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Initial Collision Geometry

4AIM: ALICE Physics Week 2022 | Neelkamal Mallick

• Initial state has spatial anisotropy in the transverse ( ) plane


• Spatial anisotropy creates anisotropic pressure gradients 

• Final state characterised by momentum anisotropy ( … etc.)
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Initial Collision Geometry - elliptic flow

4AIM: ALICE Physics Week 2022 | Neelkamal Mallick
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Initial Collision Geometry - directed flow



Initial Collision Geometry - directed flowentropy deposition in non-central collision
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Initial Collision Geometry - directed flowentropy deposition in non-central collision

-4 -2 0 2 4

-6

-4

-2

0

2

4

6

h

x

, 8/29

 d+Au at  GeV (PHOBOS 2011)sNN = 200

+ =

FB asymmetric deposition by 

a participant source



Initial Collision Geometry - directed flowentropy deposition in non-central collision
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Directed flow:
Electromagnetic origin

Directed flow:
Geometric origin

Directed flow:
electromagnetic +
geometric

Summary

Backup

Tilted bulk ! directed fluid velocity

Tilted bulk: Brodsky et. al. 1977; Adil, Gyulassy 2005; Bialas,
Czyz 2005
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Initial Collision Geometry - directed flow
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Tilted fireball !!

3

in different collision systems, and investigate possible explanations for the observed sign change in
v1(pt).

PACS numbers: 25.75.Ld

The heavy ion program at the Relativistic Heavy Ion
Collider (RHIC) seeks to understand the nature and dy-
namics of strongly-interacting matter under extreme con-
ditions. It is widely expected that in collisions at RHIC, a
new partonic phase of matter is created, sQGP, strongly
interacting Quark Gluon Plasma [1]. In particular, its
bulk nature is revealed in strong elliptic flow, which in
central collisions approaches the predictions of ideal hy-
drodynamics, assuming system thermalization on an ex-
tremely short timescale (∼ 0.5 fm/c) [2]. However, the
mechanism behind such rapid thermalization remains far
from clear and is under active theoretical study [3, 4, 5].
This may be related to another novel phenomenon that
could be relevant at RHIC — saturation of the gluon
distribution — which characterizes the nuclear parton
distribution prior to collision [6]. Various theoretical ap-
proaches to connect collision geometry, saturated gluon
distributions, and the onset of bulk collective behavior
are being explored [2]; more experimental input would
guide these efforts.
Directed flow refers to collective sidewards deflection

of particles and is characterized by a first-order har-
monic (v1) of the Fourier expansion of particle’s az-
imuthal distribution w.r.t. the reaction plane [7]. At
large η (in the fragmentation region) the directed flow is
believed to be generated during the nuclear passage time
(2R/γ ∼ 0.1 fm/c) [8, 9]. It therefore probes the onset of
bulk collective dynamics during thermalization, provid-
ing valuable experimental guidance to models of the pre-
equilibrium stage. In this Letter, we present multiple-
differential measurements of v1 for Au+Au and Cu+Cu
collisions at

√
sNN =200 and 62.4 GeV as a function of

η, pt, and collision centrality. Here, we report an in-
triguing new universal scaling of the phenomenon with
collision centrality. Existing implementations of Boltz-
mann/cascade and hydrodynamic models are unable to
explain the measured trends.
At RHIC energies, it is a challenge to measure v1 accu-

rately due to the relatively small signal and a potentially
large systematic error arising from non-flow (azimuthal
correlations not related to the reaction plane orienta-
tion). In this work, the reaction plane was determined
from the sideward deflection of spectator neutrons [9, 10]
measured in the Shower Maximum Detectors (SMD)
of the Zero Degree Calorimeters (ZDC) [11, 12]. The
v1 based on this quantity, denoted v1{ZDC-SMD} [11],
should have minimal contribution from non-flow effects
due to the large η gap between the spectator neutrons
used to establish the reaction plane and the η region
where the measurements were performed.
Charged particle tracks were reconstructed in STAR’s
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FIG. 1: (color online) Charged particle v1(η) for three central-
ities in Au+Au collisions at 200 GeV. The arrows indicate the
algebraic sign of v1 for spectator neutrons, and their positions
on the η axis correspond to beam rapidity. The inset shows
the mid-η region in more detail. The error bars are statisti-
cal, and the shaded bands show systematic errors. PHOBOS
results [18] are also shown for mid-central collisions.

