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Figure 2. Comparisons for (a) pseudo-rapidity distribu-
tions of charged particles and (b) net proton rapidity dis-
tributions between the measurements (markers) and the hy-
brid model results (curves) for central Au+Au collisions atp
sNN = 7.7, 19.6, 62.4 and 200 GeV.

[57], and the dNp�p̄/dy by BRAHMS for 0-5% Au+Au
at 200 GeV [58] and 0-10% Au+Au at 62.4 GeV [50].
Based on the limiting fragmentation [59] phenomenon
observed in different collision systems at various beam
energies for both charged particles [57] and net pro-
tons [50], we rescale the measurements of dN ch/d⌘ and
dNp�p̄/dy measured for 0-5% Pb-Pb collisions at 8.77
[60, 61] and 17.3 GeV [62] by NA49 and NA50 to con-
strain our calculations for 0-5% Au+Au at 7.7 and 19.6
GeV, respectively. At both beam energies, the dNp�p̄/dy
is rescaled to match the midrapidity net proton yields of
0-5% Au+Au measured by STAR [63], and the dN ch/d⌘
at 8.77 GeV is rescaled to constrain the model such that
it can reproduce the midrapidity pion yields at 7.7 GeV
[63].

The v1(y) of identified particles is measured by STAR
for 10-40% Au+Au collisions [11, 12], among which
we focus on four species with the following kinematic
cuts: pions ⇡+ and kaons K+ within pT > 0.2GeV
and p< 1.6GeV, protons p within 0.4<pT < 2GeV, and
lambdas ⇤ within 0.2<pT < 5GeV (see Fig. 3). The
v1(y) of ⇡+ and p is also measured in a larger rapidity
window for midcentral Pb-Pb collisions at 17.3 GeV by
NA49 [6], which matches well with the data from STAR,
and we use them for reference for Au+Au at 19.6 GeV.

Results and discussion.— The measurements of
dN ch/d⌘ and dNp�p̄/dy described above are used to cali-
brate the theoretical calculations using NEOS-B for 0-5%
Au+Au collisions at 7.7, 19.6 and 200 GeV, and 0-10%
at 62.4 GeV (see Fig. 2). Weak decay feed-down contri-
bution to net protons is included in the calculation, as
no weak decay correction is applied in the measurements
at RHIC. Admittedly, there still exists some mismatch
between calculations and measurements, regarding the
centralities and even collision systems in Fig. 2, partly
because of the lack of systematic measurements within
the same centrality across beam energies. Nevertheless,
considering the large error bars in the measurements, we

think the longitudinal bulk dynamics is reasonably con-
strained by making use of the available data. The upcom-
ing systematic BES-II measurements with large statistics
will help to tighten constraints.

The two observables in Fig. 2 are sensitive to the ini-
tial rapidity distributions but not to the tilted structure
manifested in the x-⌘s plane. Our framework is then cal-
ibrated by the v1(y) of four identified hadron species in
10-40% Au+Au collisions, as shown in Fig. 3, and the ini-
tial profiles in the x-⌘s plane are further constrained. The
v1(y) of mesons is mainly driven by the sideward pres-
sure gradients, which is stronger toward �x at ⌘s > 0 and
vice versa, originating from the tilted structure shown in
Fig. 1(c). This structure successfully explained v1(y) of
charged particles at the top RHIC energy [18, 64]. Here
we note that the v1(y) of ⇡+ and K+ are very similar
in magnitude from our calculation using NEOS-B (left
two columns of Fig. 3), and the similarity is consistent
with the STAR measurements. Because of µS =µQ =0
in NEOS-B, the difference between the v1(y) of ⇡+ and
that of K+ mainly originates from their mass difference
in response to the underlying hydrodynamic flow velocity.
We shall see in Fig. 4 the additional effects of imposing
strangeness neutrality on kaon v1(y) using NEOS-BQS.

We now focus on the v1(y) of baryons at various en-
ergies which has not been successfully explained within
a hydrodynamic framework [35]. As shown in the right
two columns of Fig. 3, our model successfully reproduces
the v1(y) of p and ⇤ from the top RHIC energy to 7.7
GeV, and, in particular, the dNp�p̄/dy at the same time.
The rapidity-independent plateau component fB

c (⌘s) in
the initial baryon profile plays a critical role in achiev-
ing this agreement. As explained above, the plateau can
reduce the asymmetry in baryon distribution with re-
spect to the beam axis and thus the v1(y) of baryons,
while producing enough dNp�p̄/dy around midrapidity.
At high collision energies, such as 62.4 and 200 GeV, the
plateau component of the net baryon density dominates
the mid-rapidity region, resulting a flat and almost zero
v1(y) of baryons within |y| <⇠ 1. Nevertheless, the com-
ponents fB

� (⌘s) and fB
+ (⌘s) at forward- and backward-

rapidities on top of transverse expansion could still cause
v1(y) with positive slope at |y| >⇠ 1, which is suppressed
by the tilted peaks in our calculations. Again, the tilted
peaks are introduced to account for the varying baryon
stopping in the transverse plane, thus measuring v1(y) in
a large rapidity window would help to constrain it.

