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Executive Summary

We advocate for an active US participation in the international collaboration of
the CBM experiment that will allow the US nuclear physics program to build on
its successful exploration of the QCD phase diagram, use the expertise gained at
RHIC to make complementary measurements at FAIR, and contribute to achieving
the scientific goals of the beam energy scan (BES) program.

Below, we list ways in which the CBM experiment, designed to operate at a high ion luminosity
in the beam energy range corresponding to /s = 2.9-4.9 GeV, will add to measurements started
wihin the RHIC BES program:

e The RHIC BES program measurements in the energy range /sy = 7.7-54.4 GeV show an
intriguing non-monotonic behavior of the fourth-order net-proton cumulant as a function of
the collision energy, consistent with expectations for a system evolving in the vicinity of a
QCD critical point. More statistics and measurements at lower energies are necessary to
firmly establish the existence of the critical point and study it in detail. However, with
the exception of collisions at /sy = 3.0 GeV, the BES fixed-target measurements do
not provide the rapidity coverage nor the event statistics needed for cumulant analyses.
The CBM experiment is a unique high-intensity experiment with the capability of taking
data at event rates up to 10 MHz, offering both the necessary statistics and the rapidity
coverage. We propose to perform net-proton cumulant measurements that would bridge the
gap between high-statistics measurements from BES and help to decisively answer questions
about the existence of the QCD critical point in the regions of the phase diagram accessible

by terrestrial experiments.

e Studies probing the hadron-QGP phase transition and constraining hypernuclear interactions
rely on high-statistics observables. The CBM experiment will provide unprecedented large
data sets allowing one to measure a number of such signature observables. We propose to
carry out measurements of dilepton spectra, multi-strange hyperons and hypernuclei, and
polarization and spin alignment. These measurements will explore characteristics of dense
baryonic matter produced in the collisions, including properties relevant to our understanding

of the inner structure of compact stars and dynamics of neutron star mergers.

e FAIR is able to collide a variety of nuclei, including isobaric species with varying isospin



content, which will enable a precise determination of properties of dense QCD matter not
yet explored in the RHIC BES. In particular, studies of dense matter up to several times
nuclear matter saturation density with varying isospin content could provide crucial con-
straints for both the nearly-symmetric and asymmetric equation of state, with the latter
having particular significance for neutron stars. We propose high-quality and high-statistics
measurements of spectra, flow, and femtoscopic correlations from a systematic scan of beam
energies and target—projectile combinations at FAIR/CBM that will shed more light on the
dynamics and the equation of state of dense nuclear matter, including potentially measur-
ing the speed of sound in nuclear matter over a broad temperature and chemical potential

domain and helping constrain the maximum mass of neutron stars.

These high-quality measurements in the FAIR/CBM energy region will build on the emerging
success of studies pioneered at RHIC, help answer some of the key physics questions that originated
the BES campaign, and allow reaching the full potential of the scientific program started at RHIC.
There is no doubt that the proposed CBM physics program will be essential to addressing questions
concerning the phase structure of nuclear matter at the highest baryon densities achievable in a
controlled experiment. The US participation in CBM will not only greatly enhance the CBM

physics program, but will also strengthen US leadership in nuclear physics.
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I. PHYSICS AT HIGH BARYON DENSITIES

The RHIC physics program has had defining contributions in the exploration of QCD
matter, including the discovery of the Quark-Gluon Plasma (QGP) in very high-energy
nuclear collisions [IH4]. For these high-energy collisions at high temperature and vanishing
net-baryon density, the QGP-hadron transition is understood to be a smooth crossover based
on lattice QCD calculations [5]. Since making these discoveries in the early 2000’s, scientists
have been asking: What is the structure of the QCD phase diagram in the high
net-baryon density (np) region, or equivalently in the large baryon chemical
potential (up) region?

Investigation of the QCD phase diagram at finite values of the baryon chemical potential
and temperature motivated the Beam Energy Scan (BES) physics program, initiated in 2008
and colliding heavy nuclei at energies lower than the top energy (/5. = 200 GeV) with
the goals of searching for the onset of the QCD phase transition, putting constraints on
the nuclear matter equation of state at high baryon density, and extraction of the hyperon-
nucleon interaction. The data-taking for the BES program has been successfully completed
in 2021, and the corresponding analyses have already started to shed light on the properties
of QCD matter at high densities.



