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RHIC BES is a tale of 2 currents - Tμν, Jμ
B 4

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
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Understanding the baryon current: ingredients 
within a hydro framework

Distribution of net baryon density ( ) at the initial thermalised 
hypersurface (educated guesses needed)


Equation of state of the QCD medium at non-zero  (available 
from Lattice QCD)


Baryon transport coefficient ( ) as a medium response to baryon 
gradient; analogous to  and  in the case of gradients of  
(educated guesses needed)
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Initial condition of entropy
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.  


≠
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Initial condition of entropy
entropy deposition in non-central collision
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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
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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.



Initial condition of nB
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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) =
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(3)

and

✏B(⌘s) = ✏F (�⌘s) (4)

The form of the initial baryon profile is,

nB (x, y, ⌘s) =

NB

⇥
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+ (x, y)fB
+ (⌘s) +WB

� (x, y)fB
� (⌘s)

⇤
(5)

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
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+
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(⌘s � ⌘nB
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2

2�2
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#
(7)

and

fnB
� (⌘s) =

"
✓ (⌘s + ⌘nB

0 ) exp� (⌘s + ⌘nB
0 )

2

2�2
B,�

+

✓ (�⌘s � ⌘nB
0 ) exp� (⌘s + ⌘nB

0 )
2

2�2
B,+

#
(8)

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.
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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.

∼
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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.
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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.
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RHIC with all conserved charges in future that

can form baseline for our search of the QCD
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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)?

NOTE:  multiplies rapidity even profile:  which is a 

superposition of F/B peaks (single junction stopping) and plateau 

(double junction stopping)                                         Kharzeev, 1996

Ncoll fB
+(ηs) + fB

−(ηs)



Comparison of the weights to the rapidity even profile

Stronger at the origin than standard Npart profile



Initial condition of nB
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Results (Au+Au @200 GeV) : 

Understanding the evolution of conserved charges in
relativistic heavy ion collisions

Tribhuban Parida and Sandeep Chatterjee⇤
Department of Physical Sciences,

Indian Institute of Science Education and Research Berhampur,

Transit Campus (Govt ITI),

Berhampur-760010, Odisha, India

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)

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)

and

fnB
� (⌘s) =

"
✓ (⌘s + ⌘nB

0 ) exp� (⌘s + ⌘nB
0 )

2

2�2
B,�

+

✓ (�⌘s � ⌘nB
0 ) exp� (⌘s + ⌘nB

0 )
2

2�2
B,+

#
(8)

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)?

Profile parameters constrained by rapidity dependence of 

net proton yield


NOTE: Participant source has rapidity asymmetric 

profile while collision source has rapidity symmetric 

profile, thus  decides relative tilt of baryon wrt matter ω



Role of ω

13

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, including their individual slopes

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



Baryon transport coefficient: κB
Within the relaxation time approximation and in the massless 
limit,  can be obtained from the Boltzmann equation as followsκB

4

FIG. 2: The temperature and net baryon chemical potential dependence of the net baryon di↵usion constant and specific shear
viscosity for CB = 0.4 and C⌘ = 008.

and

�µ⌫
↵�D⇡↵� = �

1

⌧⇡
(⇡µ⌫

� 2⌘�µ⌫)

�
�⇡⇡
⌧⇡

⇡µ⌫✓ �
⌧⇡⇡
⌧⇡

⇡�h�⌫i
� +

�7

⌧⇡
⇡hµ

↵⇡⌫i↵

+
l⇡q
⌧⇡

r
hµq⌫i +

�⇡q

⌧⇡
qhµr

⌫iµB

T
. (14)

Here the evolution of the di↵usion current is driven by
the gradient of the net baryon chemical potential µB di-
vided by temperature T . The thermodynamic force for
the shear viscous pressure is the velocity shear tensor
�µ⌫ = r

hµu⌫i, and Ahµ⌫i = �µ⌫
↵�A↵� projects out the

part that is traceless and transverse to the flow velocity
uµ using the double, symmetric, and traceless projection

operator, �µ⌫
↵� = 1

2

h
�µ

↵�
⌫
� +�⌫

↵�
µ
� �

2

3
�µ⌫

↵�

i
. The sys-

tem’s expansion rate is ✓ = @µuµ + u⌧/⌧ .
The transport coe�cients ⌘ and the baryon di↵usion

constant B are chosen as

⌘T

e + P
= C⌘ (15)

and

B =
CB

T
nB

✓
1

3
coth

⇣µB

T

⌘
�

nBT

e + P

◆
. (16)

