseen as a warm magnet with an angular aperture
of 0.29 rad, composed of eight radial sectors, each one consisting of a number of windings, in order to
reach the desired current. The strength of the magnetic field is ∼ 0.37 T at a radial distance of 1 m, with
a 1/r dependence of the field. The total length of the magnet is 335 cm. The non-negligible technical
challenges of such a project have led to the realization of a prototype in scale 1:5, to be considered as a
testing bench for the possible solutions for the full-scale object.
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Figure 2: The current engineering design of the NA60+ experiment. The main elements of the set-up
are indicated.

Table 1: Ion and proton energies requested for the first phase of NA60+ data taking. It is assumed that
Year 1 is the first year after the end of LS3 (2029?). The exact order of the energies from Year 2 onward
is flexible.

Year 1 Year 2 Year 3 Year 4 Year 5 Year 6
Momentum for p (GeV/c) 160 40 120 20 (or 30) 80 100

Momentum for Pb (GeV/c/Z) 400 101 304 50.7 (76.1) 203 254
Pb ions on target ∼ 1012 per energy (∼ 52 days)
protons on target 5− 6 · 1013 per energy (∼ 22 days)

1.3 Beam Requirements

The NA60+ experiment needs a Pb-ion beam of high intensity, at various energies. The physics
performance studies show that in order to get enough statistics for the foreseen physics program, ∼ 52
days of data taking at 107 ions/spill will be necessary for each energy, assuming 1 spill every ∼45 s.
Another important aspect is the collimation of the beam, as the vertex spectrometer planes will have a
central hole of 6-8 mm diameter, one should aim at σx ∼ σy < 1 mm at all energies. Preliminary optics
studies have shown that such a size can be achieved [6] and first tests are foreseen in fall 2022, but more
studies will be necessary, especially at low beam momenta. In addition to the Pb-beam data taking, a
corresponding period with a proton beam at each energy is mandatory, to collect reference data needed
for the interpretation of the heavy-ion results. A high-purity (primary) beam is needed. Assuming 3000
spills/day to be delivered, the necessary integrated luminosity could be collected in ∼ 22 days of beam
at an intensity of ∼ 8 · 108 per spill (this estimate is still preliminary). A tentative break-out for the first
years of data taking, including energies and total number of particles on target is shown in Table 1. A
15% interaction probability is considered for the Pb target, while for proton data a system of 7 targets,
1 mm thick, with A increasing from Be to Pb is presently foreseen. Further optimisation of these values
is planned.

The exact order of the various beam energies is not to be considered as mandatory, except for starting
at top SPS energy. This would allow us to obtain a physics calibration point, by a comparison of the
main results with those of the former NA60 experiment.
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2 NA61++ proposal

2.1 Physics Case: Diagram of High Energy Nuclear Collisions

NA61++ plans to use ion beams to uncover the diagram of high energy nuclear collisions in
the important domain of collision energies and masses of colliding nuclei. The recent results of NA61/
SHINE [7, 8, 9, 10] and the world experiments, confronted with models of hadron production in high
energy nuclear collisions, ask for the proposed measurements.

The most popular models describing the hadron production process are the creation and decay of
resonances or strings and the formation and hadronization of quark-gluon plasma (QGP). Domains of
applicability of these approaches in the space of laboratory-controlled parameters, the collision energy and
nuclear mass number of colliding nuclei, have been not well established. However, recent experimental
results, in particular, the results on the K+/π+ ratio summarized in Figs. 3 and 4, approximately locate
boundaries between them. This allows us to sketch a hypothetical diagram of high energy nuclear
collisions [11] shown in Fig. 5. The data locate the transitions resonances-strings and resonances-QGP in
the CERN SPS energy range. The transition strings-QGP is like to be located in collisions of light nuclei.
Expected results from NA61/SHINE on Xe+La collisions soon will shed light on the diagram triple point
- the region in which all three mechanisms of hadron production are equally important.