Model studies indicate that a first-order phase boundary is expected at large upg, as
illustrated by the white line in Fig. [T, showing the QCD phase diagram; see discussions in
Refs. [6H]]. If this is the case, then there is a QCD critical point (strictly speaking, a critical
region for finite systems) between the first-order phase boundary and the smooth crossover
indicated by lattice QCD [5]. One of the most prominent goals of the BES program is to
search for this critical point and the corresponding softening in the equation of state due to

a first-order phase transition [9, [10].
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FIG. 1. Sketch of the QCD phase diagram, incorporating a conjectured QCD critical point and
the corresponding first-order phase transition line. The solid yellow line indicates the region up to
up/T < 2 where lattice QCD calculations, predicting a smooth crossover, are valid. The coverage
of the RHIC BES program in the collider and fixed target mode (solid and dashed white bars,
respectively) and of the future CBM Experiment at FAIR (solid orange bar) are indicated near the
top of the figure.

Nuclear collisions at BES energies, where in every collision a considerable number of
hyperons are produced on a scale of several femtometers, present a unique opportunity
to study hyperon-hyperon interactions, which are otherwise inaccessible due to their short
lifetimes. Hyperon-nucleon and hyperon-hyperon interactions are fundamental ingredients
to understand QCD and the equation of state (EoS) that governs the properties of nuclear
matter and astrophysical objects such as neutron stars [11].

General arguments suggest that at nonzero quark density there is a quarkyonic phase, that

is a phase of strongly-interacting matter which can be chirally symmetric yet confined [12].
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Such a phase can contain both pion/kaon and quarkyonic condensates [13], as well as exhibit
behavior of a quantum pion liquid [I4]. Distinctive signatures of these exotic phenomena
are predicted to be accessible in heavy-ion collisions through two-pion correlations [15] and
dilepton spectra [16] [17].

We anticipate the BES measurements to yield cutting-edge contributions toward resolving
the physics questions described above, and more. At the same time, we are also aware
of unique opportunities arising at facilities worldwide, where experiments with different
detector and accelerator capabilities are currently performed or constructed. These include
the Compressed Baryonic Matter (CBM) experiment at the Facility for Antiproton and
Ton Research (FAIR), Germany, which is designed to operate at high ion luminosity in the
beam energy range corresponding to /s = 2.9-4.9 GeV and which will probe strongly-
interacting QCD matter at baryon chemical potentials pug ~ 500-800 MeV. The CBM
experiment, with an unprecedented capability on interaction rate, full mid-rapidity coverage,
and a possibility to use different colliding species, will allow measurements of observables

inaccessible at RHIC.

II. RESULTS FROM THE RHIC BEAM ENERGY SCAN PROGRAM

The Beam Energy Scan program at RHIC covered nucleon-nucleon center-of-mass ener-
gies from /s ¢ = 3 GeV to 200 GeV, with the corresponding baryon chemical potential
ranging from pup = 760 MeV to 25 MeV; see Table [l In particular, during the second
phase of the program (BES-II), the STAR experiment took data in the fixed-target mode
from /sy = 3 to 13.7 GeV. While BES achieved unprecedented statistics, among the
fixed target energies only the /5. = 3 GeV data have full mid-rapidity coverage for pro-
tons (|yp — Ybeam| < 0.5) and very high statistics, which is crucial for most of the physics

observables discussed below.