At 19.6 GeV, the v1(y) of baryons and especially its
feature of a cubic rapidity dependence (“wiggle”) is nicely
reproduced in our model when comparing to the STAR
and NA49 measurements (see Fig. 3(k,l)). Such a wiggle
is more pronounced for ⇤’s v1(y) as shown in both our
calculations and the STAR measurements. The baryon
distribution illustrated in Fig. 1(d) with tilted peaks nat-
urally generates the wiggle of v1(y) for baryons: Focusing
on y >⇠ 0 rapidity regions, more baryon is distributed at
x< 0 near midrapidity while at x> 0 at forward rapidi-
ties, and the former generates negative v1 while the latter

As we go to lower 

energies, the baryon 

current plays an 

increasingly important 

role: essential 

to understand


How well do we 

understand the baryon 

current? (Flow is the 

focus in this talk; in 

particular, directed flow)
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Flow observables

at a point (x, y) on the transverse plane

N+(x, y) = T (x� b/2, y) (1� (1� �NNT (x+ b/2, y)))
(2)

N�(x, y) = T (x+ b/2, y) (1� (1� �NNT (x� b/2, y)))
(3)

We have compared between two models of ✏(x, y, ⌘s),
the initial energy density deposited at a constant ⌧ hy-
persurface at (x, y, ⌘s): SIC [31] and TIC [11].
In case of SIC, the following ansatz is adopted for

✏(x, y, ⌘s)

✏(x, y, ⌘s) = ✏0


(N+(x, y) +N�(x, y))

(1� ↵)

2

+Ncoll(x, y)↵]⇥ ✏⌘s(⌘s � ⌘sh(x, y)) (4)

where ✏⌘s(⌘s�⌘sh(x, y)) gives the ⌘s distribution at (x, y)

✏⌘s(⌘s) = exp

 
� (|⌘s|� ⌘0)

2

2�2
⌘

✓(|⌘s|� ⌘0)

!
(5)

We have used ✏0 = 13.2 GeV/fm3, ↵ = 0.14, ⌘0 = 1.3
and �⌘ = 1.5 that provides a good description of the
(⌘ � dNch

d⌘ ) data. ⌘sh(x, y) is given by

⌘sh =
1

2
ln

N+(x, y) +N�(x, y) + vN (N+(x, y)�N�(x, y))

N+(x, y) +N�(x, y)� vN (N+(x, y)�N�(x, y))
(6)

Here, vN is the initial longitudinal velocity of each nu-
cleon with mass mN .

vN =
q

1� (4m2
N )/(sNN ) (7)

The second initial condition that we have studied is the
TIC. In this case ✏(x, y, ⌘s) is given by

✏(x, y, ⌘s) = ✏0 [(N+(x, y)f+(⌘s) +N�(x, y)f�(⌘s))

⇥ (1� ↵) +Ncoll(x, y)✏⌘s (⌘s)↵] (8)

where ✏⌘s(⌘s) is the rapidity even profile as given in Eq. 5
and f+,�(⌘s) introduce rapidity odd component in ✏

f+,�(⌘s) = ✏⌘s(⌘s)✏F,B(⌘s) (9)

where

✏F (⌘s) =

8
><

>:

0, if ⌘s < �⌘m
⌘s+⌘m

2⌘m
, if � ⌘m  ⌘s  ⌘m

1, if ⌘m < ⌘s

(10)

and

✏B(⌘s) = ✏F (�⌘s) (11)

We have used ⌘m = 2.5 to describe the directed flow
data [30]. For both the initial conditions, we have as-
sumed the Bjorken flow ansatz

uµ(⌧0, x, y, ⌘s) = (cosh ⌘s, 0, 0, sinh ⌘s)

We evolve the above deposited initial energy distri-
bution with the publicly available MUSIC code [39–42]
which implements evolution within the framework of 3+1
D relativistic hydrodynamics followed by Cooper Frye
freezeout at T = 150 MeV and finally allowing all the
resonances to decay to stable hadrons under strong in-
teraction. Thus, we obtain the momentum space prob-
ability distribution of hadrons using which we compute
various observables. We consider the lattice QCD based
equation of state, NEoS-B at zero baryon density [43–46]
and take the shear viscosity ⌘ to entropy density s ratio,
⌘/s = 0.08. We have ignored the e↵ects of bulk viscosity.

III. SPLITTING OF THE ELLIPTIC FLOW

The azimuthal distribution of the hadrons in the plane
transverse to the beam axis can be expanded into Fourier
components in the following way:

dN

d�
=

1

2⇡

 
1 + 2

X

n

(vn cos(n(��  RP)) + sn sin(n(��  RP)))

!

(12)
where  RP is the reaction plane angle in the laboratory
frame. vn and sn are the Fourier coe�cients that char-
acterise the distribution.

There has been a recent proposal to measure the split
�v2 in v2 = hcos(2(� �  RP))i, as measured in di↵erent
regions of the final hadron momentum space

�v2 = v2
R � v2

L (13)

where v2R = hcos(2(�R �  RP))i with �R 2 (( RP �
⇡/2), ( RP + ⇡/2)) and v2L = hcos(2(�L �  RP))i with
�L 2 (( RP + ⇡/2), ( RP + 3⇡/2)). Here, h...i refers to
averaging over the phase space of the produced hadrons.

 RP is not directly measurable in experiments. The
second order event plane orientation  2 and the first order
spectator plane  SP have been proposed as good proxies
for  RP [47, 48]. However, for the determination of �v2,
 SP alone is suitable as  2 = ⇡ is identified with  2 = 0
and hence does not distinguish between the phase spaces
associated with �R and �L. Recently, the Event Plane
Detector has been installed at large rapidities which can
also be used to estimate  RP[49].