To uncover the diagram in the important range of collision energies and nuclear mass, dedicated
measurements are requested with light (A < 40) ion beams at

(i) the top SPS momentum, 150AGeV/c, to locate the transition strings-QGP,

(ii) the intermediate SPS momentum, 30AGeV/c, to establish continuous change with the nuclear mass
number (absence of transitions) below the region in which all three mechanisms mixed, resonances,
strings and QGP,

(iii) the lowest SPS ion-beam momentum, 13AGeV/c, to establish continuous change with the nuclear
mass number (absence of transitions) in the resonance domain.
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Figure 3: Energy dependence of the K+/π+ multiplicity ratio at mid-rapidity in central heavy-ion col-
lisions (Pb+Pb [12, 13, 14] and Au+Au [15, 16, 17, 18, 19]) (left) and p+p interactions [7, 20, 21, 22]
(right). Open cross points present the PHSD model predictions (QGP at high energies), while open circles
- represent the SMASH model predictions (strings at high energies) for the K+/π+ ratio in mid-rapidity
for the corresponding reaction. Lines connecting the points are plotted to guide the eye.
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Figure 4: K+/π+ ratio at mid-rapidity measured at 30A GeV/c (
√
sNN ≈ 7.7 GeV) (left) and 150A

GeV/c (
√
sNN ≈ 17 GeV; at

√
sNN = 19.6 GeV for Au+Au) (right) as a function of a mean number of

wounded nucleons (p+p [7], Be+Be [8], C+C [23], Si+Si [23], Ar+Sc [9, 10], Au+Au [17] and Pb+Pb [12,
13]). Star points represent results form central Au+Au collisions, they were shifted by -50 units in
horizontal (⟨W ⟩) axis for clarity of the plot. Experimental results were compared with the PHSD (open
cross points) and SMASH (open circles) predictions. Lines connecting the points are plotted to guide the
eye.
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Figure 5: Schematic diagram of high energy nuclear collisions. Domains in which hadron production is
dominated by resonance creation and decays, string creation and decays , as well as quark-gluon plasma
formation and hadronisation are indicated as resonances, strings and QGP, respectively.
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Table 2: Ion beams requested by NA61++ for the post-LS3 measurements on the diagram of high energy
nuclear collisions. The table gives the requested number of days with a beam of a given nuclear mass
number and momentum per nucleon. We note that additional (not indicated in the table) two weeks of
oxygen beam are needed for measurements of nuclear fragmentation cross-section for cosmic-ray physics.

pbeam
√
sNN A ≈ 4 (e.g. 4He) A ≈ 16 (e.g. 16O) A ≈ 25 (e.g. 31P) A ≈ 40 (e.g. 40Ar)

(A GeV/c) (GeV) # days # days # days # days

13 5.1 10 10 10 10

30 7.6 10 10 10 10

150 16.8 10 10 10 10

2.2 Experiment description

To reach the physics goal, precision measurements of bulk hadron production properties like identified
hadron inclusive spectra and multiplicity fluctuations are needed. The NA61/SHINE experimental setup
upgraded during the LS2 is sufficient [24] for the measurements. The setup is schematically presented in
Fig. 6.

Figure 6: Schematic view of the NA61/SHINE experimental setup with indicated upgrades for the post-
LS2 measurements. This setup will be used for the proposed post-LS3 measurements with ion beams.

2.3 Beam Requirements

The NA61++ plans concerning ion beams after LS3 for measurements on the diagram of high energy
nuclear collisions are summarised in Table 2. Comments on the selection of ions:
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(i) A ≈ 4 (e.g. 4He).
The primary 4He is preferred. However, a possibility of using secondary 4He beam is considered.
This is because 4He is copiously produced in fragmentation of heavier nuclei, and it may be possible
to separated it from unwanted fragments with sufficient precision.

(ii) A ≈ 16 (e.g. 16O).
Primary 16O beam is needed. An oxygen beam is requested for LHC experiments. Moreover, two
weeks of the oxygen beam are also needed for the cosmic-ray programme of NA61/SHINE (this
time is not indicated in Table 2). Thus, there is a synergy of the LHC experiments and the two
NA61/SHINE programmes. The latter need six weeks of the beam at 13A, 30A and 150AGeV/c.
The first oxygen beam is planned to be delivered to LHC already during Run 3. This gives a unique
possibility to perform the NA61++ measurements before LS3. If the requested beam-time cannot
be granted before LS3, they will be conducted after the LS3.

(iii) A ≈ 25 (e.g. 31P, 28Si).
A primary beam is needed. A selection of ions needs discussion with ion-source and accelerator
experts.

(iv) A ≈ 40 (e.g. 40Ar).
A primary beam is needed. The Gamma Factory requests a calcium beam. Instead of argon, a
calcium beam can be used. We note that NA61/SHINE recorded data on Ar+Sc collisions at six
collision energies already in 2015. However, after the LS2 upgrade of the detector the new data will
be of much higher quality:

(a) data statistics will be 10 times larger,

(b) the Vertex Detector will be included in the setup which would allow to measure short-lived
hadrons,

(c) projectile spectators will be measured by a new system of forward detectors (FTPCs, MPSD
and FPSD).