A. Collective Flow to Probe the Equation of State

Angular distributions of the final state hadrons dN/d¢ are highly sensitive to the EoS
of symmetric nuclear matter, as shown in multiple hydrodynamic [I8-28] and hadronic

transport [29H36] studies. For collisions at high baryon densities (i.e., in the BES FXT and
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TABLE 1. The RHIC BES program at the STAR detector: nucleon-nucleon center-of-mass energies
(/5xn ) collected numbers of events (the second number, if present, refers to BES-II), the year data
were produced, the corresponding center-of-mass rapidity, and the freeze-out parameters in central
Au+Au collisions. The collider mode covered the center-of-mass energies /sy = 7.7-200 GeV,
while the fixed-target (FXT) mode covered /sy = 3.0-13.7 GeV. Among the FXT data, only
VSun = 3 GeV data have full mid-rapidity coverage for protons (|y,| < 0.5 and 0.4 < pr < 2
GeV/c).
VSxx (GeV)  Events (10°)  Year of Data Rapidity pup (MeV) T (MeV)

200 238 2010 ly| < 0.5 25 166
64.4 46 2010 ly| < 0.5 73 165
54.4 1200 2017 ly| < 0.5 83 165
39 86 2010 ly| < 0.5 112 164
27 30/560 2011/2018 ly| < 0.5 156 162
19.6 15/538 2011,/2019 ly| < 0.75 206 160
17.3 560 2021 ly| < 0.75 227 158
14.6 13/325 2014,/2019 ly| < 0.75 264 156
11.5 7/230 2010/2020 ly| < 0.75 315 152
9.2 0.3/160 2008,/2020 ly| < 0.75 355 140
7.7 4/100 2010/2021 ly| < 0.75 420 140
3.0 (FXT) 2000 2018/2021 —1.05<y<0.5 760 80

CBM energy range), the interplay between the expansion of the fireball and the influence
of the spectators is highly dependent on baryonic interactions. Therefore, measurements
of flow observables (in particular, the elliptic flow vy and the slope of the directed flow
dvy/dy|,—o) can lead to significant constraints on the high-density EoS, with collisions at
Vun ~ 34 GeV and /s ~ 4-5 GeV being most sensitive to the EoS at densities 2-3
and 3-4 times the saturation density, respectively [35]. Recent studies [35] 36] including
the latest STAR measurements at /sy = 3.0 and 4.5 GeV [37, [38] indicate that heavy-ion
data are consistent with a relatively hard EoS at moderate densities (1-3 times saturation
density) and a relatively soft EoS at high densities (35 times saturation density). This
creates some tension with neutron star data, which for these density ranges indicate a steep
rise in the speed of sound in asymmetric nuclear matter [39H4T]. Moreover, while proton
flow is relatively well described by models, pion flow (sensitive to the isospin dependence of
the EoS, see, e.g., [42]) and Lambda baryon flow (sensitive to strange interactions, see, e.g.,

[43H47]) are not well described, see Fig. [2]

Precise measurements of differential flow observables will be necessary for more accurate

model comparisons. The CBM experiment, with its excellent acceptance, will enable detailed
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studies of the rapidity-dependence of flow, leading to more meaningful constraints on the
symmetric nuclear matter EoS. The unprecedented interaction rate at CBM will also allow to
put tighter constraints on hyperon interactions (see Section for more details). Moreover,
while the RHIC BES program was largely based on a single collision system, Au+Au, at
FAIR collisions of a variety of nuclei of different size and isospin content can be achieved.
Crucially, a comparison of isobar species with the same mass numbers but different nuclear
shape and/or isospin content [46H48|] provides a lever arm to vary the initial condition
and observe its importance for the final state [49-53], as well as allows one to the extract
information about the isospin dependence of the EoS [54, [55]. A scan of nuclei with different
mass numbers could also provide insights into the onset of the hadron-quark transition
while minimizing the impact of volume fluctuations [56, [57] and baryon conservation [§],

complementing corresponding upcoming studies within the RHIC BES program.

While flow measurements capture the macroscopic evolution of systems created in heavy-
ion collisions, they may help establish whether the microscopic degrees of freedom at small
collision energies (\/% ~ 2.4-7.7 GeV) are those of deconfined quarks and gluons or con-
fined hadrons. For beam energies in the range /sy ~ 7.7-200 GeV, a hybrid theoretical

approach utilizing relativistic viscous hydrodynamics of an almost-perfect fluid (suggesting
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the relevance of strongly-interacting quark and gluon degrees of freedom) coupled with a
hadronic afterburner works remarkably well (with some recent studies suggesting a reason-
able description even down to /sy ~ 2.4-4.3 GeV [27,58,59]). On the other hand, at low
energies (,/Sy, ~ 2.0-7.7 GeV) hadronic transport, evolving hadronic degrees of freedom,
provides a good description of experimental data [34] 60, [61]. This raises the question of how
the dominant degrees of freedom in heavy-ion collisions change with the beam energy. High-
statistics measurements from the CBM experiment, including collective flow measurements
and their dependence on the transverse momentum pr, rapidity y, and particle species, will
provide stringent tests on the modeling approaches and may help determine the correct
dynamical description in terms of the microscopic degrees of freedom.

