On the scaling properties of the directed flow of
protons in Au+Au and Ag+Ag collisions at the beam
energies of 1.23A and 1.58A GeV

M. Mamaev b1

@ National Research Nuclear University MEPhI, Moscow, Russia

b Instute for Nuclear Research of the Russian Academy of Science, Moscow, Russia

In the relativistic heavy ion collisions at the collision energies of a few GeV the
strongly interacting matter is created at high baryon densities and relatively low
temperatures. Azimuthal anisotropy of the produced particles provides a valuable
insight into the properties of this form of matter. In this work, we discuss the
scaling properties of directed flow of protons with system size as well as the collision
energy.

PACS: 44.25.+f; 44.90.4-¢

Introduction

Relativistic heavy-ion collisions at /sy = 2-5 GeV produce strongly in-
teracting QCD matter with temperatures between 60 and 110 MeV, and a
net-baryon density 2-5 times larger than the nuclear saturation density [1,2].
Several beam energy scan experiments are investigating matter under such
conditions: STAR experiment at RHIC (\/sxyn = 3-5.2 GeV) [3], BM@QN ex-
periment at Nuclotron (y/sny = 2.4-3.5 GeV) [4] , HADES experiment at
SIS-18 (y/3nn = 2.4-2.55 GeV) [5] and HIAF experiment at IMP (/syy =
2-4 GeV) [2]. It is possible to place limits on the EOS of dense baryonic mat-
ter by comparing the observables from heavy ion collision experiments with
theoretical predictions [6]. One of such observables is the azimuthal collective
flow of produced hadrons, which can be can be quantified by Fourier coeffi-
cients v, = (cos[n(y — Vg)]) |7] in the expansion of the particle azimuthal
distribution relative to the reaction plane given by the angle ¥ g:

AN/d¢ < 1+ 20, cos(n(p — Vg)), (1)

n=1

where ¢ is the azimuthal angle of a particle and n is the order of the harmonic
[7]. The dominant and most studied signals in the energy range 2 < /sy
< 5 GeV are the directed (v1) and elliptic (ve) flows [7-13]. Recently the
HADES experiment at SIS18 has reported the first measurements of the
higher order (vs, vy, v5, v) flow coefficients of protons in Au+Au collisions at
V5NN = 2.4 GeV [13]. Their amplitude is significantly smaller when compared

'E-mail: mam.mih.val@gmail.com



to that of vy and v,. In this energy regime the passage time and the expansion
time are comparable, and the anisotropic flow is strongly affected by the
presence of cold spectators. The passage time t,455, at which the accelerated
nuclei interpenetrate each other, can be estimated as

2R

e
Sinh Ypeam

tpass = (2)
where R is the radius of the colling nuclei and ypeq, is the beam rapidity. For
Au+Au collisions at 2 < /sy < 5 GeV, the tp,s5 decreases from 30 fm/c to 5
fm/c. If the passage time is long compared to the expansion time, spectator
nucleons serve to block the path of produced hadrons emitted towards the
reaction plane. The passage time depends on collision energy and on the size
of the colliding system. Therefore, the study of the system size dependence of
anisotropic flow may help to estimate the participant-spectator contribution
and improve our knowledge of EOS of symmetric nuclear matter.

In this work, we present the study of the scaling properties of v; of protons
in Au+Au collisions at /syy=2.4 GeV (1.23 A GeV), Ag+Ag collisions at
VSNN=2.4 GeV (1.23 A GeV) and 2.55 GeV (1.58 A GeV). The v; results are
based on the analysis of HADES data collected by the experiment in 2019
and were presented by author at FAIR-NICA-2021 workshop. In addition we
provide the comparison of the measured v; of protons with results of analysis
of Jet AA Microscopic transport model (JAM) events [14-16]. The nuclear
mean field is simulated based on the relativistic version of the QMD model
(RQMD.RMF) [16]. The JAM approach with the (RQMD.RMF) model has
been found to reproduce the directed and integral elliptic flow data at 2.3 <
VNN < 8 GeV simultaneously with the parameter set MD2 [16]. We used
the same version of JAM model and set of parameters.