2

We will focus on v1
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FIG. 13. (Color online) Beam energy dependence of directed flow slope for protons in 10-40% centrality Au+Au from
the STAR experiment, compared with recent available model calculations [19, 20, 95]. All the experimental data
are from Ref. [46] except for one energy point,

p
sNN = 14.5 GeV [90], which should be considered a preliminary

measurement. The Frankfurt hybrid model [94] as well as a pure hydro calculation with particle freeze-out at constant
energy density [94] both lie above the data and are o↵-scale at all BES energies.

approach similar to UrQMD for the initial and late stages of the collision process, while a hydrodynamic
evolution is employed for the intermediate hot and dense stage. The equation of state for the hydro stage
includes crossover and first-order phase transition options. The data comparison by Konchakovski et al. [20]
uses the Parton-Hadron String Dynamics (PHSD) model [71] of the Giessen group, a microscopic approach
with a crossover equation of state having properties similar to the crossover of lattice QCD [87–89]. The
PHSD code also has a mode named Hadron String Dynamics (HSD), which features purely hadronic physics
throughout the collision evolution, and which yields directed flow predictions in close agreement with those
[46] of the UrQMD model. The data comparison by Ivanov and Soldatov [95] uses a relativistic 3-fluid
hydrodynamic model (3FD) [97] with equations of state that include a crossover option and a first-order
phase transition option. The most recent comparison to the STAR BES v1 data, by Nara et al. [19], uses
the Jet AA Microscopic (JAM) model [98]. JAM is a purely hadronic Boltzmann transport code, but the
authors of Ref. [19] introduce an option to switch from the normal stochastic binary scattering style to a
modified style where the elementary 2-body scatterings are always oriented like attractive orbits [99, 100].
They argue that the switch-over from random to attractive binary orbits mimics the softening e↵ect of a
first-order phase transition.

Fig. 13 focuses on the most promising directed flow measurement from the RHIC Beam Energy Scan,
namely the dv1/dy|y⇠0 for protons at 10-40% centrality, and summarizes recent model comparisons [19, 20,
94, 95] with these data. These authors are largely in agreement that the data disfavor models with purely
hadronic physics. However, some conclude that a crossover deconfinement transition is favored [20, 95],
while others conclude that a first-order phase transition is still a possible explanation [19]. Note that the
argument of Nara et al. [19] is that a more sophisticated implementation of a first-order phase transition
would transition from the ‘JAM’ curve at low BES energies to the ‘JAM-attractive’ curve at higher BES
energies.

Overall, Fig. 13 underlines the fact that no option in any of the model calculations to date reproduces,
even qualitatively, the most striking feature of the data, namely, the minimum in proton directed flow in the
region of

p
sNN ⇠ 10 � 20 GeV. It is also noteworthy that the v1 di↵erence between nominally equivalent

equation of state implementations in di↵erent models is very large. For example, the di↵erences in dv1/dy
between the 1st-order phase transition in the hybrid model [94] and a similar nominal quantity for the

arXiv: 1610.00646
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FIG. 14. (Color online) Beam energy dependence of directed flow slope for protons in 10-40% centrality Au+Au from
the STAR experiment, compared with recent hybrid [94] and 3FD [95] model calculations. All the experimental data
are from Ref. [46] except for one energy point,

p
sNN = 14.5 GeV [90], which should be considered a preliminary

measurement.

3FD model [95] (see Fig. 14) is currently more than an order of magnitude larger than the experimental
measurement being interpreted, and is larger still than the error on the measured data.

VI. SUMMARY AND OUTLOOK

In this review, we discuss heavy ion directed flow results for charged particles and for identified particle
types, covering beam energies from the Brookhaven AGS to the CERN LHC. Charged particle directed
flow measurements have been published as a function of transverse momentum, pseudorapidity, and collision
centrality, while Cu+Cu and Au+Au have also been compared. The charged particle directed flow magnitude
at the LHC is a factor of three smaller than that at top RHIC energy. The observations from RHIC suggest
that the charged particle directed flow is independent of system size, but depends on the incident beam
energy. Limiting fragmentation scaling is observed for v1 at RHIC energies, but entropy-driven multiplicity
scaling in terms of dNch/d⌘ is not seen at RHIC. In mass-asymmetric collisions, specifically Cu+Au, recent
directed flow measurements at

p
sNN = 200 GeV have opened a new window into quark and antiquark

formation at the very earliest times of the collision evolution (t  0.25 fm/c) and could clarify theoretical
and experimental questions related to the Chiral Magnetic E↵ect and the Chiral Magnetic Wave.

Measurements of v1 for identified species o↵er deeper insights into the development of hydrodynamic flow.
Opposite v1 for pions and protons at AGS/SPS and at lower RHIC energies suggests an important role for
nuclear shadowing. Signals of anti-flow of neutral kaons in AGS/E895 together with kaon measurements in
the RHIC Beam Energy Scan region point to kaon-nucleon potential e↵ects. The single sign-change in proton
v1 slope and a double sign-change in net-proton v1 slope, with a clear minimum around

p
sNN ⇠ 11.5 - 19.6

GeV shows a qualitative resemblance to a hydrodynamic model prediction called “softest point collapse of
flow”. This original prediction assumed a first-order phase transition, but a crossover from hadron gas to a
deconfined phase can also cause a softening (a drop in pressure). None of the current state-of-the-art models
can explain the main features of the STAR directed flow measurements, and di↵erent models with nominally
similar equations of state diverge from each other very widely over the BES range.