main TPC [13] and forward TPCs [14], with pseudora-
pidity coverage |η| < 1.3 and 2.5 < |η| < 4.0, respec-
tively. The centrality definition (in which zero repre-
sents the most central collisions) and track quality cuts
are the same as in Ref. [15]. This study is based on
Au+Au samples of eight million events at 200 GeV, five
million at 62.4 GeV, and Cu+Cu samples of twelve mil-
lion events at 200 GeV, and eight million at 62.4 GeV.
All were obtained with a minimum-bias trigger. System-
atic uncertainties on v1 measurements are estimated to
be within 10% for the η range studied. This limit is based
on comparisons of v1{ZDC-SMD} and independent anal-
ysis methods [11, 15], and we also make use of forward-
backward symmetry to constrain estimates of systematic
errors. Non-flow is not the dominant source of system-
atic uncertainty. More details about these errors can be
found in Refs. [11, 15],

The resolution [7] of the first-order event plane recon-
structed using the ZDC-SMDs is a crucial quantity for
this analysis. The magnitude of the event plane resolu-
tion, defined as 〈cos(ΨEP − ΨRP )〉 [7], increases with the
spectator v1 and the number of neutrons per event de-
tected by the ZDC-SMDs. The ZDC size is optimized for
200 GeV, and its acceptance for spectator neutrons de-
creases at lower energies due to spectator neutrons being
emitted within a cone whose apex angle increases with
the inverse of the beam momentum. For the 30 − 60%
most central collisions, resolutions for 200 GeV Au+Au

 Au+Au at  GeV (STAR 2009)sNN = 200

->



Initial Collision Geometry - directed flow
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Tilted fireball !!

->

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



Heavy probe of Initial TiltDirected flow:
Electromagnetic origin

Directed flow:
Geometric origin

Directed flow:
electromagnetic +
geometric

Summary

Backup

entropy depositing sources: participant vs binary

collision sources

HQ from hard processes ! FB-symmetric
Rapidity-even HQ dragged by Rapidity-odd bulk
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Directed flow:
Electromagnetic origin

Directed flow:
Geometric origin

Directed flow:
electromagnetic +
geometric

Summary

Backup

Heavy Quark Tomography

charm, anti-charm stronger probes of the tilt than the light flavor
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Heavy probe of Initial Tilt Directed flow:
Electromagnetic origin

Directed flow:
Geometric origin

Directed flow:
electromagnetic +
geometric

Summary

Backup

to quantify the heavy flavor v1

need to calibrate

• the tilt of the bulk: constrained by charged particle v1, Bożek,
Wyskiel 2010

• drag between the bulk and heavy flavor: constrained by heavy
flavor RAA and v2 at mid-rapidity, we use an ansatz
� = �0T

�
T
m

�x

, 16/30



Heavy probe of Initial Tilt - Calibrating the drag
Directed flow:
Electromagnetic origin

Directed flow:
Geometric origin

Directed flow:
electromagnetic +
geometric

Summary

Backup

Calibrating the drag on HQs
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Heavy probe of initial tilt:  
10 times larger  than light flavor!! v1

SC, Bozek 2018

emission model and resonance decays at the freeze-out
temperature 150 MeV [30]. The agreement of the directed
flow coe�cient v1 for charged particles with experiment
[4] is reproduced in our calculation.

In Fig. 3 (a), we show the results for the pT integrated
v1 in di↵erent ⌘ bins. The most notable observation is
that for central rapidities the predicted directed flow co-
e�cient for heavy flavors is several times larger than the
v1 of charged particles measured by STAR. It is a very
strong, distinctive signal of symmetry breaking in the ini-
tial conditions. Hydrodynamic expansion of the tilted
source results in a moderate value of the odd-component
of the directed flow for charged particles stemming from
the thermalized fireball. The heavy quark production
points are shifted in the transverse plane with respect to
the bulk of the matter. The interaction of the medium
in the fireball on heavy quarks is biased resulting in a
larger directed flow of heavy flavor mesons. We note that
our prediction for heavy flavor v1 at central rapidities is
approximately three times larger than in the results of
earlier calculations using a transport model [31].