Altogether, the FAIR system scan program will provide an unprecedented diverse set of
flow data necessary for understanding the EoS of symmetric and asymmetric dense nuclear
matter, the initial state of heavy-ion collisions, and QCD dynamics, complementing the flow

measurements performed at RHIC.

B. Net-Proton Fluctuations to Search for the QCD Critical Point

FIG. 3. Energy dependence of the net-
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Figure |3|shows recent results on the fourth-order net-proton (filled red circles) and proton
(open squares) high moments in central Au+Au collisions from the RHIC BES program and
the HADES experiment [64), 67, 68] together with model comparisons. The thin solid red
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and dot-dashed blue lines depict a qualitative prediction for the behavior of the fourth-
order net-proton cumulant due to an evolution in the vicinity of a critical region [69]; the
locations of the peak of the dot-dashed blue curve and the dip of the solid red curve are
chosen only for a qualitative comparison, and in particular the could occur at lower collision
energies probed at FAIR. Intriguing non-monotonic behavior is observed in the data, and
while large error bars prevent one from making a more decisive conclusion, the behavior
of the fourth-order net-proton cumulant in the energy range /sy, = 7.7-27 GeV seems
to significantly deviate from the non-critical baseline provided by models. In particular,
both the hadronic transport model UrQMD (cascade mode) [65], [66] (gold band) and a
thermal model in the canonical ensemble [57] (dot-dashed red line) predict, for a decreasing
collision energy, a monotonic suppression in the fourth-order moments due to baryon number
conservation, in contrast to the behavior tentatively seen in data. In addition to the fourth-
order moments, the experimental data at /s . < 20 GeV indicate an excess of two-proton
correlations as compared to a non-critical baseline including effects due to, e.g., baryon
number conservation [70], with the largest deviations seen at /s = 7.7 GeV. In low-

energy collisions, net-proton cumulants have been also recently proposed as a means for

extracting the speed of sound and its logarithmic derivative [71].

Significantly improved statistical precision (and likely reduced systematic uncertainties)
are expected from RHIC BES II, as indicated by the green band in Figure [3} indeed, this
can be already seen from the /sy = 3.0 GeV data point, obtained within an initial analysis
utilizing only a fraction of all currently available data. Moreover, the experimental results
at /Sy = 3 GeV are consistent with both the thermal model and UrQMD calculations [64],

implying that the system at this energy is dominated by hadronic interactions.

Different possible explanations of the behavior of the fourth-order moments as a function
of the beam energy, including that of the QCD critical point in the baryon-rich regime, have
been discussed, however, further measurements at collision energies /s, = 3.0-7.7 GeV
are required for clear conclusions. This may prove to be challenging at higher fixed-target
energies at RHIC, where the kinematics of the collisions together with the geometry of the
STAR experiment detector will not allow for measuring higher order moments with a full
mid-rapidity coverage, necessary to make meaningful comparisons with the collider mode

data. On the other hand, the CBM experiment [72] at FAIR (the energy coverage of which
is indicated in Figure [3| by the yellow hatched area) will enable measurements of higher
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order moments with the full mid-rapidity coverage required to further explore net-proton
fluctuations at high baryon density and decisively establish whether the QCD critical point

is located in the region of the QCD phase diagram accessible to terrestrial experiments.