Looking ahead to likely developments during the period 2017-2018 in the area of directed flow at
p
sNN of

a few GeV and above, we can expect new BES Phase-I results for the � meson, as well as final publication
of current preliminary RHIC Beam Energy Scan Phase-I results, like those in Ref. [90]. We can also expect
parallel theoretical work on related physics and interpretation of the newest data. The preliminary results

arXiv: 1610.00646
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First, charged particle v1



Sign convention of v1

the sign convention of directed flow v1

• the directed ‘flow/motion’ of the spectators flying along
positive rapidity is positive; which also sets the direction of
the B field along negative y and a clockwise charged current
(response of the medium with conductivity), i.e. E field along
negative x at ⌘ > 0

x(a) reaction plane

projectile spectators

participant zone

target spectators

projectile (η>0)target (η<0)

z

, 4/29



entropy deposition scheme
entropy deposition in non-central collision
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entropy deposited scheme
entropy deposition in non-central collision
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At a generic point (x, y) on the transverse plane,

Npart+(x, y)  Npart-(x, y) where ‘+’ and ‘-’ refer to 

positive and negative  directions.


This geometric asymmetry has been utilised in 

Glauber type initial condition models to break 

boost invariance in the initial condition that can 

be further evolved by hydro to yield interesting 

rapidity dependencies in different observables.  


≠
η



entropy deposited scheme
Broadly, 2 schemes have been studied:


Shifted: assume forward-backward (FB) 

symmetric deposition by a participant source. 

Npart+(x, y)  Npart-(x, y) gives rise to a shifted 

centre of mass rapidity ycm (x, y) and this 

causes a shifted fireball

≠

Tilted: assume FB asymmetric deposition by a 

participant source. Npart+(x, y)  Npart-(x, y) gives 

rise to a fireball not aligned along the beam axis, 

tilted fireball.        

≠

Bozek, Wyskiel 2010

3

ϵ(x, y, ηs) = ϵ0 × [(N+(x, y) + N−(x, y)) (1 − α)
2 + Ncoll(x, y)α] × ϵηs

(ηs − yCM(x, y))

Shifted fireball :

ϵηs
(ηs) = exp − ( |ηs | − η0)2

2σ2η
θ( |ηs | − η0)

T . Hirano and K . Tsuda, Phys . Rev . C 66, 054905(2002)

2η0

The rapidity profile at each transverse position is shifted by the local center of mass rapidity.

5

Tilted fireball :

ϵ(x, y, ηs) = ϵ0 [(N+(x, y)f+(ηs)+N−(x, y)f−(ηs)) (1 − α) + Ncoll(x, y)ϵηs
(ηs)α]

P . Bozek and I . Wyskiel, Phys . Rev . C 81, 054902 (2010)

A participant nucleon deposits more energy along it’s direction of motion.

Hirano, Tsuda 2002
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Results (Au+Au @200 GeV) : 

Understanding the evolution of conserved charges in
relativistic heavy ion collisions
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The understanding of the dynamics of the QCD conserved charges, namely net baryon

(B), electric charge (Q) and strangeness (S) in relativistic heavy ion collisions is a crucial

ingredient towards developing the Standard Model of such little bangs that can further

our understanding of the QCD phase diagram including the location and signature of the

QCD critical point. The initial B, Q and S profiles injected into the fireball as a result of

the relativistic heavy ion collision (RHIC) is a crucial step in our understanding of the

dynamics of QCD conserved charges in RHIC. In this regard, the directed flow of proton,

anti-proton and their split has been an elusive observable for models to capture. This

is mainly due to our ignorance of baryon stopping - an appropriate baryon deposition

profile that can be used as an initial condition for further hydrodynamic evolution. We

use a suitably tilted fireball that captures the directed flow of pions. Further, we propose

an initial net-baryon profile which on further hydrodynamic evolution yields directed

flow of proton, lambda and their anti-particles which is in agreement with that of data

as measured in the STAR Beam Energy Scan program.

1. Introduction
RHICs are being conducted in particle ac-

celerators for over four decades with the aim to

produce and study hot and dense strongly in-

teracting medium similar to the state of mat-

ter expected to be present in the cores of

neutron stars and when the universe was a

microsecond old after the Big Bang. While

the initial condition for the energy momen-

tum tensor deposited as a result of the RHIC

as well as its subsequent evolution within the

framework of relativistic hydrodynamics has

been quite well studied that manages to cap-

ture the overall qualitative trends as revealed

by the data, our understanding of the evolu-

tion of the QCD conserved charges, namely

net baryon, electric charge and strangeness is

still far from being satisfactory.

2. Model
The initial energy density ✏(x, y, ⌘s; ⌧0) de-

posited at a constant proper time ⌧0 is taken

⇤Electronic address: sandeep@iiserbpr.ac.in

as

✏(x, y, ⌘s) =

✏0 [(N+(x, y)f+(⌘s) +N�(x, y)f�(⌘s))

⇥ (1� ↵) +Ncoll(x, y)✏⌘s (⌘s)↵] (1)

where N+(x, y) and N�(x, y) are the partici-

pant densities of forward and backward mov-

ing nucleus respectively. Ncoll(x, y) is the con-
tribution from binary collision sources at each

transverse position (x, y). ↵ is the hardness

factor. f+,�(⌘s) are the asymmetric rapidity

envelop function for the ✏.

f+,�(⌘s) = ✏⌘s(⌘s)✏F,B(⌘s) (2)

where

✏F (⌘s) =

8
><

>:

0, if ⌘s < �⌘m
⌘s+⌘m

2⌘m
, if � ⌘m  ⌘s  ⌘m

1, if ⌘m < ⌘s

(3)

and

✏B(⌘s) = ✏F (�⌘s) (4)

The form of the initial baryon profile is,

nB (x, y, ⌘s) =

NB

⇥
WB

+ (x, y)fB
+ (⌘s) +WB

� (x, y)fB
� (⌘s)

⇤
(5)
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The understanding of the dynamics of the QCD conserved charges, namely net baryon

(B), electric charge (Q) and strangeness (S) in relativistic heavy ion collisions is a crucial

ingredient towards developing the Standard Model of such little bangs that can further

our understanding of the QCD phase diagram including the location and signature of the

QCD critical point. The initial B, Q and S profiles injected into the fireball as a result of

the relativistic heavy ion collision (RHIC) is a crucial step in our understanding of the

dynamics of QCD conserved charges in RHIC. In this regard, the directed flow of proton,

anti-proton and their split has been an elusive observable for models to capture. This

is mainly due to our ignorance of baryon stopping - an appropriate baryon deposition

profile that can be used as an initial condition for further hydrodynamic evolution. We

use a suitably tilted fireball that captures the directed flow of pions. Further, we propose

an initial net-baryon profile which on further hydrodynamic evolution yields directed

flow of proton, lambda and their anti-particles which is in agreement with that of data

as measured in the STAR Beam Energy Scan program.

1. Introduction
RHICs are being conducted in particle ac-

celerators for over four decades with the aim to

produce and study hot and dense strongly in-

teracting medium similar to the state of mat-

ter expected to be present in the cores of

neutron stars and when the universe was a

microsecond old after the Big Bang. While

the initial condition for the energy momen-

tum tensor deposited as a result of the RHIC

as well as its subsequent evolution within the

framework of relativistic hydrodynamics has

been quite well studied that manages to cap-

ture the overall qualitative trends as revealed

by the data, our understanding of the evolu-

tion of the QCD conserved charges, namely

net baryon, electric charge and strangeness is

still far from being satisfactory.

2. Model
The initial energy density ✏(x, y, ⌘s; ⌧0) de-

posited at a constant proper time ⌧0 is taken
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Tilted bulk ! directed fluid velocity ! charged

particle v1
Tilted bulk: Brodsky et. al. 1977; Adil, Gyulassy 2005; Bialas,
Czyz 2005

Bożek, Wyskiel 2010

• Tilted IC captures the charged particle v1

• small v1
, 6/29

Bozek, Wyskiel 2010



charged particle v1 chooses tilt

4

Shifted fireball :

6

Shifted vs Tilted fireball : T . Parida and S . Chatterjee, Phys . Rev . C 106, 044907 (2022)Shifted Tilted

Bozek, Wyskiel 2010

Parida, SC 2022



Now, baryon v1

arXiv: 2211.15659 
arXiv: 2211.15729 
……



Initial condition
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Results (Au+Au @200 GeV) : 
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WB
± (x, y) are the weight factors to deposit net

baryon in the transverse plane.

WB
± (x, y) = (1� !)N±(x, y) + !Ncoll(x, y)

(6)

The phenomenological parameter ! controls

the gradient of net baryon density in the trans-

verse plane. The net baryon density rapidity

envelope profiles are taken as

fnB
+ (⌘s) =

"
✓ (⌘s � ⌘nB

0 ) exp� (⌘s � ⌘nB
0 )

2

2�2
B,+

+

✓ (⌘nB
0 � ⌘s) exp�

(⌘s � ⌘nB
0 )

2

2�2
B,�

#
(7)
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fnB
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"
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0 ) exp� (⌘s + ⌘nB
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2�2
B,�

+

✓ (�⌘s � ⌘nB
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2
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#
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The normalisation factor NB in Eq. 5 is not

a free parameter rather it is constrained by

the initially deposited net baryons carried by

the participants.

Z
⌧0dxdyd⌘nB (x, y, ⌘, ⌧0) = N+ +N� (9)

With the asymmetric baryon profile given in

Eq. 7 and 8 we generate a tilted profile of

baryon in the reaction plane at the initial

stage. The magnitude of the tilt can be con-

trolled by changing the ! parameter within

the allowed range from 0 to 1.0.

3. Results
The beam energy dependence of identified

particle v1 rapidity slope at mid-rapidity is

shown in Fig.1. The model results shown as

lines are compared to data shown in symbols.

The results for both non strange and strange

hadrons are shown in the upper and lower

FIG. 1: (Color online) Beam energy dependence

of identified particles’ directed flow slope(
dv1
dy ) for

10-40% Au+Au collisions. The model calculation

for a particular particle species is plotted as a line

having the same color as the symbol of experi-

mental data. The experimental meaurements are

from STAR collaboration [1, 2].

panels respectively. We find reasonable agree-

ment with data by suitably adjusting the ini-

tial baryon deposition profile through ! and

the baryon transport coe�cient.

4. Summary
An initial condition for baryon deposition

is proposed that reasonably captures the di-

rected flow of identified hadrons across beam

energies as well as non-strange and strange

hadrons. This paves the way for a complete

study of the evolution of fireball produced in

RHIC with all conserved charges in future that

can form baseline for our search of the QCD

critical point.

[1] L. Adamczyk et al. (STAR), Phys. Rev. Lett.