Initially, the bulk of matter is tilted which translates
into a tilted temperature profile. This sets o↵ the hy-
drodynamic response and the directed flow of the fluid is
built after some time [4]. Thus, there could be two fac-
tors that drive the large v1 of heavy flavors, preferential
scattering of the heavy quarks by the tilted source and
secondly, the drag by the directed flow of the bulk mat-
ter. We have explicitly investigated this by using boost
invariant T or uµ and found that the large heavy flavor
v1 is mostly due to the drag of the fluid.

In Fig. 3 (b), we show the pT di↵erential sgn(⌘) v1 in
the |⌘|  1.3 range. The pT dependence of v1 is similar
to that of v2 from Fig. 2 (b): it rises with pT for pT < 1
GeV and then stays constant up to pT ⇠ 2 GeV before
slowly falling o↵. The pT range where the directed flow
magnitude is large is also the pT range where RAA > 1
as seen in Fig. 2 (a). The relative modification of the pT
for heavy quarks in this momentum range due to a drag
from the collective motion of matter is the largest, and it
is at the origin of both the increase of RAA and a large
v1. At higher pT , jet quenching by the tilted fireball [10]
could be a source of additional v1 besides the drag by the
tilted bulk matter that we discuss. The spectra of heavy
flavor mesons are shifted towards negative px. The bias
from the o↵-center position of the fireball (Fig. 1) leads
to a net transfer of px to heavy quarks.

The observation of enhanced forward-backward dipole
asymmetry in the flow of heavy quarks is best depicted
by the v1 slope at mid-rapidity. This is shown in Fig. 4.
The slope has been extracted by fitting to the v1 in the
|⌘| < 1 range. Depending on the choice of the parameters
the slope for the D mesons is 5�20 times larger than that
of the charged particles. A notable feature of the directed
flow of heavy flavors is its sensitivity to the magnitude of
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1.5 T∝γ 
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FIG. 4. Slope of the directed flow at mid-rapidity for D and
D̄ mesons compared to that of the STAR measurement of
mid-rapidity slope for charged particles [11].

the initial tilt of the fireball. By varying ⌘T governing
the asymmetry of the initial entropy deposition of the
left and right going sources (Eq. 3) the initial tilt can
be varied. When changing ⌘T from ybeam (small tilt) to
0.4ybeam (large tilt), the change in charged particle v1 is
moderate, ⇠ 0.5% at ⌘ = 0.75. On the other hand, the
heavy flavor v1 at the same ⌘ bin changes by 2�3% while
the v1 slope increases by a factor 3. Thus, a measurement
of the v1 slope for heavy flavors would present a sensitive
probe of the initial matter distribution in the transverse
and longitudinal directions.

Several comments are in order. The dependence of � on
the medium properties like T and heavy quark properties
like m and p is far from settled [18, 23, 27–29]. The value
of the drag coe�cient influences the final v1 significantly
and hence ignorance of � can introduce considerable un-
certainty in the extraction of ⌘T . Thus, proper calibra-
tion of the medium interaction with the heavy quark and
its demonstration by good simultaneous description of pT
dependence of RAA and v2 at mid-rapidity is essential.
The directed flow of heavy flavors should be included in
the set of observables used to constrain the drag coe�-
cient, besides RAA and v2.

We have checked that the heavy quark v1 is robust to
variations of other parameters like the initial time to start
hydrodynamics ⌧0, the value of shear and bulk viscosity
⌘/s and ⇣/s. It has been suggested that hard processes
in a kT factorized saturation framework follow a profile
that is also tilted with respect to the beam axis [32]. This
would reduce the heavy quark v1 or could even reverse its
sign. Thus, the relative magnitude (and sign) of heavy
flavor and charged particle v1 can distinguish between
di↵erent saturation mechanism for hard processes. This
emphasizes the significance of the measurement of heavy
quark v1 at di↵erent collision energies.