1. System size and energy dependence of v; of protons: Ag+Ag vs Au+Au

Figure 1 shows the directed flow v; of protons in Au+Au collisions at
the beam energy of 1.23A4 GeV (solid triangles) and Ag+Ag collisions at
the beam energies of 1.23A (solid circles) and 1.58 A4 GeV (solid boxes) as
a function of center-of-mass rapidity y., (left) and transverse momentum
pr (right). The solid symbols denote the preliminary HADES results. The
values of v; of protons are very close to each other for Au+Au and Ag+Ag
collisions at beam energy of 1.23A4 GeV. In contrast, the magnitude of the
proton directed flow produced in Ag+Ag collisions at higher beam energy
of 1.58 A GeV is noticeably lower. The lines in Figure 1 represent the v; of
protons obtained from the analysis of JET AA Microscopic Transportation
Model (JAM) [14-16] model events. We have used the version JAM 1.9 [16]
with hard momentum-dependent EOS (MD2, K, = 380 MeV), see Table I
from Ref. [16]. Comparing the preliminary HADES data with the that from
JAM model shows that the model can roughly capture the overall magnitude
and trend of the measured v; signal as a function of center-of-mass rapidity



Yem for both colliding systems. However it fails to describe the shape of the
proton v; dependence on transverse momentum pr.
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Fig. 1. Directed flow v; of protons in Au+Au collisions at the beam energy of
1.23A GeV (solid triangles) and Ag+Ag collisions at the beam energies of 1.23A4
(solid circles) and 1.58A4 GeV (solid boxes) as a function of (left) center-of-mass
rapidity, yem; (right) transverse momentum pr. The solid symbols denote the
preliminary HADES results. Lines denote the results for JAM model with hard
momentum dependent mean-field EOS MD2 (K = 380 MeV).

The directed (v1) flow at mid-rapidity can be quantified by its slope
dvy/dyly—o. It is is determined as the linear term, dv;/dy|,—o = a1, of a
cubic ansatz v1(y) = ao + a; y + az y® which has been fitted to the measured
v1(y) data points. The left part of Figure 2 shows the centrality dependence
of the slope of v; of protons at midrapidity dvi/dyem|y...—o for the case if one
use the center-of-mass rapidity y = yen. The slope dvi/dyem|y..,—0 decreases
with increasing the collision energy. In this energy range, the anisotropic
flow is strongly affected by the presence of cold spectators due to sizable
passage time (see Eq. 2). The observed change in the slope dvi/dyem|y.—o
can be attributed to the reduction of the shadowing effects by the spectator
matter due to decrease in the t,4,s5. The rapidity dependence of v; of pro-
tons becomes less complicated if one uses the scaled rapidity ¥' = Yem /Ybeam,
see middle panel of Figure 2. Scaled beam rapidity in the center-of-mass
frame is always is equal to y' = 1 The scaled rapidity (¥ = Yem/Ybeam)
dependence of v; may reflect the partial scaling of v; with ?,,ss in this en-
ergy range. To compare flow results for different colliding systems, it was
suggested to use the scaled impact parameter by, defined by by = b/byas
, taking byae = 1.15(141;/3 + AlT/3) fm [17]. Since we study the symmetric
colliding systems (Ar = Ap = A) we use mean impact parameter (b) at cor-
responding centrality class normalized to a cubic root of colliding ion mass
number (b) /AY/3. The right panel of Figure 2 shows the slope dv, /dy’|, o as
a function of (b)/AY3. Figure 2 shows, that the use of the scaled variables
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Fig. 2. The centrality dependence of the slope of v; of protons at midrapidity
dvi/dyly=o: (left) the center-of-mass rapidity yem, (middle) for the scaled rapidity
Y = Yem/Ybeam and (right) for the scaled rapidity dvi/dy’|,—o as a function of
mean impact parameter at corresponding centrality class normalized to cubic root
of colliding ion mass number.

may simplify the comparison of v,, results for different colliding systems and
collision energies.

The left part of Figure 3 shows the pr-dependence of vy of protons (with
—0.25 < Yo < —0.15) for 20-25% central Ag+Ag and Au-+Au collisions. The
pr-dependence of v; of protons divided by the value of the slope dv /dy|,—o
is presented in the right panel of Figure 3. It shows that the shape of vy (pr)
is very similar for Ag+Ag and Au+Au collisions.

2. Summary

In summary, we have presented the findings of the study on the scaling
properties of the directed flow of protons v; in Au+Au at the beam energy
of 1.23A GeV and Ag+Ag at the beam energies of 1.23A4 and 1.58A GeV. It
is observed that by using scaled variables like rapidity divided by the beam
rapidity ¥ = Yem/Yream and relative impact parameter in each centrality
class < b > /A3 the dependence of v; on colliding system size and beam
energy may be significantly reduced. This leads to the conclusion that the
proton directed flow at these energies is strongly affected by the presence
of cold spectators due to passage time comparable with the expansion time.
Additionally, a similarity is observed in a shape of proton v; dependence on
transverse momentum pr.
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Fig. 3. (left) pr dependence of v of protons (with —0.25 < yen, < —0.15) for 20-
25% central Ag+Ag and Au+Au collisions. (right) pr dependence of vy of protons
divided by the value of the slope dvi/dy|,—o.