The specific shear viscosity is chosen to be C⌘ = 0.08.
The constant coe�cient CB will be varied to study the
e↵ect of the net baryon di↵usion. The T and µB de-
pendence of B in Eq. (16) is derived from the Boltz-
mann equation in the relaxation time approximation
(see Appendix A). We show the dimensionless quantity
BµB/nB along with ⌘/s as functions of T and µB in
Fig. 2. Four lines of constant s/nB , that reflect the aver-
aged values realized at the four di↵erent collision energies

⌧q �qq �qq lq⇡ �q⇡

CB
T ⌧q 3

5⌧q 0 0

⌧⇡ �⇡⇡ ⌧⇡⇡ �7 l⇡q �⇡q

5C⌘

T
4
3⌧⇡

10
7 ⌧⇡ 9

70
4

"+P 0 0

TABLE II: A list for the second order transport coe�cients
used in the evolution equations for the net baryon di↵usion
current qµ and the shear stress tensor ⇡µ⌫ .

we consider, demonstrate what values of the transport
parameters typically contribute.
Table II summarizes the choice of the second order

transport coe�cients used in Eqs. (13) and (14). The
expression for the baryon di↵usion relaxation time, ⌧q
is chosen to be proportional to 1/T (as it is exactly in a
conformal system), with the proportionality constant CB

a free parameter. The remaining transport coe�cients
listed in the table are from calculations assuming kinetic
theory in the massless limit [24–27]. Recent calculations
of transport coe�cients taking into account a finite (and
thermal) mass, were performed in Ref. [28].
The system of hydrodynamic equations (9) and (10)

needs to be closed with the equation of state (EoS) of
the fluid. In this work, the EoS of the QCD matter
is constructed using lattice QCD calculations [30, 31].
We consider a crossover-type EoS and leave implementa-
tion of the QCD critical point for future study. At zero
baryon chemical potential, the pressure of the system is
computed as a function of the local temperature via [32],

P(T )

T 4
=

P(Tlow)

T 4

low

+

Z T

Tlow

dT 0

T 0
e � 3P

T 04 , (17)

where the trace anomaly e�3P is computed from lattice
QCD as a function of temperature. The lower integra-
tion limit Tlow is chosen to be su�ciently small such that

Denicol et al, 1804.10557

Here  is an arbitrary constant that may be varied to study the 
effect of baryon transport. To be constrained by data.

CB



Evolution

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

ϵ + P
= 0.08 ζ = 0 ϵf = 0.26
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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



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 : 





Constraining the rapidity even profile:  failsvodd
1

nB(x, y, ηs; τ0) = NB ((1 − ω)(N+(x, y)f+(ηs)+N−(x, y)f−(ηs)) + ωNcoll(x, y)Fcoll(ηs))

ω = 0.06ω = 0.11



Constraining the rapidity even profile: use rapidity even v1

STAR Collab., PLB 784 (2018) 26-32

veven
1 (pT) =

⟨Q cos(ϕj − ΨEP,1)⟩

⟨Q2⟩

Q exp (iΨEP,1) = ⟨wj exp(iϕj)⟩

wj = (pT)j
⟨p2

T⟩
⟨pT⟩

Gardim et al, PRC 83 (2011) 064901

Bozek, PLB, 717 (2012) 287



Constraining the rapidity even profile: use rapidity even v1



Contribution of baryon stopping to signals  
of EM field

Electric charge and strangeness-dependent directed flow splitting of produced quarks
in Au+Au collisions

The STAR Collaboration
(Dated: April 7, 2023)

We report directed flow (v1) of multistrange baryons (⌅ and ⌦) and improved v1 data for K�, p̄,
⇤̄ and � in Au+Au collisions at

p
sNN =27 and 200 GeV from the STAR at the Relativistic Heavy

Ion Collider (RHIC). We focus on particles whose constituent quarks are not transported from
beam rapidity rather produced in the collisions. In midcentral collisions, we observe a coalescence
sum rule for hadron combinations with identical quark content and a difference (“splitting”) in the
slope of v1 vs. rapidity for combinations having nonidentical quark content. The splitting strength
appears to increase with the electric charge difference and strangeness content difference of the
constituent quarks in the combinations, consistent with an electromagnetic effect. The peripheral
collision statistics are insufficient to draw firm conclusions.

PACS numbers:

Keywords: Directed flow, Electric charge, Strangeness, Heavy-ion collisions, Electromagnetic field

The first harmonic in the Fourier expansion of the
azimuthal distribution of emitted particles relative to
the reaction plane in a nucleus-nucleus collision [1–3] is
known as directed flow, v1, a collective sideward motion
whose dominant component is an odd function of the
particle rapidity (y). The early collision dynamics [4–6]
can be probed by v1(y), an interpretation supported by
hydrodynamic [7] and nuclear transport [8] models. The
early stage of these collisions features a strong magnetic
field, on the order of 1014 � 1015 T [9], dominated by the
passing spectator protons. As the charged spectators re-
cede from the collision zone, the magnetic field decreases
quickly and the resulting Faraday induction produces an
electric current. The charged spectators also exert a
Coulomb force on the charged constituents. Meanwhile,
the collision zone expands in the longitudinal (beam) di-
rection, which is on average perpendicular to the mag-
netic field. The Lorentz force moves the particles of the
collision zone in opposite directions, depending on their
electric charges; this motion is perpendicular to both the
longitudinal velocity and the magnetic field, analogous
to the Hall effect [10, 11]. The combination of Faraday,
Coulomb and Hall effects may influence v1 of the emitted
particles [10–12].