C. Hyperons and Hypernuclei to Probe Baryonic Interactions

The STAR and ALICE experiments have used high-energy AA, pA, and pp collisions
to measure hyperon-hyperon (YY) and hyperon-nucleon (Y-N) correlations [73H76]. By
comparing to theoretical calculations of hyperon interaction models, such as those motivated
by lattice QCD calculations [77, [78], we have obtained a first glimpse of the strength and the
nature (attractive or repulsive) of interactions of several hyperon species. For nucleus-nucleus
collisions at fixed-target energies, the high net-baryon density and, consequently, the large
number of hyperons produced in the collisions provides a unique opportunity to measure
these interactions with unprecedented precision. Indeed, thermal model calculations [79] [80]
and UrQMD simulations [81] predict the production of light nuclei and hypernuclei to peak
around 3 < Vi < 10 GeV in nuclear collisions, driven by the combination of the high
value of the net-baryon density reached and the strangeness production threshold; see the
left panel in Fig. 4l Moreover, unlike at the top RHIC energy and at the LHC, the hadronic
phase plays a more important role in the collision dynamics at the relatively low center-
of-mass energies, allowing hyperons and nucleons to interact over a larger fraction of the
collision evolution time, thus yielding stronger correlations.

In the right panel of Fig. , the experimentally measured ratio S3 = ilj\/ ;}He, in which

trivial factors (such as the chemical potential and canonical effects) cancel to reveal the
strength of the hyperon-nucleon interaction, is shown along with model calculations [S1H84].
New precision data from STAR show a gradual increase of S5 as a function of /s, with
the value approaching the equilibrium limit at the LHC [85]. Tt is interesting to note that
the limiting value in the canonical calculations of S3 is about 2/3, which is commonly used
in modeling of A-N interactions [86]. Conversely, in collisions at /5. < 10 GeV, S is
further away from the thermal limit, suggesting an effect due to probing a high net-baryon
density region. In addition, yields of light nuclei and hypernuclei are potentially sensitive
to multiple-baryon correlations, which constitute an exquisite test of QCD. For example,

the interaction A~-N—-N may be important for the EoS relevant to physics inside neutron
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FIG. 4. Left panel: Yields of light nuclei and hypernuclei at mid-rapidity as a function of collision
energy as obtained from a thermal model [79] (large symbols) and the hadronic transport model
UrQMD [81] (small symbols). Right panel: Strangeness population ratio S3 = (3H/3He)/(A/p)
as a function of collision energy. Model calculations from a thermal model (dashed gold line),
the hybrid UrQMD model (solid purple line), and the AMPT model with coalescence (dot-dashed
blue line) are also presented. The hatched region indicates the energy range covered by the CBM
experiment [72].

stars [11].

More precise measurements are needed in order to understand the Y-N and Y-Y inter-
actions at high baryon density, which have substantial implications for the inner structure
of compact stars. The RHIC BES data sets for collisions in the fixed-target mode contain
on the order of 100M events at each collision energy, which is not enough for these analyses
(there is an exception in the case of collisions at /s, = 3.0 GeV, for which a total of
2,000M events has been collected, and for which the initial analysis presented in Fig. 4| has
been performed using 240M events collected in 2018). While the peak in the hyperon and
hypernuclei production around /s = 4.0-4.5 GeV suggests that this type of measurements
can be pioneered at RHIC for some of the energies covered by the BES FXT program, the
CBM experiment at FAIR, with its unprecedented interaction rate capability, will be able to
substantially improve the obtained constraints on the hyperon and hypernuclei production
and, more generally, Y-N and Y-Y interactions. Beyond A-N and A-A correlations, the
CBM experiment will also carry out a program to measure the correlations of Z-N, (2-N,

A-Z=, and possibly =—=.
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D. Dilepton Spectra to Probe First-Order Phase Transition

\Syn - 200 19.6 7.7 3.0 GeV

FIG. 5. The ratio of the integrated
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line depict model calculations with and

ST {st-order PT | without a first-order phase transition,
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Real and virtual photons radiated from the hot QCD medium carry sensitive information
on the thermal and chiral properties of the medium. A combination of blue-shift—free invari-
ant mass spectra of virtual photons (detected via dileptons) with the blue-shifted pr spectra
for different masses provides particular constraints of the medium temperature as well as
the collective flow throughout different phases of the evolution [91 92]. In consequence,
they offer unique insights into the EoS of the medium in the finite temperature and density
regime [89) 93], 04]. Figure [5|shows the integrated dilepton excess yields in the mass region
of 0.3-0.7GeV/c? as a function of up from STAR, NAG0, and HADES [87-89].