The strong electromagnetic fields in the initial state
could contribute to heavy flavor v1 as well [33]. However,
the e↵ect of the electromagnetic fields is of opposite sign

4
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Tilt ~ Angular Momentum -> Heavy probe of the Initial Angular momentum:  
Refer to Amaresh’s Talk



Initial Electromagnetic field
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EM field in the initial state
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fig. from 1306.4145

• B = �B ŷ , B decreases as the spectators recede. For
non-zero conductivity � of the medium, this gives rise to a
clock-wise E in the above reaction plane

• A positive charge at ⌘ > 0 experiences B force along x̂ while
E force along �x̂ , the net force resulting in a directed flow v1
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Light probe of Initial Electromagnetic field

 split between positive and 
negative charged particles due 
to EM field
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v1 split between positive and negative charged

particles due to EM field
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Heavy probe of Initial Electromagnetic field

1000 times stronger effect on 
heavy flavor !!
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1000 times stronger e↵ect on HQ
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Heavy probe of initial Electromagnetic field
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FIG. 2: Filled circles and star symbols present v1 as a function
of rapidity for D0 and D0 mesons at pT >1.5 GeV/c for 10–
80% centrality Au+Au collisions at

√
sNN = 200 GeV. The

D0 and D0 data points are displaced along the x-axis by ∓
0.019 respectively for clear visibility. The error bars and caps
denote statistical and systematic uncertainties, respectively.
The solid and dot-dashed lines present a linear fit to the data
points for D0 and D0, respectively.

In Fig. 2, the filled circle and star markers present the
rapidity dependence of v1 for the D0 and D0 mesons
with pT > 1.5 GeV/c in 10–80% Au+Au collisions at√
sNN = 200GeV. It is a common practice to present

the strength of v1 via its slope at midrapidity. The D0

(D0) v1-slope (dv1/dy) is calculated by fitting v1(y) with
a linear function constrained to pass through the origin,
as shown by the solid (dot-dashed) line in Fig. 2. The
dv1/dy for D0 and D0 is −0.086± 0.025 (stat.) ± 0.018
(syst.) and −0.075 ± 0.024 (stat.) ± 0.020 (syst.), re-
spectively. Figure 3(a) presents v1(y) averaged over D0

and D0 (denoted 〈v1〉) for pT > 1.5 GeV/c. The dv1/dy
for the averaged D0 mesons using a linear fit is −0.080 ±
0.017 (stat.) ± 0.016 (syst.). The p-value and χ2/NDF
for the linear fit passing through the origin are 0.41 and
2.9/3 respectively. To perform a statistical significance
test for a null hypothesis for the v1 of the averaged D0

and D0, we calculate the χ2 of the measured 〈v1〉 val-
ues set to a constant at zero. The resulting χ2/NDF
and p-value are 14.9/4 and 0.005 respectively, indicating
that the data prefer a linear fit with a non-zero slope.
The D0 v1(y) results are compared to charged kaons,
shown by open square markers in Fig. 3(a). The kaon
v1(y) is measured for pT > 0.2 GeV/c. Note that the
〈pT〉 for kaons is 0.63 ± 0.04 GeV/c while that for D0

mesons is 2.24 ± 0.02 GeV/c in our measured pT accep-
tance for 10–80% Au+Au collisions at

√
sNN = 200GeV.

The dv1/dy of charged kaons, fit using a similar linear
function, is −0.0030 ± 0.0001 (stat.) ± 0.0002 (syst.).
The inset in Fig. 3(a) presents the ratio of the v1 of the

D0 and charged kaons. The absolute value of the D0-
mesons dv1/dy is observed to be about 25 times larger
than that of the kaons with a 3.4σ significance. Moreover,
among the measurements by the STAR collaboration of
v1(y) for eleven particle species in Au+Au collisions at
200 GeV [45], the nominal value of the D0 dv1/dy is the
largest.
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FIG. 3: Panel (a): Solid circles present directed flow
(〈v1(y)〉) for the combined samples of D0 and D0 at pT >
1.5 GeV/c in 10–80% central Au+Au collisions at

√
sNN =

200GeV. Open squares present v1(y) for charged kaons with
pT >0.2 GeV/c. The inset shows the ratio of v1 between the
D0 and charged kaons. The solid and dashed lines show hy-
drodynamic model calculation with an initial electromagnetic
field [32, 35] and AMPT model [47] calculations, respectively.
Panel (b): The solid square markers present the difference in
v1(y) (∆v1) between D0 and D0 for pT >1.5 GeV/c in 10–
80% Au+Au collisions at

√
sNN = 200 GeV. Open triangles

represent ∆v1 between K− and K+. The dotted and solid
lines present a ∆v1 prediction for D0 and D0, reported in
Refs. [33] and [32, 35], respectively. The error bars and caps
denote statistical and systematic uncertainties, respectively.