The sign of v1 splitting can reveal which aspect of the
EM field is dominant. When the Hall effect overcomes the
Faraday and Coulomb effects, the v1 of positively charged
particles (h+) at positive rapidity becomes positive, and
the opposite happens for h�. This eventually causes the
splitting in v1, as illustrated in Fig. 1. The produced
medium expands longitudinally, indicated by velocity ~u.
The directions of the resultant electric currents due to
Faraday, Hall and Coulomb effects are shown. The v1 di-
rections for h+ and h� are illustrated for the case where
the Hall current exceeds the Faraday+Coulomb current.
When the Faraday+Coulomb effect is stronger, then the
v1 directions for h+ and h� are reversed. The v1 split-
ting between opposite-charge light hadron pairs like ⇡±,
K±, p � p̄, etc. [10, 13–15] as well as heavy pairs like
D0 (cū) and D0 (c̄u) [16] has been predicted. The pre-

dicted splitting for the latter is stronger, suggesting a
large effect of the magnetic field on heavy quarks due to
their early production time and large relaxation time in
the medium [16].

FIG. 1: Diagram (motivated by Refs. [10, 11]) illustrating
the influence of the electromagnetic field ~B on v1 of charged
particles from heavy-ion collisions. We use coordinates where
the colliding nuclei in +z (�z) are located at +x (�x), and
the generated ~B is along �y.

Charge-dependent v1 splitting between h+ and h�

in Cu+Au and Au+Au collisions at p
sNN = 200

GeV [17] was reported by the STAR Collaboration. A
large v1 splitting was observed in Cu+Au, attributed to
the stronger Coulomb force in mass-asymmetric Cu+Au
compared to Au+Au. A v1 splitting between h+ and h�

in Pb+Pb at psNN = 5.02 TeV has been observed by the
ALICE Collaboration [18]. Moreover, a large v1 for D0,
D0 mesons and a nonzero v1 splitting between D0 and D0

has been reported by STAR [19] in Au+Au p
sNN = 200

GeV and by ALICE [18] in Pb+Pb p
sNN = 5.02 TeV.

During STAR Beam Energy Scan data collection, the
Heavy Flavor Tracker detector was absent, and the small
heavy flavor production rate at lower than top beam en-
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Observation of the electromagnetic field e↵ect via charge-dependent directed flow in
heavy-ion collisions at the Relativistic Heavy Ion Collider

The STAR Collaboration

Non-central collisions between ultra-relativistic heavy nuclei can produce strong magnetic fields
on the order of 1018 Gauss, and the evolution of the electromagnetic field could leave an imprint
on the final-state particles. In particular, particles and anti-particles with opposite charges will
receive opposite contributions to their rapidity-odd directed flow, v1(y). Here we present the charge-
dependent measurements of dv1/dy near midrapidity for ⇡±, K±, and p(p̄) in Au+Au and isobar
(9644Ru+96

44Ru and 96
40Zr+

96
40Zr) collisions at

p
sNN = 200 GeV, and in Au+Au at 27 GeV, recorded

by the STAR detector at the Relativistic Heavy Ion Collider. The combined dependence of the v1
signal on collision system, particle species, and collision centrality can be qualitatively and semi-
quantitatively understood as several e↵ects on constituent quarks. While the results in central events
can be explained by the u and d quarks transported from initial-state nuclei, those in peripheral
events reveal the contributions from the Faraday induction and Coulomb e↵ect for the first time in
heavy-ion collisions.