A recent theoretical study has shown that a softening of the EoS due to a first-order phase
transition can result in an increase of the low-mass dilepton yield relative to a cross-over
scenario [95]; for an example, see the dashed line in Fig. . At the same time, the slope pa-
rameter of the dielectron excess mass spectra, as a measure of the medium temperature, may
exhibit a distinct sharp change due to a first-order phase transition [90]. Therefore, if the
phase transition between hadrons and QGP occurs in the energy range /s = 2.4-10 GeV
(corresponding to 800 > up > 400 MeV), a systematic measurement of the excitation
function of dielectron production will provide an excellent opportunity to probe the first-
order phase transition line, as well as to conduct studies of the relationship between chiral
symmetry restoration and the onset of deconfinement in this regime, including the appear-
ance of quarkyonic matter [I7]. The CBM experiment at FAIR has dedicated apparatus

for both di-electron and di-muon measurements. Together with three order of magnitude
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higher interaction rates compared to current experiments, the CBM experiment is expected
to offer unprecedented precision on dilepton observables. Moreover, the conditions achieved
in heavy-ion collisions at HADES, BES-II FXT, and the future CBM experiment at FAIR
are comparable to those encountered in the simulations of neutron star mergers at early

times [89, 06], and thus of fundamental significance for nuclear astrophysics.

E. Global Polarization and Spin Alignment to Probe Vorticity Field

The hyperon (A) global polarization and vector-meson (¢ and K*°) spin alignment along
the direction of angular momentum in non-central heavy-ion collisions have been measured
over a wide range of collision energies [97H99]; see Fig. @ These results compare well with
model calculations [83, 84 T00-102] based on rotational polarization of microscopic particle
spin in a vortical fluid, suggesting the presence of a strong vorticity field. A notable trend in
both the A polarization and ¢ spin alignment measurements is their rapid increase towards
low beam energies where pup becomes large. Is this due to a stronger baryon stopping
resulting in an increased vorticity field, as suggested by model studies [83] [84] [T00-102]7
Is the strong ¢ spin alignment a consequence of the proposed ¢ mean field in the nuclear
medium, as put forward in Ref. [103]? Could the vector meson mean field be connected to

high baryon density and a strong vorticity field, as suggested by recent calculations [104]?

§$ 6 Au+AuCollisions at RHIC {
::: i .!. . FIG. 6. Top panel: A spin polarization
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g C + o+ ' 1 drodynamics (UrQMD-vHLLE) [100]
-;CE,)_ 0;7577774*;L7777; (dashed green line), AMPT [83, [102]
e T (solid blue line), and three-fluid dy-
. °ep - omeson Field namic model 3FD (pink band) [84].
Q 04 o K0 | N Bottom panel: vector meson ¢ (filled
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£ 0.35 ¢ Y | b ment measurements [99] as a function
% i Ui ;TL(JT***% of up, together with model calculation
= i Y li ] of the ¢ meson field [103] (dot-dashed
& 03 I B red line). Systematic uncertainties are
L i R shown by a rectangular box at each data
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Baryon Chemical Potential pB(MeV) point.
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Answering these questions requires precision measurements at large ug. The CBM exper-
iment at FAIR, due to its unprecedented interaction rates and the capability of performing
a clean ¢ reconstruction via both hadronic (KTK~) and dilepton channels, will provide a
unique opportunity to address these questions, offering fresh insights into the structure and

spin transport in dense nuclear matter in the presence of strong vorticity fields.

F. Connections to Nuclear Astrophysics

Understanding high-energy nuclear collisions and astrophysical phenomena, such as su-
pernova explosions or neutron-star collisions, requires a robust knowledge of matter at high
densities [105]. While an EoS that is soft at low densities is needed to fit within the LIGO
gravitational wave constraints, a steep rise in the speed of sound is needed above saturation
density to produce recently observed M ~ 2M, neutron stars. In fact, if mysterious heavy
and compact objects as massive as GW190814 [106] are confirmed to be neutron stars, then
the speed of sound may reach nearly the causal limit [41].

