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FIG. 6. (Color online) Slopes and intercepts of ⟨px⟩/⟨pT ⟩(η) and v1(η) as a function of centrality in Cu+Au and Au+Au
collisions at

√
s
NN

= 200 GeV. The solid line shows the center-of-mass rapidity in Cu+Au collisions calculated by Cu and Au
participants in a Glauber model. Open boxes represent systematic uncertainties.

with the solid line in Fig. 6(b), which was calculated by
a Monte-Carlo Glauber model based on the ratio of Au
and Cu participant nucleons:

yCM ≈
1

2
ln(NAu

part/N
Cu
part), (12)

where NAu(Cu)
part is the number of participants from Au

or Cu nuclei. The centrality dependence of v1 intercept
(more exactly, in this picture the difference in v1 and
⟨px⟩ intercepts) in Fig. 6(d) would be mostly determined
by the decorrelations between the dipole flow direction,
Ψ1,3, and the reaction (spectator) planes.

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩ in Fig. 5 agree
within 10% both in Au+Au and Cu+Au collisions. In
Pb+Pb collisions at the LHC energy the v1 slope is al-
most a factor of two larger in magnitude than that of
⟨pconvx ⟩/⟨pT ⟩. This clearly indicates that both mecha-
nisms, “tilted source” (for which one would expect the
slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50% larger than that

of vodd(conv)1 , see Appendix), and initial density asymme-
tries (for which ⟨pconvx ⟩ = 0), play a significant role in
the formation of the directed flow even in symmetric col-
lisions. The relative contribution of the “tilted source”
mechanism to the v1 slope, r, can be expressed as (see

Appendix):

r =

(

dv1
dη

)tilt

dv1
dη

≈
2

3

1

⟨pT ⟩
d⟨px⟩
dη

dv1
dη

, (13)

where ( )tilt denotes a contribution from the “tilted
source”. The relative contribution r is about 2/3 at the
top RHIC collision energies decreasing to about 1/3 at
LHC energies. From the centrality dependence of slopes
shown in Fig. 6 one can conclude that the relative con-
tribution of the “tilted source” mechanism is largest in
peripheral collisions (where the ⟨pconvx ⟩/⟨pT ⟩ slope is ap-

proximately 1.5 times larger than that of vodd(conv)1 ) and
smallest in central collisions. This dependence might be
due to the stronger decorrelation between spectator and
dipole flow planes in peripheral collisions. Figure 7
shows the even (fluctuation) components of v1 and ⟨px⟩
as a function of centrality. The veven1 for Au+Au has a
weak centrality dependence and is consistent with veven1
for Pb+Pb except in most peripheral collisions. Further-
more, pevenx in both Au+Au and Pb+Pb are consistent
with zero. This may indicate that the dipole-like fluc-
tuation in the initial state has little dependence on the
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FIG. 6. (Color online) Slopes and intercepts of ⟨px⟩/⟨pT ⟩(η) and v1(η) as a function of centrality in Cu+Au and Au+Au
collisions at

√
s
NN

= 200 GeV. The solid line shows the center-of-mass rapidity in Cu+Au collisions calculated by Cu and Au
participants in a Glauber model. Open boxes represent systematic uncertainties.
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a Monte-Carlo Glauber model based on the ratio of Au
and Cu participant nucleons:
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1

2
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part/N
Cu
part), (12)

where NAu(Cu)
part is the number of participants from Au

or Cu nuclei. The centrality dependence of v1 intercept
(more exactly, in this picture the difference in v1 and
⟨px⟩ intercepts) in Fig. 6(d) would be mostly determined
by the decorrelations between the dipole flow direction,
Ψ1,3, and the reaction (spectator) planes.

The slopes of vodd(conv)1 and ⟨pconvx ⟩/⟨pT ⟩ in Fig. 5 agree
within 10% both in Au+Au and Cu+Au collisions. In
Pb+Pb collisions at the LHC energy the v1 slope is al-
most a factor of two larger in magnitude than that of
⟨pconvx ⟩/⟨pT ⟩. This clearly indicates that both mecha-
nisms, “tilted source” (for which one would expect the
slope of ⟨pconvx ⟩/⟨pT ⟩ to be about 50% larger than that

of vodd(conv)1 , see Appendix), and initial density asymme-
tries (for which ⟨pconvx ⟩ = 0), play a significant role in
the formation of the directed flow even in symmetric col-
lisions. The relative contribution of the “tilted source”
mechanism to the v1 slope, r, can be expressed as (see
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where ( )tilt denotes a contribution from the “tilted
source”. The relative contribution r is about 2/3 at the
top RHIC collision energies decreasing to about 1/3 at
LHC energies. From the centrality dependence of slopes
shown in Fig. 6 one can conclude that the relative con-
tribution of the “tilted source” mechanism is largest in
peripheral collisions (where the ⟨pconvx ⟩/⟨pT ⟩ slope is ap-

proximately 1.5 times larger than that of vodd(conv)1 ) and
smallest in central collisions. This dependence might be
due to the stronger decorrelation between spectator and
dipole flow planes in peripheral collisions. Figure 7
shows the even (fluctuation) components of v1 and ⟨px⟩
as a function of centrality. The veven1 for Au+Au has a
weak centrality dependence and is consistent with veven1
for Pb+Pb except in most peripheral collisions. Further-
more, pevenx in both Au+Au and Pb+Pb are consistent
with zero. This may indicate that the dipole-like fluc-
tuation in the initial state has little dependence on the

