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DIRECTED FLOW v,(y) AT BEAM ENERGY SCAN

» Measurements from STAR and NA49 for

intermediate-centrality collisions show various
beam energy dependence of proton and pion

dv,(y)/dy — challenging to explain;

» Transport model UrQMD gives a monotonic trend |

in proton dv,(y)/dy ‘y:O at beam energy scan

(BES) (STAR, PRL 112, 162301 (2014)),

» A hybrid hydrodynamic model generates large
positive proton dv,(y)/dy near mid-rapidity at all
beam energies (Shen and Alzhrani, PRC102, 014909 (2020)),

» Goal of this study: understand the response of
vi(y) to initial conditions, and in turn constrain

initial energy & baryon distributions using v;(y) ot

identified particles at BES energies.
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Figs: STAR, PRL112, 162301 (2014); PRL 120, 062301 (2018)
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HYBRID MODEL 2

— 0-10% Au-Au@62.4 GeV
$+  NA5O0 Pb-Pb@8.77 GeV (rescaled)

700

 0-5% AU-Au { PHOBOS 0-6% @19.6 GeV
- 600} } PHOBOS 0-6% @62.4 GeV
Parametric initial Viscous Hadronic o {  PHOBOS 0-6% @200 GeV
conditions hydrodynamics s, Ml
: transport F= 400 ++ ++
Averaged diffusion i3S 500! +++ +-|-+
MC-Glauber + N 100} *‘|'+ 4 N +‘|'+*
longitudinal MUSIC + 0 . . .
profile NEOS-B UrQMD S R R
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Multistage framework
NA49 Pb-Pb@8.77 GeV (rescaled)
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t STAR Au-Au@7.7 GeV
601 2 n ¢ NA49 Pb-Pb@17.3 GeV (rescaled)
0-5% Au-Au /e ¢ ¢ STAR Au-Au@19.6 GeV
50¢ + BRAHMS 0-10% Au-Au@62.4 GeV
}
+
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Denicol et al, PRC 98, 034916 (2018); Shen and Alzhrani, PRC102, 014909 (2020); refs therein
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net protons in central collisions to constrain

longitudinal profiles.
Denicol et al, PRC 98, 034916 (2018) String junction: Kharzeev, PLB 378, 238 (1996)



RAPIDITY-DEPENDENT DIRECTED FLOW OF IDENTIFIED PARTICLES
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Initial distributions in reaction plane for 0-5% AuAu@19.6 GeV

» Slight shift of energy density along x = v;(y) of mesons
with negative slope at all beam energies;

» Transverse expansion + asymmetric distribution of baryon
density along x = double sign change in the slope of
vi(y) for baryons at 19.6 GeV, and positive slope at 7.7 GeV;

» Central baryon plateau = small and flat v;(y) of baryons
around mid-rapidity at 200 and 62.4 GeV, and double sign

change of proton dv(y)/dy at low energies.
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CONSTRAINING INITIAL DISTRIBUTION WITH v,(y) 4

energy distribution & pion v,(y)
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» By tuning initial profile parameters, different features of the rapidity-dependence of v;(y) slopes of
mesons and baryons can be obtained;

» An alternative method to hydrodynamic calculations with a first-order phase transition;

» Some transport approach can fit v,(y) at mid-rapidity, but not rapidity density of net protons.
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SUMMARY 5

» Using a parametric initial condition, we were able to reproduce the (pseudo-)rapidity densities of charged particles

dN"/dn and net protons dNP~?/dy, and the rapidity-dependence of directed flow of identified particles v,(y),
simultaneously, from high to low beam energies at RHIC.

»  Within our framework, the directed flow of baryons is mainly driven by transverse expansion and asymmetric baryon
distribution along x-direction.

» We introduced a plateau component in the initial baryon distribution, which has no preference to target or projectile

nucleus, and it may originate from string junctions. The plateau is useful for explaining small and flat v;(y) around mid-
rapidity of baryons, compared to that of mesons.

» Our model reproduced the fact that dv,(y)/dy of baryons has a double sign change in Au-Au@19.6 GeV by RHIC and

Pb-Pb@17.3 GeV by NA49. When it goes to even lower beam energy at 7.7 GeV, our model gave positive dv,(y)/dy ot
protons naturally.

» Our results indicated that v,(y) of identitied particles is sensitive to details of the early collision stages and has
constraining power on initial conditions, especially on the initial baryon distribution.

» Outlook: Bayesian inference on the central baryon plateau and baryon diftusion.