I. INTRODUCTION

About a microsecond after the Big Bang the Universe consisted of deconfined quarks and gluons, a state known as
the quark-gluon plasma (QGP) [1]. Such a state can be recreated in the laboratory by colliding two heavy nuclei at high
center-of-mass energies [2]. In these ultra-relativistic collisions, the nuclear fragments pass by each other, generating
very strong magnetic fields, on the order of 1018 Gauss [3–9], the evolution of which, in the presence of a QGP, must
be described in conjunction with the QGP’s electromagnetic properties. The presence of a strong magnetic field
also facilitates the study of some novel phenomena related to the restoration of fundamental symmetries of quantum
chromodynamics (QCD) [6, 10–15]. For example, the chiral magnetic e↵ect (CME) predicts a charge separation along
the direction of magnetic field due to the chirality imbalance and chiral symmetry restoration in the QGP [16–18].
If confirmed, the CME in heavy-ion collisions will uncover the local parity and charge-parity violation in the strong
interaction [6]. The strong magnetic field could also interact with the QCD matter in other ways, such as, providing a
catalyst for chiral symmetry breaking [19], causing the synchrotron radiation of quarks [20], di↵erentiating the chiral
and deconfinement phase transitions in the QCD phase diagram [21], and modifying the collectivity of a QGP [22–27].
Another interesting phenomenon, the Breit-Wheeler process, describes the generation of e+e� by photon collisions in
the absence of a hot QCD matter. This has been observed recently in ultra-peripheral Au+Au collisions [28], where
two nuclei pass by each other, and only quantized electromagnetic fields collide.

Direct evidence of the electromagnetic field in the QGP is elusive because the electromagnetic field magnitude drops
exponentially with time in the vacuum until the QCD medium is formed, after which the field couples with induction
in the QGP. Previously the Coulomb e↵ect in asymmetric Cu+Au collisions was observed via charge-dependent
rapidity-even directed flow, veven1 (y) [29, 30]. Directed flow (v1) is defined as the first Fourier coe�cient of the particle
azimuthal distribution relative to the reaction plane (the x-z plane in Fig. 1) [31, 32],

E
d3N

d3p
=

1

2⇡

d2N

pT dpT dy

 
1 +

1X

n=1

2vn cosn(�� )
!
, (1)

where pT =
q

p2x + p2y is transverse momentum, while � and  are the azimuthal angles of a particle and the reaction

plane, respectively. Note that rapidity (y) and pz bear the same sign. Recent studies suggest that the charge-dependent
vodd1 (y) can serve as a probe to the electromagnetic field in symmetric heavy-ion collisions [24, 26, 27]; we explore
this approach below. Hereafter, v1(y) implicitly refers to the odd component, which comes from the initial tilt of the
QGP (Fig. 2) and is sensitive to the Equation of State [33, 34]. Measurements of v1 have been extensively performed
over past decades at both the BNL Relativistic Heavy Ion Collider (RHIC) and the CERN Large Hadron Collider
(LHC) experiments [29, 35–43]. It is common practice to present dv1/dy because of the linear y dependence of v1 near
midrapidity in those experiments.

Figure 2 illustrates the top-down view of a heavy-ion collision, where the longitudinal expansion of the QGP has
the same e↵ect on v1 for quarks with opposite charges. This degeneracy will be lifted by electromagnetic e↵ects. For
a positively charged quark, the Lorentz force in the Hall e↵ect (black solid lines in Fig. 2) increases its v1 at y > 0,
and decreases its v1 at y < 0, namely increasing its dv1/dy. For a negatively charged quark, the Hall e↵ect does the
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FIG. 3: The �v1 as a function of rapidity (a, b) and pT/nq

(c, d) for (�q, �S)=(0, 0) and (4/3, 2) in 10-40% Au+Au atp
sNN = 27 GeV. The vertical bars and shaded bands denote

statistical and systematic uncertainties, respectively.
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FIG. 4: Midrapidity �v1 slope versus �q (a, b), �S (c, d) in
10-40% Au+Au at 27 (a, c) and 200 (b, d) GeV, respectively.
The dashed curves show AMPT calculations. The vertical
bars and shaded bands denote statistical and systematic un-
certainties, respectively. There are two degenerate points at
�S = 2; one is displaced horizontally for better visualization.

ied combinations as a function of �q and �S in 10-40%
central Au+Au at p

sNN = 27 and 200 GeV. We fit the
measurements with a first-order polynomial (shown as
blue dashed lines in Fig. 4), and obtain 104 ⇥ F� = (6±
28)+(24±21)�q, and 104⇥F� = (17±21)+(0±15)�q
for 10-40% at psNN = 27 and 200 GeV, respectively. For
40-80% centrality, 104⇥F� = (130±65)+(�77±49)�q,
and 104 ⇥F� = (�16± 34)+ (27± 25)�q at psNN = 27
and 200 GeV, respectively. The intercepts and slope pa-
rameters are mostly consistent with zero, given the large
uncertainties at 40-80% centrality. Similar conclusions

are reached from the �S dependence of d�v1/dy.

Parameters
p
sNN = 27 GeV

p
sNN = 200 GeV Centrality

K�q(⇥104) 29± 4.2± 3.7 12± 3.3± 2.6 10-40%

K�S(⇥104) 19± 2.8± 2.5 7.5± 2.1± 1.4 10-40%

K�q(⇥104) 19± 15± 9.8 15± 5.5± 3.0 40-80%

K�S(⇥104) 13± 7.5± 6.5 9.5± 3.6± 1.9 40-80%

TABLE II: Fit parameters for F� = K�q�q, and F� =
K�S�S at 10-40% and 40-80% centrality.