112, 162301 (2014)

[2] L. Adamczyk et al. (STAR), Phys. Rev. Lett.

120, 062301 (2018)
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fB
± = [θ(ηs ∓ ηnB

0 )exp −
(ηs ∓ ηnB

0 )2

2σB±
+ θ(±ηnB

0 − ηs)exp −
(ηs ∓ ηnB

0 )2

2σB∓ ]

Model of the Initial Baryon profile :

nB(x, y, ηs) = NB [W+(x, y)fB
+(ηs)+W−(x, y)fB

−(ηs)]

∫ τ0 dη dx dy nB(x, y, ηs) = Npart

How is baryon deposited?
W±(x, y) Baryon deposited by forward 

(backward) moving nucleons 
at a transverse position (x,y).

W±(x, y) = Npart(x, y)?
The transverse profile for baryon, WB is usually taken 


 N+,-. We have allowed for contribution from Ncoll to 

account for scenarios that arise in microscopic models 

like LEXUS where the rapidity loss of the depositing 

source depends on the number of binary collisions,

thus having more baryon deposited where Ncoll is large.


NOTE: Participant source has rapidity asymmetric 

profile while collision source has rapidity symmetric 

profile, thus  decides relative tilt of baryon wrt matter 

∼

ω



Evolution
The hydrodynamic evolution of the baryon conserved charge requires the 

baryon diffusion coefficient :





κB

κB =
CB

T
nB ( 1

3
coth(μB/T) −

nbT
ϵ + P ) Denicol et al 2018

CB is to be constrained from data

We take, , , , ,  GeV/fm3 nS = 0 nQ = 0.4nB
ηT

ϵ + P
= 0.08 ζ = 0 ϵf = 0.26

16

Hybrid (hydrodynamic + hadronic transport) model Simulation at 
RHIC BES : 

MUSIC iSS UrQMD

Hydrodynamic 
evolution 

Particlization/ 
Cooper-Frye 

Sampling
Late stage hadronic 

transport

∂μTμν = 0
∂μJμ

B = 0
Jμ

B = nBuμ + qμ

ΔμνDqν = − 1
τq (qμ − κB ∇μ μB

T ) −
δqq

τq
qμθ −

λqq

τq
qνσμν

κB = CB

T
nB [ 1

3 coth ( μB

T ) − nBT
ϵ + p ]

Denicol et . al . , Phys . Rev . C 98, 034916 (2018)

Glauber model for initial 
energy and baryon 

deposition 

Hybrid approach



Role of ω
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Transverse profile of Initial Baryon deposition :

nB(x, y, ηs) = NB [W+(x, y)fB
+(ηs)+W−(x, y)fB

−(ηs)]
W±(x, y) = (1 − ω)N±(x, y)+ωNcoll(x, y)

More baryons are stopped at the 
position where they face more 

obstruction from the front.

Z

X
S1

S2



Role of ω
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Directed flow of meson from asymmetric baryon profile:

v1 ∝ ε1(ηs) = −
∫ d2r r3 exp [i(ϕ − ψ1)] ϵ(r, ϕ, ηs)

∫ d2r r3 ϵ(r, ϕ, ηs) Pressure = P(ϵ, nB)

Asymmetric pressure gradient on either 
side of x-axis.

Does not affect rapidity distribution of net proton yield, however the net proton v1 or 

splitting in proton - antiproton v1 is significantly affected 

15

Effect of    on splitting of directed flow of proton and anti-proton  :ω

The rapidity distribution of net proton is not affected 
by the    parameter, however the directed flow slope 

of proton and anti-proton changes sign.
ω



Comparison to data
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Results (Au+Au @19.6 GeV) : 

18

Results (Au+Au @19.6 GeV) : 



Comparison to data
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Results (Au+Au @200 GeV) : 

19

Results (Au+Au @200 GeV) : 



Comparison to data
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Beam energy dependence of directed 
flow of identified particles : 





 vs   is a sensitive 

observable for initial condition:


Tribhuban: Tomorrow, 16:30 hrs 

v1 pT



Can we constrain CB ( )?κB

22

Can we constrain baryon transport coefficient from directed flow 
of baryons?

Directed flow of baryons and anti-
baryons at large rapidity region is 
sens i t i ve to the t ranspor t 
coefficient for baryon diffusion.

Sensitive at larger rapidities (baryon rich), 

Need measurement at larger rapidities


There is also hints that at lower 

 GeV that midrapidity data itself 


could constrain
sNN ∼ 10



Possible background to EM field effects?
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Directed flow of strange baryons : STAR collaboration, arXiv : 2208.01718

arXiv:2208.01718



Possible background to EM field effects?

arXiv:2208.017184 template printed on August 4, 2022

Index Quark mass Charge Strangeness �v1 combination

1 �m = 0 �q = 0 �S = 0 [p̄(ūūd̄) + �(ss̄)]� [K
�
(ūs) + ⇤̄(ūd̄s̄)]

2 �m ⇡ 0 �q = 1 �S = 2 [⇤̄(ūd̄s̄)]� [13⌦
�(sss) + 2

3 p̄(ūūd̄)]

3 �m ⇡ 0 �q = 4
3 �S = 2 [⇤̄(ūd̄s̄)]� [K

�
(ūs) + 1

3 p̄(ūūd̄)]

4 �m = 0 �q = 2 �S = 6 [⌦
+
(s̄s̄s̄)]� [⌦�(sss)]

5 �m ⇡ 0 �q = 7
3 �S = 4 [⌅

+
(d̄s̄s̄)]� [K

�
(ūs) + 1

3⌦
�(sss)]

Table 1. Table showing di↵erence in mass, charge, and strangeness between com-
binations formed from seven particle species composed of produced quarks only.