T McGill
TRANSPORT APPROACHES
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INITIAL PROFILE PARAMETERS

entropy profile

baryon profile

2.0, p 1 [E— D S ALE AL _
| — f2(ns) (b)
1'5.' - fLB(ns)
“a - f/g(r)s)
§1.0_‘
Y I
0.5}
| ) | A\
0.0 ——="——7T"""0 1 >3

tot

Vinn(GeV)  w rn(fm) N, n, o; N n; of of NZ ne of NJA

0 7.7 211 36 245 15 0.18 093 1.0 007 02 028 025 005 1.20
1 19.6 3.04 1.8 585 3.0 025 0.72 14 007 0.8 04 11 02 1.01
2 62.4 4.20 1.0 125 46 03 071 30 02 1.0 0417 12 022 0.83

3 200 5.36 1.0 160 48 055 0.7 35 03 11 012 15 025 0.78



REFERENCES

1] L. Adamczyk et al. (STAR), “Bulk Properties of the
Medium Produced in Relativistic Heavy-Ion Collisions
from the Beam Energy Scan Program,” Phys. Rev. C 96,
044904 (2017), arXiv:1701.07065 [nucl-ex].

2] L. Adamczyk et al. (STAR), “Beam-Energy Dependence
of the Directed Flow of Protons, Antiprotons, and Pi-
ons in Au+Au Collisions,” Phys. Rev. Lett. 112, 162301
(2014), arXiv:1401.3043 [nucl-ex].

|3] Leszek Adamczyk et al. (STAR), “Beam-Energy Depen-
dence of Directed Flow of A, A, K*, K° and ¢ in
Au-+Au Collisions,” Phys. Rev. Lett. 120, 062301 (2018),
arXiv:1708.07132 |[hep-ex].

|4] T. Anticic et al. (NA49), “Centrality dependence of pro-
ton and antiproton spectra in Pb+Pb collisions at 40A
GeV and 158A GeV measured at the CERN SPS,” Phys.
Rev. C 83, 014901 (2011), arXiv:1009.1747 |nucl-ex].

|5] T. Anticic et al. (NA49), “System-size and centrality de-
pendence of charged kaon and pion production in nucleus-
nucleus collisions at 40A GeV and158A GeV beam en-
ergy,” Phys. Rev. C 86, 054903 (2012), arXiv:1207.0348
|nucl-ex].

6] M. C. Abreu et al. (NA50), “Scaling of charged particle
multiplicity in Pb Pb collisions at SPS energies,” Phys.
Lett. B 530, 43-55 (2002).

|7] H. Appelshauser et al. (NA49), “Baryon stopping and
charged particle distributions in central Pb+Pb collisions
at 158-GeV per nucleon,” Phys. Rev. Lett. 82, 2471-2475
(1999), arXiv:nucl-ex/9810014.

18] C. Alt et al. (NA49), “Directed and elliptic flow of charged
pions and protons in Pb-+Pb collisions at 40-A-GeV and
158-A-GeV,” Phys. Rev. C 68, 034903 (2003), arXiv:nucl-

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

ex,/0303001.

B. B. Back et al. (PHOBOS), “The Significance of the
fragmentation region in ultrarelativistic heavy ion colli-
sions,” Phys. Rev. Lett. 91, 052303 (2003), arXiv:nucl-
ex/0210015.

B. B. Back et al. (PHOBOS), “Charged-particle pseudo-
rapidity distributions in Au+Au collisions at s(NN)'/2 =
62.4-GeV,” Phys. Rev. C 74, 021901 (2006), arXiv:nucl-
ex,/0509034.

I. C. Arsene et al. (BRAHMS), “Kaon and Pion Produc-
tion in Central Au+Au Collisions at s(NN)**(1/2) = 62.4
GeV,” Phys. Lett. B 687, 36-41 (2010), arXiv:0911.2586
[nucl-ex].

I. C. Arsene et al. (BRAHMS), “Nuclear stopping
and rapidity loss in Au+Au collisions at s(NN)**(1/2)
= 62.4-GeV,” Phys. Lett. B 677, 267-271 (2009),
arXiv:0901.0872 |nucl-ex].

B. 1. Abelev et al. (STAR), “Systematic Measurements
of Identified Particle Spectra in pp, d*+Au and Au+Au
Collisions from STAR,” Phys. Rev. C 79, 034909 (2009),
arXiv:0808.2041 [nucl-ex].

I. G. Bearden et al. (BRAHMS), “Charged meson
rapidity distributions in central Au-+Au collisions at
s(NN)**(1/2) = 200-GeV,” Phys. Rev. Lett. 94, 162301
(2005), arXiv:nucl-ex/0403050.

I. G. Bearden et al. (BRAHMS), “Nuclear stopping in
Au+Au collisions at s(NN)**(1/2) = 200-GeV,” Phys.
Rev. Lett. 93, 102301 (2004), arXiv:nucl-ex/0312023.

I. G. Bearden et al. (BRAHMS), “Pseudorapidity distri-
butions of charged particles from Au+Au collisions at the
maximum RHIC energy,” Phys. Rev. Lett. 88, 202301
(2002), arXiv:nucl-ex/0112001.