On the other hand, Fig. 4 indicates an overall positive
F�. Fitting a constant to the data yields 104 ⇥ F� =
39±6 and 17±5 for 10-40% centrality at 27 and 200 GeV,
respectively. If the EM field is the underlying physics re-
sponsible for this positive splitting, then F� should be
proportional to �q. We therefore assume the sum rule
strictly holds, and proceed with linear fits with zero in-
tercepts: F� = K�q�q, and F� = K�S�S. Fit results
are shown in Fig. 4. We also show a ±1� band around
each fit line. The fitted slopes K�q and K�S are tabu-
lated in Table II. The splitting, quantified by the slope
F�, increases with �q and �S. The significance of this
increasing splitting is 4.8� for �q and 4.6� for �S at
27 GeV for 10-40% centrality. For 40-80% centrality, the
measurements have poor significance. The splitting evi-
dently increases between p

sNN = 200 and 27 GeV. The
duration of the intense B field increases between 200 and
27 GeV [50]. This effect is expected to result in increased
splitting at 27 GeV, as reported here. Our measurements
of positive splitting d�v1/dy for positive �q is consistent
with the expectation of the Hall effect dominating over
Coulomb+Faraday in the EM scenario (see Fig. 1).

In Fig. 4 we plot AMPT [51] model calculations and
they fail to describe the measurements at p

sNN = 27
GeV. The AMPT model does not include an EM field.

In summary, we first report the measurements of v1(y)
of multistrange baryons (⌅ and ⌦) in Au+Au colli-
sions at p

sNN = 27 and 200 GeV. We focus on seven
produced particle species: K�, p̄, ⇤̄, �, ⌅

+, ⌦� and
⌦

+, none of whose constituent quarks is transported
from the colliding nuclei, and study the difference (split-
ting), F� = d�v1/dy, between pairs of particle combi-
nations with similar quark content but varying electric
charge difference �q and strangeness difference �S. For
�q = �S = 0, consistency with the coalescence sum
rule is observed at 10-40% centrality. For �q 6= 0 and
�S 6= 0, a nonzero average F� is observed with over 5�
significance, dominated by the (�q,�S)=(4/3, 2) pair.
This splitting appears to increase with increasing �q and
�S. However, the increase is not statistically signifi-
cant without assuming the coalescence sum rule. With
this assumption, the one-parameter linear fit as a func-
tion of �q and �S yields a positive slope, respectively
4.8� and 4.6� away from zero for p

sNN = 27 GeV. This
splitting is stronger at 27 GeV than at 200 GeV. The
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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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Electric charge and strangeness-dependent directed flow splitting of produced quarks
in Au+Au collisions

The STAR Collaboration
(Dated: April 7, 2023)

We report directed flow (v1) of multistrange baryons (⌅ and ⌦) and improved v1 data for K�, p̄,
⇤̄ and � in Au+Au collisions at

p
sNN =27 and 200 GeV from the STAR at the Relativistic Heavy

Ion Collider (RHIC). We focus on particles whose constituent quarks are not transported from
beam rapidity rather produced in the collisions. In midcentral collisions, we observe a coalescence
sum rule for hadron combinations with identical quark content and a difference (“splitting”) in the
slope of v1 vs. rapidity for combinations having nonidentical quark content. The splitting strength
appears to increase with the electric charge difference and strangeness content difference of the
constituent quarks in the combinations, consistent with an electromagnetic effect. The peripheral
collision statistics are insufficient to draw firm conclusions.

PACS numbers:

Keywords: Directed flow, Electric charge, Strangeness, Heavy-ion collisions, Electromagnetic field

The first harmonic in the Fourier expansion of the
azimuthal distribution of emitted particles relative to
the reaction plane in a nucleus-nucleus collision [1–3] is
known as directed flow, v1, a collective sideward motion
whose dominant component is an odd function of the
particle rapidity (y). The early collision dynamics [4–6]
can be probed by v1(y), an interpretation supported by
hydrodynamic [7] and nuclear transport [8] models. The
early stage of these collisions features a strong magnetic
field, on the order of 1014 � 1015 T [9], dominated by the
passing spectator protons. As the charged spectators re-
cede from the collision zone, the magnetic field decreases
quickly and the resulting Faraday induction produces an
electric current. The charged spectators also exert a
Coulomb force on the charged constituents. Meanwhile,
the collision zone expands in the longitudinal (beam) di-
rection, which is on average perpendicular to the mag-
netic field. The Lorentz force moves the particles of the
collision zone in opposite directions, depending on their
electric charges; this motion is perpendicular to both the
longitudinal velocity and the magnetic field, analogous
to the Hall effect [10, 11]. The combination of Faraday,
Coulomb and Hall effects may influence v1 of the emitted
particles [10–12].