In hydrodynamic models, the “antiflow” nature of
rapidity-odd directed flow is reproduced by an initial
tilted source [12], where the tilt parameter is obtained
from a fit to v1(y) for charged hadrons. A recent model
calculation [32], where Langevin dynamics for heavy
quarks are combined with a hydrodynamic medium and
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(a)

(b)

Fig. 5 (Color online) Directed flow average 〈v1〉 (a) and difference
∆v1 (b) of heavy and light mesons as a function of rapidity for 10–
80% Au+Au collisions at

√
sNN = 200 GeV measured by the STAR

Collaboration [65] in comparison to the theoretical calculations. Filled
red symbols represent the experimental data for D0 and D0 mesons in
the transverse momentum range pT > 1.5 GeV; the measurements
for the v1 of K+ and K− integrated for pT > 0.2 GeV are labelled
by empty markers [32]. The inset shows the ratio between the v1 of
neutral D mesons and that of charged kaons. The error bars and caps
represent, respectively, statistical and systematic uncertainties. In panel
(a) the solid red line correspond to hydrodynamic simulations with
the inclusion of the electromagnetic fields (“Hydro+EM”) from Refs.
[23,35] and the dashed brown line is the results of transport calculations
with the AMPT model [36]. In panel (b) the dotted blue line denotes the
prediction reported in Ref. [22] with a Langevin approach coupled to the
electromagnetic fields (“EM”) and the solid red line is the calculation
within the “Hydro+EM” framework [23,35]. The figure is taken from
Ref. [65]

In Fig. 5b the experimental data for the directed flow
splitting of neutral D mesons ∆vD1 = v1(D0) − v1(D0)

measured by the STAR Collaboration [65] is shown with
red squares together with the theoretical predictions from
Ref. [22] labelled by the dotted blue line (“EM”) and from
Ref. [23] represented by the solid red line (“Hydro+EM”).
The authors of Ref. [22], by solving the Langevin equation
in an expanding QGP background described with a relativis-
tic Boltzmann approach, have predicted that the v1 split-
ting of D0 and D0 mesons is orders of magnitude larger
than that of light hadron species, since the heavy c and c
quarks are produced in hard scatterings and hence feel the
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Fig. 6 (Color online) Pseudorapidity dependence of the directed flow
and its splitting measured by ALICE Collaboration [33] for Pb+Pb
collisions at

√
sNN = 5.02 TeV. Left panels: (a) v1 of positively (red

circles) and negatively (blue diamonds) charged hadrons and (c) its
difference ∆v1(h) = v1(h+) − v1(h−) (violet squares) in the 5–40%
centrality class integrated for transverse momenta pT > 0.2 GeV. Right
panels: (b) v1 of D0 (green circles) and D

0
(orange diamonds) mesons

and (d) its difference ∆v1(D) = v1(D0) − v1(D
0
) (brown squares)

for 10–40% central collisions and 3 < pT < 6 GeV. The results for
charged hadrons are multiplied by 1000

high early EMF. A similar result has been obtained within
the Langevin+hydrodynamics approach of Ref. [35] with the
inclusion of the EMF [23]. The linear fit of the ∆v1 slope
(constrained to intersect the origin) provided by STAR is
given by

d∆vD1 /dy = −0.011 ± 0.034 (stat.)± 0.020 (syst.);

within the present uncertainties the data are consistent also
with a zero slope.

The theoretical results of the ∆v1 of D mesons are depen-
dent on the assumed electric conductivity of the bulk medium
which affect the time evolution of the EMF, as discussed in
Sect. 2, and on the description of the dynamics of charm
and anticharm quarks in the QGP. Both models predicted a
nonzero slope [22,23] which is in the right ballpark consid-
ering the current experimental errors.