0.0028 (stat.)±0.0013 (syst.)] for ⌅� [⌅
+
] and C = �0.0214±0.008 (stat.)±

0.0034 (syst.) [�0.0075 ± 0.0118 (stat.) ± 0.0017 (syst.)] for ⌦� [⌦
+
] atp

sNN = 27 GeV. There is a hint of a larger v1 for ⌦� compared to ⌅
baryons is observed at

p
sNN = 27 GeV, though the uncertainties are large.
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Fig. 1. v1 of ⌅�, ⌅
+
, ⌦� and ⌦

+
as a function of rapidity, y, in 10%-40% central

Au+Au collisions at
p
sNN = 27 and 200 GeV.

In Fig. 2, we show the measured �v1(y) for hadron combinations with
(�q, �S) = (0, 0), (4/3, 2) in 10%-40% Au+Au collisions at

p
sNN = 27

GeV. The �v1-slope parameters of the measurements are extracted. For
�q = 0 and �S = 0 (identical quark combination case), the value of the
slope is a minimum compared to�q = 4/3 and�S = 2 cases. This minimum
deviation from zero implies that the coalescence sum rule holds with the
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identical quark combination. The deviation of the slope from zero increases
as we move to �q = 4/3 and �S = 2 case. A Multi-Phase Transport
(AMPT) [10, 11] model calculation can describe the measured �v1 within
errors for the �q = 0, �S = 0 case. For �q = 4/3 and �S = 2, AMPT
depicts a completely opposite trend compared to the data.
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Fig. 2. �v1 as a function of y for (�q, �S) = (0, 0), (4/3, 2) in Au+Au collisions
at

p
sNN = 27 GeV in 10%-40% centrality.
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Fig. 3. �v1-slope (d�v1/dy) as a function of �q, and �S for 10%-40% centrality
in Au+Au collisions at

p
sNN = 27 GeV and

p
sNN = 27 GeV.

In Fig. 3, we display the mid-rapidity �v1-slope (d�v1/dy) as a function
of �q and �S for 10%-40% central Au+Au collisions at

p
sNN = 27 and 200

GeV. The d�v1/dy increases with �q and �S. The slope parameters of the
d�v1/dy with �q, d2�v1/dy d�q, are [2.952±0.489 (stat.)±0.367 (syst.)]⇥
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identical quark combination. The deviation of the slope from zero increases
as we move to �q = 4/3 and �S = 2 case. A Multi-Phase Transport
(AMPT) [10, 11] model calculation can describe the measured �v1 within
errors for the �q = 0, �S = 0 case. For �q = 4/3 and �S = 2, AMPT
depicts a completely opposite trend compared to the data.
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Fig. 2. �v1 as a function of y for (�q, �S) = (0, 0), (4/3, 2) in Au+Au collisions
at

p
sNN = 27 GeV in 10%-40% centrality.
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Fig. 3. �v1-slope (d�v1/dy) as a function of �q, and �S for 10%-40% centrality
in Au+Au collisions at

p
sNN = 27 GeV and

p
sNN = 27 GeV.

In Fig. 3, we display the mid-rapidity �v1-slope (d�v1/dy) as a function
of �q and �S for 10%-40% central Au+Au collisions at

p
sNN = 27 and 200

GeV. The d�v1/dy increases with �q and �S. The slope parameters of the
d�v1/dy with �q, d2�v1/dy d�q, are [2.952±0.489 (stat.)±0.367 (syst.)]⇥26

Directed flow of strange baryons : 

The hydro calculations are done without EM. Still we are able to capture 
the splitting in slope of directed flow. We expect the splitting is due to 
the net baryon stopping at initial stage and the taken combinations have 
non-zero baryon number.

Large contribution from 

baryon stopping
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Splitting of charge dependent directed flow Talk by Ashik Ikbal (Wed T08-I)

Splitting of charge dependent v1 slope observed that cannot be explained by baryon transport 

Poster by Diyu Shen (Wed T01)

EM-field driven
v1 splitting 

Combination of transport-free hadrons show 
splitting at various electric charge differences

v1 slope difference for p & p shows
sign change in peripheral events
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Large contribution from 

baryon stopping



Summarising..
A new Glauber based model of initial baryon deposition proposed


Qualitative agreement across beam energies with data on yield, v1


Helps in estimating background driven by baryon stopping across beam energies 

in signals of other physics like that of the EM field


To be further constrained from baryon - anti baryon splits in other observables like 

that of polarisation etc


Baryon diffusion may be constrained by proper treatment of the systematics of the 

parameter space


Independent Evolution of strangeness, electric charge seems important 

at  GeV.sNN ∼ 10



Thank You
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FIG. 12. Identified particle directed flow coe�cients for ⇡+

(a) and protons (b) as functions of rapidity in 10-40% Au+Au
collisions at

p
sNN =200, 39, 19.6, and 7.7 GeV. Comparisons

are made with the STAR measurements [51].