New methods are being developed [35] to connect the neutron star EoS to that extracted
from heavy-ion collisions. Future experimental data resolving open questions outlined in
Sec. could provide important constraints on the neutron star EoS at T" = 0 or the
T > 0 EoS for binary neutron star mergers. If a critical point and the corresponding first-
order phase transition were found in heavy-ion collisions (see Sec. , Sec. , and Sec.
, then the consequences of this first-order phase transition could be seen in neutron star
mergers [107, [108], in core collapse supernovae [109], or in the existence of mass twins [110].
Moreover, while microscopic models of the neutron star EoS often predict strange baryons to
appear at large densities [I11} 112], they struggle to reconcile the softening hyperons cause
with observational data (which is known as the hyperon puzzle). Measurements of strange
baryon interactions as envisaged in Sec. [[IC] could provide crucial insight into this puzzle
[113].

Heavy-ion collisions have given rise to an experimentally-driven field that has been crucial
to the theoretical formulation of far-from-equilibrium relativistic fluid dynamics [114-121]
and simulations that incorporate shear and bulk viscosity [122-125] as well as charge diffusion
[126], 127]. Furthermore, the mathematical formalism and theoretical tools developed to

explore heavy-ion collisions have recently been applied to neutron star mergers, where weak
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interactions lead to an effective bulk viscosity [128], opening up entirely new fields of research
to explore [129,[130]. Following this parallel, one wonders whether the development of critical
fluctuations in a relativistic system [I31] could have consequences for neutron star mergers,
especially given theoretical predictions for a low-temperature critical point induced by the

axial anomaly in dense QCD matter [132].

III. SCIENTIFIC CASES BEYOND RHIC BES: CBM EXPERIMENT AT FAIR

! R ! R
10" }-i4 ¢ ¢CBM@FAIR . -
N 10 ‘ EEEEE Heavy lon Collisions
L 106*%717 T I N B T B B . .. .
‘;)’ F L {  FIG. 7. Collision rates as a function
% 10° “f o 'AL'CE"'T of \/syy for collider experiments in
o N L sPHeNX red, and fixed-target (FXT) exper-
c . ®=EMPD@NICA & | 0 : { iments in blue. Compared to the
o P | @@ @@ .. . .
= s e existing collider experiments, more
© | &%  stARerHIC than four orders of magnitude im-
9 e P provement in collision rates can be
= 10 e 1?'1'% """""""" i #- achieved with the future CBM ex-

i i Poii iyl i i HE I R | i 3 FAI X

2 5 10 20 50 100 =200  Perimentat FAIR

Collision Energy \s,, (GeV)

New accelerator facilities are being designed to have the highest possible luminosity.
The heavy-ion collision rates for some of the current and future facilities and upgrades
are summarized in Fig. m The NA61/SHINE experiment is an ongoing experiment at the
Super Proton Synchrotron (SPS) at CERN, investigating hadron production in collisions
of beam particles (pions, protons, and beryllium, argon, and xenon ions) with a variety
of fixed nuclear targets. The current program will continue until the end of 2024, and a
program beyond that is being discussed. The NA60" experiment is planned as an upgrade
to the NA60O experiment at the CERN SPS, and it will study dilepton and heavy-quark
production in nucleus-nucleus and proton-nucleus collisions with collision energies of | /5 =
6-17.3 GeV, with data taking aimed to start around 2029. The MPD experiment at NICA
will offer a smooth connection between fixed target experiments at lower energies and collider

experiments at higher energies, while the ongoing HADES experiment at GSI, operating
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at relatively low beam energies /s =~ 2.0-2.4 GeV, allows one to study subthreshold
strangeness production, virtual photon emission, and particle flow and its anisotropies for
a variety of colliding ion species. At even lower collision energies, experiments at RIKEN
(\/3xx ~ 2.04 GeV for stable heavy ions and /sy ~ 2.01 GeV for radioactive beams) and
the Facility for Rare Ion Beams (FRIB) (/5. ~ 1.97 GeV for radioactive beams) probe

nuclear matter at and around saturation density, focusing in particular on the properties of

exotic nuclei and the density-dependence of the symmetry energy.