9

1− 0.5− 0 0.5 1

 1v

0.002−

0

0.002

0.004  = 200 GeVNNsSTAR Cu+Au 
10%-40%

 (ZDCE)}t
SPΨ{1-v

 (ZDCW)}p
SPΨ{1v (a)

 η1− 0.5− 0 0.5 1

 [G
eV

/c
] 

〉 xp〈

0.002−

0.001−

0

0.001

0.002

(b)
 (ZDCE)}t

SP
Ψ{〉

x
p〈-

 (ZDCW)}p
SP

Ψ{〉
x

p〈

1− 0.5− 0 0.5 1

 1v

0.002−

0

0.002

0.004  = 200 GeVNNsSTAR Au+Au 
10%-40%

(c)

 η1− 0.5− 0 0.5 1

 [G
eV

/c
] 

〉 xp〈

0.002−

0.001−

0

0.001

0.002

(d)

FIG. 4. (Color online) Directed flow of charged particles measured with respect to the target (ZDCE) and projectile (ZDCW)
spectator planes and the mean transverse momentum projected onto the spectator planes, as a function of η in 10%-40%
centrality for Cu+Au (a,b) and Au+Au (c,d) collisions at

√
s
NN

= 200 GeV. Open boxes show the systematic uncertainties.
Note that the directed flow obtained with the target spectator plane (v1{Ψt

SP}) is shown with opposite sign.
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FIG. 5. (Color online) Charged particle “conventional” (left) and “fluctuation” (right) components of directed flow v1 and
momentum shift ⟨px⟩/⟨pT ⟩ as a function of η in 10%-40% centrality for Cu+Au and Au+Au collisions at

√
s
NN

= 200 GeV,
and Pb+Pb collisions at

√
s
NN

= 2.76 TeV [20]. Thick solid and dashed lines show the hydrodynamic model calculations with
η/s=0.08 and 0.16, respectively, for Cu+Au collisions [36]. Thin lines in the left panel show a linear fit to the data. Open
boxes represent systematic uncertainties.

“tilted source”. The intercepts of ⟨px⟩ follow very closely the shift in rapidity center-of-mass of the system shown
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No models can reproduce directed flow, v1, dependence on (pseudo)rapidity, pT, √sNN, 
and particle species, simultaneously.  
Still missing an important piece in the picture of  
heavy-ion collisions,  
e.g. vorticity and/or 3D initial condition.

Contributions to v1:
(1)  Initial source tilt [1,2]
(2)  Initial density asymmetry at non-zero rapidity [3]
(3)  Initial density asymmetry due to fluctuations [4]
In addition, for asymmetric Cu+Au collisions:
(4) Intrinsic density asymmetry due to the geometry (Npart

Au>Npart
Cu) 

(5) Npart
Au>Npart

Cu leads to a rapidity shift of v1 

In Fig. 2, pion and proton v1ðyÞ are plotted together with
five model calculations, namely, RQMD [12], UrQMD
[28], AMPT [29], QGSM with parton recombination
[30], and slopes from an ideal hydrodynamic calculation
with a tilted source [11]. The model calculations are per-
formed in the same pT acceptance and centrality as the
data. The RQMD and AMPT model calculations predict
the wrong sign and wrong magnitude of pion v1ðyÞ, re-
spectively, while the RQMD and the UrQMD model cal-
culations predict the wrong magnitude of proton v1ðyÞ. For
models other than QGSM, which has the calculation only
for pions, none of them can describe v1ðyÞ for pions and
protons simultaneously.