The sign of v1 splitting can reveal which aspect of the
EM field is dominant. When the Hall effect overcomes the
Faraday and Coulomb effects, the v1 of positively charged
particles (h+) at positive rapidity becomes positive, and
the opposite happens for h�. This eventually causes the
splitting in v1, as illustrated in Fig. 1. The produced
medium expands longitudinally, indicated by velocity ~u.
The directions of the resultant electric currents due to
Faraday, Hall and Coulomb effects are shown. The v1 di-
rections for h+ and h� are illustrated for the case where
the Hall current exceeds the Faraday+Coulomb current.
When the Faraday+Coulomb effect is stronger, then the
v1 directions for h+ and h� are reversed. The v1 split-
ting between opposite-charge light hadron pairs like ⇡±,
K±, p � p̄, etc. [10, 13–15] as well as heavy pairs like
D0 (cū) and D0 (c̄u) [16] has been predicted. The pre-

dicted splitting for the latter is stronger, suggesting a
large effect of the magnetic field on heavy quarks due to
their early production time and large relaxation time in
the medium [16].

FIG. 1: Diagram (motivated by Refs. [10, 11]) illustrating
the influence of the electromagnetic field ~B on v1 of charged
particles from heavy-ion collisions. We use coordinates where
the colliding nuclei in +z (�z) are located at +x (�x), and
the generated ~B is along �y.

Charge-dependent v1 splitting between h+ and h�

in Cu+Au and Au+Au collisions at p
sNN = 200

GeV [17] was reported by the STAR Collaboration. A
large v1 splitting was observed in Cu+Au, attributed to
the stronger Coulomb force in mass-asymmetric Cu+Au
compared to Au+Au. A v1 splitting between h+ and h�

in Pb+Pb at psNN = 5.02 TeV has been observed by the
ALICE Collaboration [18]. Moreover, a large v1 for D0,
D0 mesons and a nonzero v1 splitting between D0 and D0

has been reported by STAR [19] in Au+Au p
sNN = 200

GeV and by ALICE [18] in Pb+Pb p
sNN = 5.02 TeV.

During STAR Beam Energy Scan data collection, the
Heavy Flavor Tracker detector was absent, and the small
heavy flavor production rate at lower than top beam en-
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Observation of the electromagnetic field e↵ect via charge-dependent directed flow in
heavy-ion collisions at the Relativistic Heavy Ion Collider

The STAR Collaboration

Non-central collisions between ultra-relativistic heavy nuclei can produce strong magnetic fields
on the order of 1018 Gauss, and the evolution of the electromagnetic field could leave an imprint
on the final-state particles. In particular, particles and anti-particles with opposite charges will
receive opposite contributions to their rapidity-odd directed flow, v1(y). Here we present the charge-
dependent measurements of dv1/dy near midrapidity for ⇡±, K±, and p(p̄) in Au+Au and isobar
(9644Ru+96

44Ru and 96
40Zr+

96
40Zr) collisions at

p
sNN = 200 GeV, and in Au+Au at 27 GeV, recorded

by the STAR detector at the Relativistic Heavy Ion Collider. The combined dependence of the v1
signal on collision system, particle species, and collision centrality can be qualitatively and semi-
quantitatively understood as several e↵ects on constituent quarks. While the results in central events
can be explained by the u and d quarks transported from initial-state nuclei, those in peripheral
events reveal the contributions from the Faraday induction and Coulomb e↵ect for the first time in
heavy-ion collisions.

I. INTRODUCTION

About a microsecond after the Big Bang the Universe consisted of deconfined quarks and gluons, a state known as
the quark-gluon plasma (QGP) [1]. Such a state can be recreated in the laboratory by colliding two heavy nuclei at high
center-of-mass energies [2]. In these ultra-relativistic collisions, the nuclear fragments pass by each other, generating
very strong magnetic fields, on the order of 1018 Gauss [3–9], the evolution of which, in the presence of a QGP, must
be described in conjunction with the QGP’s electromagnetic properties. The presence of a strong magnetic field
also facilitates the study of some novel phenomena related to the restoration of fundamental symmetries of quantum
chromodynamics (QCD) [6, 10–15]. For example, the chiral magnetic e↵ect (CME) predicts a charge separation along
the direction of magnetic field due to the chirality imbalance and chiral symmetry restoration in the QGP [16–18].
If confirmed, the CME in heavy-ion collisions will uncover the local parity and charge-parity violation in the strong
interaction [6]. The strong magnetic field could also interact with the QCD matter in other ways, such as, providing a
catalyst for chiral symmetry breaking [19], causing the synchrotron radiation of quarks [20], di↵erentiating the chiral
and deconfinement phase transitions in the QCD phase diagram [21], and modifying the collectivity of a QGP [22–27].
Another interesting phenomenon, the Breit-Wheeler process, describes the generation of e+e� by photon collisions in
the absence of a hot QCD matter. This has been observed recently in ultra-peripheral Au+Au collisions [28], where
two nuclei pass by each other, and only quantized electromagnetic fields collide.