The ALICE measurements of the directed flow v1 of
charged hadrons and heavy mesons as a function of pseu-
dorapidity η in Pb+Pb collisions at

√
sNN = 5.02 TeV [33]

are shown in Fig. 6.
In panel (a) red circles and blue diamonds represent,

respectively, the directed flow of positively and negatively
charged hadrons integrated for transverse momenta pT >

0.2 GeV in 5–40% central collisions. As for collisions at
RHIC energy, charged hadrons show the “antiflow” nature of
the directed flow at midrapidity with similar magnitude for
collisions at

√
sNN = 2.76 TeV and

√
sNN = 5.02 TeV. The

123

Alice measurements hints at disagreement 



Heavy probes of initial geometry, EM fields  
&  

novel observables

With Kaiser Shafi, Tribhuban Parida, in preparation



Motivation Directed flow:
Electromagnetic origin

Directed flow:
Geometric origin

Directed flow:
electromagnetic +
geometric

Summary

Backup

to quantify the heavy flavor v1

need to calibrate

• the tilt of the bulk: constrained by charged particle v1, Bożek,
Wyskiel 2010

• drag between the bulk and heavy flavor: constrained by heavy
flavor RAA and v2 at mid-rapidity, we use an ansatz
� = �0T

�
T
m

�x

, 16/30

Recall this previous slide: T dep. of  is not well understoodγ

x is not well constrained



Phase space of hadrons in the final state

- In the lab frame:                           (px, py, pz)


- For most observables, 

region of interest:                             mid-rapidity, i.e. pz ~ 0 

(transverse spectra, 

elliptic flow)


-  Resulting 2-D phase space:       (px, py) -> (pT, )


thus, we talk of ‘pT’ dependence and ‘azimuthal dependence’

ϕ



Azimuthal dependence

Periodicity in  provides a natural basis 

(Fourier expansion):


N( ) = N0 + v1cos( ) + …. with vn << 1;

 

ϕ

ϕ ϕ



pT dependence

 


- pT dependence by eye comparison! 

    Are we missing important physics here? 

Motivates us to revisit the pT dependence 



2-D mode decomposition: Fourier-Bessel Basis

pT basis functions

Bessel functions: eigenfunctions 

of Laplacian on disc -> provides 

a natural basis for the pT  depen-

dence

Fourier-Bessel decomposition� A Novel Methodology to Study Heavy-Ion Collisions ��

This Fourier-Bessel expansion is based on the orthogonality of Bessel functions of the
first kind, ��, which play a key role in the decomposition of the fluctuations. Specifically,
the orthogonality relation for the Bessel functions is given by:
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where ⌫�,= denotes the =
th positive zero of ��(G). This orthogonality ensures that the

functions defined by:
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form a complete and orthonormal set on the disk under the uniform measure A 3A 3/�A2
0 .

As a result, any square-integrable function 5 (A , ) defined on the disk can be expanded
as a Fourier-Bessel series:

5 (A , ) =
’
< ,=

�< ,=)< ,=(A , ), (6.3)

where the Fourier-Bessel coefficients �< ,= are given by:
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π
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(A , )A 3A 3. (6.4)

The decomposition is scalable with respect to the parameter A0, which determines
the maximum radial position of features that will be resolved in the decomposition. We
set A0 = 8 fm for all the distributions considered in the study. The choice of A0 ensures
that the spatial features of the event can be adequately captured.

This Fourier-Bessel series based decomposition provides a powerful framework
for examining the initial energy density fluctuations in heavy-ion collisions, offering
insights into the structure and roughness of the initial state at various spatial scales.

The corresponding equations for the final state are:
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We have chosen A0 = 8 fm and ?
0
)
= 1.5 GeV to ensure that approximately 98% of the

support of the distribution functions is included in the decomposition. In general, we
denote the FBD coefficients by �< ,= ; specifically, the coefficients corresponding to the
initial and final states are represented by �< ,= and �< ,= , respectively. Since they are
complex, we can work with their real, imaginary, and modulus values.

J -> Bessel function of first kind
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set A0 = 8 fm for all the distributions considered in the study. The choice of A0 ensures
that the spatial features of the event can be adequately captured.
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-  2-D mode expansion

- J. Phys. G, vol. 40, 2013, p. 095 103 



Drag coefficient γ = γ0T(T/m)x



 mode decomposition of pT v2

T dependence is revealed !!



 mode decomposition of pT v2

T dependence is revealed !!