In Fig. 3, the slope ofv1ðyÞ atmidrapidity is presented as a
function of centrality for protons, antiprotons, and charged
pions. In general, themagnitude of thev1ðyÞ slope converges
to zero as expected for most central collisions. Proton and
antiproton v1ðyÞ slopes are more or less consistent in
30%–80%centrality rangebut diverge in5%–30%centrality.
In addition, two observations are noteworthy: (i) the hydro-
dynamic model with tilted source (which is a characteristic
of antiflow) as currently implemented does not predict the

difference in v1ðyÞ between particle species [31]; (ii) if the
difference between v1 of protons and antiprotons is caused
by antiflow alone, then such difference is expected to be
accompanied by strongly negative v1 slopes. In data, the
large difference between proton and antiproton v1 slopes is
seen in the 5%–30%centrality range,while strongly negative
v1 slopes are found for protons, antiprotons, and charged
pions in a different centrality range (30%–80%). Both ob-
servations suggest that additional mechanisms than that
assumed in [11,31] are needed to explain the centrality
dependence of the difference between the v1ðyÞ slopes of
protons and antiprotons.
The excitation function of proton v1ðy0Þ slope

F (¼ dv1=dy
0 at midrapidity) is presented in Fig. 4. Values

for F are extracted via a polynomial fit of the form Fy0 þ
Cy03, where y0 ¼ y=ybeam for which spectators are normal-
ized at %1. The proton v1ðy0Þ slope decreases rapidly with
increasing energy, reaching zero around

ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV. Its
sign changes to negative as shown by the data point atffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV, measured by the NA49 experiment [15].
A similar trend has been observed at low energies with a
slightly different quantity dhpxi=dy0 [32,33]. The energy
dependence of the v1ðy0Þ slope for protons is driven by two
factors: (i) the increase in the number of produced protons
over transported protons with increasing energy, and (ii) the
v1 of both produced and transported protons at different
energies. The negative v1ðy0Þ slope for protons around
midrapidity at SPS energies cannot be explained by transport
model calculations like UrQMD [34] and AMPT [29], but
is predicted by hydrodynamics calculations [8,9]. The
present data indicate that the proton v1 slope remains close
to zero at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV as observed at
ffiffiffiffiffiffiffiffi
sNN

p ¼ 9 GeV
and

ffiffiffiffiffiffiffiffi
sNN

p ¼ 17 GeV heavy ion collisions. Our measure-
ment offers a unique check of the validity of a tilted expan-
sion at RHIC top energy.
In summary, STAR’s measurements of directed flow of

pions, kaons, protons, and antiprotons for Auþ Au colli-
sions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 200 GeV are presented. In the range of
10%–70% central collisions, v1ðyÞ slopes of pions, kaons
(K0

S), and antiprotons are found to be mostly negative at
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Cu+Au provides a unique opportunity to study the role of the different mechanisms in v1.

  RReessuullttss  aanndd  DDiissccuussssiioonn    

v1 was measured relative to two spectator planes ΨSP as done in ALICE [5] and  
was decomposed into “conventional” (1)+(2) and “fluctuation” (3) components.

v
1

= hcos(�� 
SP

)

hp
x

i = hp
T

cos(�� 
SP

)i

q  Intercept of Cu+Au <px>conv agrees well with the center-of-mass  
rapidity in Cu+Au by Glauber simulation 

q  Centrality dependence of the intercept of Cu+Au v1
conv

§  Decorrelation between ΨSP and participant plane that points  
out the direction of the density asymmetry

q  Relative contribution from the source tilt to v1 slope, rtilt

§  at RHIC ~2/3
§  at LHC ~1/3 [5] 

  
(smaller source tilt due to baryon transparency)
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rtilt =
(dv1/d⌘)

tilt

dv1/d⌘
⇡ 2

3

(dhp
x

i/d⌘)/hp
T

i
dv1/d⌘

* Contributions from (2) and (3) are called “dipole flow”; named after “dipole-like” density asymmetry.

q The results are consistent with a picture of the directed flow  
originating from the initial source tilt and the initial density asymmetry.

q Relative contribution to v1
odd slope from the initial source tilt is ~2/3  

in mid-central collisions at RHIC and the rest comes from the rapidity-
dependent density asymmetry
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FIG. 7. (Color online) Centrality dependence of the even
(fluctuation) components of v1 and ⟨px⟩/⟨pT ⟩ in Cu+Au and
Au+Au collisions at

√
s
NN

= 200 GeV and Pb+Pb collisions
at

√
s
NN

= 2.76 TeV [20]. Open boxes represent systematic
uncertainties.

system size and collision energy. vfluc1 and ⟨px⟩fluc for
Cu+Au has a larger magnitude than in symmetric colli-
sions over the entire centrality range; it is smallest in the
30%-40% centrality bin.

The reference angle of dipole flow can be represented
by Ψ1,3, but veven1 (vfluc1 ) are the projections of dipole flow
onto the spectator planes. Therefore, the measured even
(or fluctuation) components of v1 should be decreased by
a factor ⟨cos(Ψ1,3−ΨSP)⟩. Such a “resolution” effect may
also lead to larger veven1 and non-zero ⟨pevenx ⟩ in Cu+Au
collisions due to the difference in correlation of the Cu
and Au spectator planes to Ψ1,3.