Data is expected to be recorded under the following conditions:

(i) SPS cycle length: from 26.4 s to ≈ 70 s, flat top: ≈ 9 s,
average duty cycle: ≈ 0.15− 0.30,

(ii) primary-ion beam intensity at the NA61/SHINE target: ≈ 105 ions/s,

(iii) targets: ≈ 5% interaction probability, rate of all inelastic events 5000 Hz, rate of 30% most violent
collisions 1500 Hz,

(iv) recorded event rate during the spill: 800 Hz,

(v) fraction of time for physics data taking
(includes beam, detector, and trigger setup time, as well as planned and the unplanned machine
stops based on Xe+La data taking in 2017): ≈ 80%,

(vi) mean of the number of recorded events: ≈ 8M events/day.

The mean number of recorded A+A collisions after off-line quality cuts (mostly off-time rejection) is
about 6M events/day.

Data on A+A collisions will be recorded using three on-line event selections:

(i) selection of 30% of inelastic collisions with the smallest energy recorded in the PSD (80% events),

(ii) minimum bias event selection (15% events) and

(iii) ion beam selection (5% events).
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The minimum bias event selection will be provided by anti-coincidence of the incoming beam particle
with the signal from a scintillator detector located downstream of the target. This should minimise
the contamination by non-target interactions. The detector will work as a threshold detector with the
threshold set just below the beam-ion signal.
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3 Integration in the North Area

3.1 NA60+

The current proposal is that the experiment will be installed in the PPE138 experimental area, on the
SPS North Area beam line H8. The modifications to the layout of the zone are preliminarily discussed in
Ref. [6] and shortly summarised hereafter. The space occupied by the set-up will have a radius of 3.1 m
and a maximal length of 13.7 m. Since the H8 beam height above the hall ground is 2.88 m, an excavation
is required to accommodate a detector with 3.1 m radius and its mounting structure. The depth of the
excavation has been set to 1 m and the transverse dimension to 6 m. The longitudinal extent of the
excavation needs to cover the two foreseen setup lengths, the short one (10.4 m) for the low energy run
and the full length one (13.7 m) for the high-energy data taking. Rails must be installed on the bottom
of the excavated area to enable the longitudinal movement of the toroidal magnet and of the muon wall
for the modification of the setup between the short and the long version.

The shielding wall separating the experimental area from the user zones of the H6 beam line, will
have to be moved by 80 cm towards the H6 beam line, and a new bridge and stairs to access the detector
will also need to be installed.

Finally, the integration includes the installation of an additional shielding, required due to the ra-
diation protection considerations. It includes concrete and iron shielding blocks in the region around
the target and behind the muon wall. In the most critical region around the target and the absorber
a first layer of iron shielding, providing a higher attenuation of the radiation than concrete shielding,
was implemented, which is then followed by additional concrete shielding. A chicane upstream of the
target will be added to allow access to the target region under certain conditions. A concrete shielding
roof spanning the whole detector setup will be added to reduce sky-shine radiation. Figure 7 shows the
foreseen layout of the iron/concrete shielding (top view, brown regions correspond to iron). The design
of the shielding is the outcome of a detailed study carried out by the HSE-RP group, based on a FLUKA
simulation of the set-up and providing quantitative evaluations of the prompt and residual dose, as well
as the effect of air activation and accidental beam loss scenarios [6, 25].

Figure 7: Top view of the shielding foreseen for the NA60+ experiment.

3.2 NA61++

The measurements will be performed using the existing NA61/SHINE detector located at the H2
beamline of EHN1. It is expected that only minor modifications to the experimental setup will be
needed.

The measurements will require a significant improvement of the quality of the ion beams at low
momenta (below 40AGeV/c). Two options are under consideration:
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(i) A improvement of the ion emittance from the machine would be necessary but this seems to require
studies from the machine side in order to understand the possibilities that can be made available
for that. BE-EA and BE-OP experts will follow up proposals for trying to mitigate these issues.

(ii) An additional option to improve the beam quality could be the implementation of Gabor-lenses
(GL) into the existing beam line. Therefore, experiments are planned to test to what extent the
luminosity can be improved by using this type of lens.
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