Direct evidence of the electromagnetic field in the QGP is elusive because the electromagnetic field magnitude drops
exponentially with time in the vacuum until the QCD medium is formed, after which the field couples with induction
in the QGP. Previously the Coulomb e↵ect in asymmetric Cu+Au collisions was observed via charge-dependent
rapidity-even directed flow, veven1 (y) [29, 30]. Directed flow (v1) is defined as the first Fourier coe�cient of the particle
azimuthal distribution relative to the reaction plane (the x-z plane in Fig. 1) [31, 32],

E
d3N

d3p
=

1

2⇡

d2N

pT dpT dy

 
1 +

1X

n=1

2vn cosn(�� )
!
, (1)

where pT =
q

p2x + p2y is transverse momentum, while � and  are the azimuthal angles of a particle and the reaction

plane, respectively. Note that rapidity (y) and pz bear the same sign. Recent studies suggest that the charge-dependent
vodd1 (y) can serve as a probe to the electromagnetic field in symmetric heavy-ion collisions [24, 26, 27]; we explore
this approach below. Hereafter, v1(y) implicitly refers to the odd component, which comes from the initial tilt of the
QGP (Fig. 2) and is sensitive to the Equation of State [33, 34]. Measurements of v1 have been extensively performed
over past decades at both the BNL Relativistic Heavy Ion Collider (RHIC) and the CERN Large Hadron Collider
(LHC) experiments [29, 35–43]. It is common practice to present dv1/dy because of the linear y dependence of v1 near
midrapidity in those experiments.

Figure 2 illustrates the top-down view of a heavy-ion collision, where the longitudinal expansion of the QGP has
the same e↵ect on v1 for quarks with opposite charges. This degeneracy will be lifted by electromagnetic e↵ects. For
a positively charged quark, the Lorentz force in the Hall e↵ect (black solid lines in Fig. 2) increases its v1 at y > 0,
and decreases its v1 at y < 0, namely increasing its dv1/dy. For a negatively charged quark, the Hall e↵ect does the
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FIG. 2: Schematic top-down view of a heavy-ion collision in the lab frame. The dashed lines represent the motion of
quarks due to the QGP expansion. The black (purplish red) curved lines suggest the paths that quarks would follow

due to the Lorentz force (Coulomb and Faraday field) alone.

(a) transported-quark effect (b) electromagnetic field (c) observed 

peripheralcentral central peripheral peripheralcentral

FIG. 3: Illustration of di↵erent contributions to the proton �(dv1/dy) versus centrality. Panel (a) depicts the
transported-quark e↵ect. Panel (b) sketches the electromagnetic field contribution, dominated by the Faraday
induction + Coulomb e↵ect. Panel (c) speculates the superposition of the two e↵ects in the final observable.

Similar to p and p̄ in Fig. 3, the �(dv1/dy) between K+ and K� could also change sign as a function of centrality,
since transported u quarks increase the dv1/dy for only K+(us̄) but not K�(ūs), giving a positive contribution to
the kaon �(dv1/dy), while the electromagnetic field plays an opposite role that grows stronger in more peripheral
events. Both ⇡+(ud̄) and ⇡�(ūd) are a↵ected by transported quarks. Since the gold ion (19779 Au) is neutron(udd)
rich, there are more d quarks than u quarks transported in Au+Au collisions, and thus ⇡� is more influenced than
⇡+ [45], leading to a negative contribution to the �(dv1/dy) between ⇡+ and ⇡�. As a side note, the v2 di↵erence
between ⇡+ and ⇡� in the BES data has been quantitatively explained by the transported-quark e↵ect [46, 51]. Thus,
the transported-quark e↵ect and the Faraday induction + Coulomb e↵ect work in the same direction for the pion
�(dv1/dy), and cannot be distinguished. In this work, we report the dv1/dy measurements for ⇡±, K±, and p(p̄) in
Au+Au collisions at

p
sNN = 27 and 200 GeV, and in isobar (9644Ru+

96
44Ru and 96

40Zr+
96
40Zr) collisions at 200 GeV, with

the expectation that the large data sets may reveal a sign change in the proton and kaon �(dv1/dy) as a function of
centrality.
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(c) 27 GeV Au+Au
 0.2×    