Figure 13 further shows pseudo-rapidity distributions
of charged hadron elliptic flow at 14.5 GeV. Our full hy-
brid simulations with event-averaged initial conditions
(the solid black line) give a flatter distribution of v2(⌘)
near mid-rapidity compared to the STAR measurements
[52]. Our v2(⌘) distribution is a result of the cancellation
between large e↵ective shear viscosity in large µB regions
and large initial eccentricity "2 in the forward and back-
ward rapidity regions (see Fig. 2b). Simulations with
constant or only temperature-dependent specific shear
viscosity give larger charged hadron v2 at ⌘ ⇠ 2 com-
pared to its value at mid-rapidity in Fig. 13. This dis-
crepancy between our full results and the STAR mea-
surements suggests that flow longitudinal decorrelations
rooted from event-by-event fluctuations are essential to
understand this observable [53]. We devote the extension
to event-by-event simulations and studying longitudinal
flow fluctuations to a future work.

FIG. 13. Pseudo-rapidity distributions of charged hadron
elliptic flow coe�cients in 30-40% Au+Au collisions atp
sNN =14.5 GeV with di↵erent (⌘/s)(T, µB). The charged

hadron v2(⌘) coe�cients are integrated from pT = 0.2 to 3
GeV and compared with the STAR measurements [52].

D. Study QGP transport properties with thep
s-dependent transverse dynamics

Hydrodynamic flow boosts the thermally emitted
hadrons, which results in increasing their mean trans-
verse momenta. In this work, we neglect bulk viscous ef-
fects in the QGP evolution and adjust the starting time
of hydrodynamics at every collision energy so that iden-
tified particles’ hpT i match to the STAR measurements
in 0-5% Au+Au collisions [49, 52, 54].

Figure 14 shows that the identified particle mean pT
as a function of collision energy for 0-5% and 30-40%
centrality bins. Our theoretical calculations can quanti-
tatively reproduce the STAR measurements and capture
the collision energy dependence of hpT i. It is clear from
the proton’s mean pT that systems at higher collision
energy develop stronger radial flow because their hydro-
dynamic phases are longer. Our calculation suggests that
the mean pT of anti-protons is larger than that of protons
in all collision energies. This di↵erence increases with
the net baryon chemical potential at low collision ener-
gies. The systematic uncertainties in the current proton
and anti-proton measurements are still too large to dis-
tinguish them from each other.

Please note that our results ignore any pre-equilibrium
dynamics before the hydrodynamic starting time ⌧0 listed
in Table. I. Any pre-hydrodynamic evolution [55–58] will
generate transverse flow during ⌧ = 0+ � ⌧0, which will
result in stronger transverse flow at the freeze-out and
larger particle mean pT . This strong radial flow needs to
be tamed by bulk viscous e↵ects during hydrodynamic
evolution [59, 60]. Therefore, the fact that our current
results can reproduce the STAR mean pT measurements
suggest a non-zero QGP bulk viscosity at finite densities.
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FIG. 2. Initial entropy density s(x, 0, ⌘S) (solid contours)
and baryon density ⇢b(x, 0, ⌘s) (dashed contours).

to be of the form

⇢B(x, y, ⌘||) / [(T+(x, y)f+(⌘s) + T�(x, y)f�(⌘s))]

H(⌘||)HB(⌘||) (8)

where HB(⌘||) = exp
⇣
� (⌘||�⌘b)

2

2�2
B

⌘
+ exp

⇣
� (⌘||+⌘b)

2

2�2
B

⌘
,

with parameters ⌘B = 4.4 and �B = 2.2. The ratio
of the transported and produced baryons at central ra-
pidities [45] is reproduced with these initial conditions,
which is essential for the the description of the proton-
antiproton splitting of directed flow. Please note, that
the parametrization (Eq. 8) of the baryon density is
tilted with respect to the collision axis, but the tilt is
slightly larger than for the bulk of the matter (Eq. 5).
The ansatz used is phenomenological, but qualitatively
justified in string models of the initial state [27, 46, 47].
The net baryon number transported to central rapidities
must originate from the valence quarks in the partici-
pant nucleons. Therefore, the net baryon density in the
transverse plane is strongly correlated to the density of
participant nucleons. On the other hand, the deposited
entropy is expected to originate from strings involving
valence and sea quarks. This implies that the tilt of the
initial entropy density could be smaller than the tilt of
the initial baryon distribution. In Fig. 2 are shown the
contour plots for the initial entropy and baryon number
density distributions for a Au+Au collision at b = 5fm.
The larger tilt of the initial baryon density generates in-
homogeneities in the proton and antiproton distribution
in the fireball. At positive space-time rapidities the pro-
ton density is larger in the upper part of the fireball on
the figure, the reverse is true for the antiproton density.
The initial energy and baryon distributions are prop-

agated using a viscous hydrodynamic evolution with
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FIG. 3. Rapidity dependence of the directed flow of pions
(stars and gray band), protons (full circles and red band) and
antiprotons (squares and blue band) in 10 � 40% centrality
Au+Au collisions. The symbols represent the STAR Collabo-
ration data [21] and the bands the results of the hydrodynamic
calculation with baryon current.
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FIG. 4. The slope of the rapidity dependence of the directed
flow of pions, protons and antiprotons as function of centrality
in Au+Au collisions. Symbols as in Fig. 3.

baryon current using the MUSIC code. At the freeze-
out particles are emitted following the local temperature,
flow velocity, and baryon chemical potential in a fluid
cell, as well as shear viscosity corrections. As a result,
the final proton directed flow of protons (antiprotons) is
larger (smaller) than directed flow of pions at positive ra-
pidities (Fig. 3). The model calculation reproduces well
the rapidity dependent directed flow for pions, similarly
as for the calculation without baryon current (Fig. 1).
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