Summarising..
Heavy flavor offers unique sensitive probes to understand 
the initial


• 3 dimensional distribution of the fireball


• Electromagnetic fields
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FIG. 2: Filled circles and star symbols present v1 as a function
of rapidity for D0 and D0 mesons at pT >1.5 GeV/c for 10–
80% centrality Au+Au collisions at

√
sNN = 200 GeV. The

D0 and D0 data points are displaced along the x-axis by ∓
0.019 respectively for clear visibility. The error bars and caps
denote statistical and systematic uncertainties, respectively.
The solid and dot-dashed lines present a linear fit to the data
points for D0 and D0, respectively.

In Fig. 2, the filled circle and star markers present the
rapidity dependence of v1 for the D0 and D0 mesons
with pT > 1.5 GeV/c in 10–80% Au+Au collisions at√
sNN = 200GeV. It is a common practice to present

the strength of v1 via its slope at midrapidity. The D0

(D0) v1-slope (dv1/dy) is calculated by fitting v1(y) with
a linear function constrained to pass through the origin,
as shown by the solid (dot-dashed) line in Fig. 2. The
dv1/dy for D0 and D0 is −0.086± 0.025 (stat.) ± 0.018
(syst.) and −0.075 ± 0.024 (stat.) ± 0.020 (syst.), re-
spectively. Figure 3(a) presents v1(y) averaged over D0

and D0 (denoted 〈v1〉) for pT > 1.5 GeV/c. The dv1/dy
for the averaged D0 mesons using a linear fit is −0.080 ±
0.017 (stat.) ± 0.016 (syst.). The p-value and χ2/NDF
for the linear fit passing through the origin are 0.41 and
2.9/3 respectively. To perform a statistical significance
test for a null hypothesis for the v1 of the averaged D0

and D0, we calculate the χ2 of the measured 〈v1〉 val-
ues set to a constant at zero. The resulting χ2/NDF
and p-value are 14.9/4 and 0.005 respectively, indicating
that the data prefer a linear fit with a non-zero slope.
The D0 v1(y) results are compared to charged kaons,
shown by open square markers in Fig. 3(a). The kaon
v1(y) is measured for pT > 0.2 GeV/c. Note that the
〈pT〉 for kaons is 0.63 ± 0.04 GeV/c while that for D0

mesons is 2.24 ± 0.02 GeV/c in our measured pT accep-
tance for 10–80% Au+Au collisions at

√
sNN = 200GeV.

The dv1/dy of charged kaons, fit using a similar linear
function, is −0.0030 ± 0.0001 (stat.) ± 0.0002 (syst.).
The inset in Fig. 3(a) presents the ratio of the v1 of the

D0 and charged kaons. The absolute value of the D0-
mesons dv1/dy is observed to be about 25 times larger
than that of the kaons with a 3.4σ significance. Moreover,
among the measurements by the STAR collaboration of
v1(y) for eleven particle species in Au+Au collisions at
200 GeV [45], the nominal value of the D0 dv1/dy is the
largest.
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FIG. 3: Panel (a): Solid circles present directed flow
(〈v1(y)〉) for the combined samples of D0 and D0 at pT >
1.5 GeV/c in 10–80% central Au+Au collisions at

√
sNN =

200GeV. Open squares present v1(y) for charged kaons with
pT >0.2 GeV/c. The inset shows the ratio of v1 between the
D0 and charged kaons. The solid and dashed lines show hy-
drodynamic model calculation with an initial electromagnetic
field [32, 35] and AMPT model [47] calculations, respectively.
Panel (b): The solid square markers present the difference in
v1(y) (∆v1) between D0 and D0 for pT >1.5 GeV/c in 10–
80% Au+Au collisions at

√
sNN = 200 GeV. Open triangles

represent ∆v1 between K− and K+. The dotted and solid
lines present a ∆v1 prediction for D0 and D0, reported in
Refs. [33] and [32, 35], respectively. The error bars and caps
denote statistical and systematic uncertainties, respectively.

In hydrodynamic models, the “antiflow” nature of
rapidity-odd directed flow is reproduced by an initial
tilted source [12], where the tilt parameter is obtained
from a fit to v1(y) for charged hadrons. A recent model
calculation [32], where Langevin dynamics for heavy
quarks are combined with a hydrodynamic medium and



Summarising..
Introduced a set of novel observables that provides a 
complete 2-D decomposition of the transverse phase 
space distribution - demonstrated their utility in 
extracting the temperature dependence of the heavy 
quark drag coefficient



Thank You