FIG. 6: �(dv1/dy) between positively and negatively charged pions, kaons and protons as a function of centrality in
(a) Au+Au collisions at

p
sNN = 200 GeV, (b) isobar collisions at

p
sNN = 200 GeV and (c) Au+Au collisions atp

sNN = 27 GeV. The lavender band indicates UrQMD simulations of the proton �dv1/dy in Au+Au collisions at
200 GeV. In comparison, a solid curve is added correspondingly for the electromagnetic field calculation [26].

induction + Coulomb e↵ect.
The decreasing trend and the sign change of �(dv1/dy) have also been observed between K+ and K� (closed

triangles) in Fig. 6, especially at 27 GeV. Kaons behave in a similar manner as protons, as only K+(us̄) could be
a↵ected by transported u quarks. Quantitatively, we expect the �(dv1/dy) for kaons to have a smaller magnitude
than that for protons for several reasons. As shown in Fig. 4(b), kaons have lower mean momentum and hence lower
mean pT than protons, which can be translated into lower transported quark v1 as well as weaker electromagnetic field
e↵ects [26]. On average, kaons also have a later formation time than protons due to the lighter mass, which reduces the
influence of the electromagnetic field. A factor that may complicate the interpretation of the kaon data is the potential
asymmetry between s and s̄ quarks. For example, the associated strangeness production, pp ! p⇤(1115)K+ [64],
e↵ectively converts net protons (the excess of p over p̄) into ⇤(uds) and K+(us̄), and thus K+ receives additional
contributions relative to K�. Similar to the charm quarks, the s(s̄) quarks are heavier and produced earlier than the
u(ū) and d(d̄) quarks, and could be dominantly a↵ected by the Hall e↵ect, which reduces the splitting between K+

and K� in peripheral collisions.
The v1 splitting between ⇡+ and ⇡� (closed circles) is less obvious than kaons and protons, but the pion �(dv1/dy)

is statistically significant, �0.0028 ± 0.0002, in 50–80% Au+Au at 27 GeV. As mentioned before in the discussions
related to Fig. 3, when transported quarks have positive dv1/dy, they should give negative contributions to the pion
�(dv1/dy). However, since ⇡+ and ⇡� are both a↵ected by transported quarks, the net e↵ect is much smaller than
those for kaons and protons due to the cancellation. In a scenario where transported quarks have negative dv1/dy,
their contribution to the �(dv1/dy) between ⇡+ and ⇡� should be positive, and then the negative pion �(dv1/dy)
values at 27 GeV support the dominance of the Faraday induction + Coulomb e↵ect over the Hall e↵ect. Therefore,
the combined �(dv1/dy) measurements for protons and pions favor the Faraday + Coulomb e↵ect regardless of the
sign of transported-quark v1 in peripheral collisions. In principle, the electromagnetic e↵ect should give rise to a
negative �(dv1/dy) between ⇡+ and ⇡� [26, 65], but the aforementioned mechanisms, such as mean pT and the
formation time, are even more severe for pions than for kaons. The pions from neutral resonance decay may dilute
the electromagnetic field e↵ects, whereas the protons from �++ decay will enhance this e↵ect as �++ has two units
of electric charge [26]. Therefore, the small magnitudes of the pion �(dv1/dy) are understandable.

IV. CONCLUSION

The charge-dependent directed flow provides a probe to the transported quarks, as well as the Hall, Faraday,
and Coulomb e↵ects in heavy-ion collisions. We have presented the v1 measurements for ⇡±, K±, and p(p̄) in
Au+Au and isobar (Ru+Ru and Zr+Zr) collisions at

p
sNN = 200 GeV, and Au+Au collisions at

p
sNN = 27

GeV. The slope di↵erence, �(dv1/dy), between protons and anti-protons, as well as between K+ and K�, changes
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Dominant contribution

from baryon stopping 

to baryons


Will be very interesting 

to measure ;

EM driven  should 

give opposite sign


Interesting observation 

in mesons: EM field vs 

transport of Q, S


Λ − Λ̄
s − s̄



Extracting baryon diffusion coefficient: CB



Extracting baryon diffusion coefficient: CB



Summarising…
A phenomenologically successful model of initial baryon deposition proposed


Qualitative agreement across beam energies with data on yield, v1; Independent 

evolution of strangeness, electric charge important at  GeV


A first estimate of baryon diffusion coefficient; Implications to astrophysics 

and cosmology?


Measurement of even  is proposed to probe the rapidity even baryon deposition

- single vs double baryon junction stopping 

Helps in estimating background driven by baryon stopping across beam energies 

in signals of other physics like that of the EM field; Useful to provide baseline 

estimates of QCD critical point observables like higher moments of conserved 

charge fluctuations

sNN < 20

v1



Thank You