The pT dependence of vconv1 and vfluc1 in Cu+Au col-
lisions was studied for different collision centralities, as
shown in Fig. 8. The vconv1 exhibits a sign change around
pT = 1 GeV/c and its magnitude at both low and high pT
becomes smaller for peripheral collisions. Such central-
ity dependence in Cu+Au vconv1 can be due to a change
in the correlation between the angle of the initial den-
sity asymmetry and the direction of spectator deflection.
The correlation becomes largest at an impact parameter
of 5 fm (which corresponds approximately to 10%-20%
centrality) and decreases in more peripheral collisions as
discussed in Ref. [10]. Similar pT and centrality depen-
dencies were observed in vfluc1 although there is a differ-
ence in sign between vconv1 and vfluc1 . An event-by-event
viscous hydrodynamic model calculation is also compared
to the vconv1 for the 20%-30% centrality bin in Cu+Au col-

lisions. As seen in Fig. 8, the model qualitatively follows
the shape of the measurement but overpredicts the data
in its magnitude for the entire pT region.
The odd and even components of directed flow, vodd1

and veven1 , in Au+Au collisions are also compared in the
same centrality windows, where vodd1 was measured by
flipping the sign for particles with the negative rapid-
ity. The signals of both vodd1 and veven1 in Au+Au are
smaller than directed flow in Cu+Au but, at least in
central collisions, they still show the sign change in the
pT dependence.
The v1 with the three-point correlator, v1{3}, was mea-

sured in Cu+Au collisions for the 10%-40% centrality
bin as shown in Fig. 9, where it is compared to vconv1
and vfluc1 from the event plane method using spectator
planes. Note that v1{3} does not use spectator infor-
mation. The v1{3} is consistent with vconv1 for pT < 1
GeV/c within the systematic uncertainties but becomes
greater than vconv1 for 1 < pT < 4 GeV/c. The v1{3}
includes both conventional and fluctuation components
of v1. The conventional component in v1{3} should be
the same as measured by the event plane method but the
fluctuation component might be different due to different
correlations of the spectator planes and participant plane
(from the BBC subevent) with Ψ1,3.

B. Directed flow of identified hadrons

Anisotropic flow of charged pions, kaons, and
(anti)protons was measured based on the particle identifi-
cation with the TPC and TOF, as explained in Sec. III A.
Figure 10 presents directed flow of π+ + π−, K+ +K−,
and p + p̄ measured with respect to the target specta-
tor plane (v1 = −v1{Ψt

SP}) in the 10%-40% centrality
bin. For pT < 2 GeV/c, there is a clear particle type
dependence, likely reflecting the effect of particle mass
in interplay of the radial and directed flow [38, 39]. For
pT > 2 GeV/c, there is no clear particle dependence due
to large uncertainties.

C. Charge dependence of directed flow

In our previous study [11], a finite difference in di-
rected flow between positively and negatively charged
particles was observed in asymmetric Cu+Au collisions.
These results can be understood as an effect of the elec-
tric field due to the asymmetry in the electric charge of
the Au and Cu nuclei. Similarly, one would expect a dif-
ference in ⟨px⟩ between positive and negative particles.
Figure 11 shows the centrality dependence of charge-
dependent ⟨px⟩ and the difference ∆⟨px⟩ between positive
and negative particles in Au+Au and Cu+Au collisions.
The difference is consistent with zero for Au+Au colli-
sions, but a finite difference is observed in Cu+Au colli-
sions (∆⟨px⟩ ∼0.3 MeV/c). The direction of the electric
field is expected to be strongly correlated to the direction

q  Very weak centrality dependence of v1
fluc(even)

§  Similar dipole-like density fluctuations  
for all centralities

q  <px>even ~ 0 in symmetric systems
§  Feature of the dipole flow due to  

the momentum conservation

  CCoonncclluussiioonnss    

STAR, PRL108, 202301 (2012)
projectile

target

←
Au-going

→
Cu-going

In Cu+Au, 
Cu is chosen 
as projectile  
(+z direction)

  OOrriiggiinn  ooff  ddiirreecctteedd  ffllooww    

STAR, arXiv:1712.01332 

“conventional” (odd) “fluctuation” (even)

q  Similar v1
conv(odd) slopes in Au+Au and Cu+Au but larger than at the LHC

§  The source tilt likely depends on the collision energy but not on the system size
q  Cu+Au v1

conv is shifted upward relative to Au+Au 
§  as expected from the intrinsic density asymmetry

q  Cu+Au <px>conv is shifted toward Au-going direction relative to Au+Au 
§  as expected from asymmetric participants

q  v1
fluc(even) nearly rapidity-independent  

and <px>fluc(even) close to zero

* ΨSP resolution was estimated by 3-subevent method with ZDCSMD (|η|>6.3) and BBC (3.3<|η|<5)
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