The CBM experiment at FAIR will provide an unprecedented interaction rate at high
net-baryon density, with the capability of taking data at event rates up to 10 MHz [72} [133].
This is more than four orders of magnitude higher than what was previously possible over a
similar energy range, and it will allow unique precision measurements of crucial observables.
FAIR also has the ability to collide a variety of nuclei, including isobaric species with varying
isospin content, allowing a precise determination of various properties of dense QCD matter.
The first phase of the CBM experiment will use the heavy-ion synchrotron SIS100 to cover
the center-of-mass energy range 2.9 < /5. < 4.9 GeV, corresponding to baryon chemical
potentials 800 > pp > 500 MeV (see Table [I| for a comparison with the BES energies). The
STAR BES-II data analyses are ongoing and expected to yield further insights on the nuclear
phase diagram, particularly on the critical point search. However, even if the critical point
is discovered in BES-II, the lower energy range covered by FAIR will be essential for the
understanding of the critical point (or rather a critical region because of inevitable smearing
effects) and the associated first-order phase boundary. If, on the other hand, the critical
point is not evident from BES-II, the FAIR energy range will be critical to complete the
search. With respect to both the rapidity coverage and event statistics, the CBM experiment
will allow to build on and improve a number of measurements in the baryon-rich region,

pioneered by the RHIC BES program.

Cost-wise, the US-CBM team would require a modest support, which would include
support for student participation and for an upgrade of the Si-pixel-based vertex detector in
CBM. Because the culmination of the RHIC-BES physics program, especially in the fixed-
target mode, will likely take place around the start of the CBM program, members of the
RHIC community currently involved in the BES program will be able to seamlessly transition
to the CBM program. The continued US participation in experiments probing high-density

nuclear matter will not only make US-led measurements of key properties of dense nuclear
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matter possible, but will also support and preserve the US expertise in the field. The latter,
in particular, may be of significant strategic value given the proposed 400 MeV /u upgrade
of the FRIB linear accelerator (FRIB400, corresponding to /s ~ 2.06 GeV).

The discovery potential of the CBM experiment includes, but is not limited to, probing
the first-order phase transition boundary, locating the QCD critical point, measuring multi-
strange hypernuclei, and constraining the nuclear matter EoS at high baryon density. Among

other observables, the following key measurements will be carried out by CBM:

1. differential collective flow of protons, pions, and deuterons to study the symmetric and

asymmetric dense nuclear matter equation of state;

2. higher-order proton cumulants and cumulant ratios to search for the QCD critical

point and study medium properties at high baryon densities;

3. hyperon correlations and (multi)hypernuclei to study hyperon-nucleon and hyperon-
hyperon interactions, with impacts for the QCD phase diagram and our understanding

of the inner structure of compact stars;

4. dilepton spectra and collective flow to characterize the medium temperature, study
the chiral symmetry restoration and search for the first-order phase boundary in the

high baryon density region; and

5. global polarization and spin alignment at extreme baryon densities to study vorticity

and spin transport.

These measurements reflect some of the most fundamental questions, and are key to our
understanding of the phases of nuclear matter, including the inner structure of astronomical
objects. There is no doubt that the proposed CBM physics program, building on the success
of the RHIC BES program, will be essential to the understanding of QCD matter at the
highest baryon densities achievable in laboratory.

FAIR is a top-priority facility for nuclear physics in Europe. It is documented in the most
recent NuPECC [134] Long Range Plan 2017 for Nuclear Physics: “FAIR is a European
flagship facility for the coming decades. This worldwide unique accelerator and experimental
facility will allow for a large variety of unprecedented fore-front research in physics and

applied sciences on both a microscopic and a cosmic scale. Its multi-faceted research will
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deepen our knowledge of how matter and complexity emerges from the fundamental building
blocks of matter and the forces among them and will open a new era in the understanding
of the evolution of our Universe and the origin of the elements.” Referring to the CBM
experiment, the document continues: “The ultrarelativistic heavy-ion collision experiment
CBM with its high rate capabilities permits the measurement of extremely rare probes that

are essential for the understanding of strongly interacting matter at high densities [135].”
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