REFERENCES

. Bzdak A., Esumi S., Koch V., Liao J., Stephanov M., Xu N. Mapping
the Phases of Quantum Chromodynamics with Beam Energy Scan //
Phys. Rept. 2020. V. 853. P. 1-87. arXiv:1906.00936.

. Xu N., others. Nuclear Matter at High Density and Equation of State. 2022.

. Esumi S. et al. [STAR, Shinlchi Esumi Collaboration| Results from beam
energy scan program at RHIC-STAR // PoSC. 2022. V. POD2021.
P. 001.

. Senger P. et al. [ BM@N Collaboration| The heavy-ion program at the
upgraded Baryonic Matter@Nuclotron Experiment at NICA // PoSC.
2022. V. POD2021. P. 033.

. Adamczewski-Musch J. et al. [HADES Collaboration]| HADES and the
QCD phase diagram // PoSC. 2022. V. POD2021. P. 003.

. Senger P., for the CBM Collaboration. Astrophysics with heavy-ion
beams // Physica Scripta. 2021. mar. V. 96, no. 5. P. 054002. URL:
https://dx.doi.org/10.1088/1402-4896 /abebfe.

. Voloshin S.A., Poskanzer A.M., Snellings R. Collective phenomena in
non-central nuclear collisions // Landolt-Bornstein. 2010. V. 23. P. 293-
333. arXiv:0809.2949 [nucl-ex].

. Liu H. et al. |[E895 Collaboration| Sideward flow in Au + Au collisions
between 2-A-GeV and 8-A-GeV // Phys. Rev. Lett. 2000. V. 84. P. 5488—
5492. arXiv:nucl-ex/0005005.



10.

11.

12.

13.

14.

15.

16.

17.

. Pinkenburg C. et al. [E895 Collaboration| Elliptic flow: Transition from

out-of-plane to in-plane emission in Au + Au collisions // Phys. Rev.
Lett. 1999. V. 83. P. 1295-1298. arXiv:nucl-ex/9903010.

Chung P. et al. [E895 Collaboration| Differential elliptic flow in 2-A-GeV
- 6-A-GeV Au-+Au collisions: A New constraint for the nuclear equation
of state // Phys. Rev. C. 2002. V. 66. P. 021901. arXiv:nucl-ex/0112002.

Abdallah M.S. et al. [STAR Collaboration| Disappearance of partonic
collectivity in SNN=3GeV Au+Au collisions at RHIC // Phys. Lett. B.
2022. V. 827. P. 137003. arXiv:2108.00908.

Adam J. et al. [STAR Collaboration]| Flow and interferometry results
from Au+Au collisions at /syy = 4.5 GeV // Phys. Rev. C. 2021. V.
103, no. 3. P. 034908. arXiv:2007.14005.

Adamczewski-Musch J. et al. [HADES Collaboration| Directed, Elliptic,
and Higher Order Flow Harmonics of Protons, Deuterons, and Tritons
in Au+ Au Collisions at \/syny = 2.4 GeV // Phys. Rev. Lett. 2020. V.
125. P. 262301. arXiv:2005.12217.

Nara Y. JAM: an event generator for high energy nuclear collisions //
EPJ Web of Conferences / EDP Sciences. V. 208. 2019. P. 11004.

Nara Y., Stoecker H. Sensitivity of the excitation functions of collective
flow to relativistic scalar and vector meson interactions in the relativistic
quantum molecular dynamics model RQMD.RMF // Phys. Rev. C. 2019.
V. 100, no. 5. P. 054902. arXiv:1906.03537.

Nara Y., Maruyama T., Stoecker H. Momentum-dependent potential
and collective flows within the relativistic quantum molecular dynamics
approach based on relativistic mean-field theory // Phys. Rev. C. 2020.
V. 102, no. 2. P. 024913. arXiv:2004.05550.

Reisdorf W. et al. [FOPI Collaboration| Systematics of azimuthal asym-
metries in heavy ion collisions in the 1 A GeV regime // Nucl. Phys. A.
2012. V. 876. P. 1-60. arXiv:1112.3180 [nucl-ex].



