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We studied the directed flow of heavy quarks in small systems produced in p-Pb collisions due to
both the impact of initial vorticity and electromagnetic fields. We employed a relativistic transport code
to model the bulk evolution of the small systems and studied the heavy quark momentum evolution
using Langevin dynamics. For the heavy quarks interaction with the bulk, we employed a quasiparticle
model (QPM). We observed a large directed flow splitting (Av1) of charm quarks due to electromagnetic

fields, which is comparable to the directed flow splitting of charm quarks in nucleus-nucleus collisions.
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However, the magnitude of the directed flow due to the initial tilted matter distribution in p-nucleus
collisions is not substantial. The observed directed flow is not rapidity odd due to the asymmetry in the
colliding system. The results presented in this manuscript provide an independent way to quantify the
initial electromagnetic field produced and the matter distributed in small systems.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

A hot and dense phase of nuclear matter, the quark-gluon
plasma (QGP) [1,2], is expected to be produced in the high-energy
nucleus-nucleus collisions at the Relativistic Heavy-lon Collider
(RHIC) and the Large Hadron Collider (LHC). Probing and charac-
terizing the bulk properties of QGP is a field of high contemporary
interest, and significant progresses have been made in the last
decades towards understanding the properties of strongly interact-
ing QGP. Currently, the description of the expanding dynamics in
nucleus-nucleus collisions is quite robust, paving the way for new
frontiers in ultrarelativistic heavy ion collisions (uRHICs) research.
These frontiers include exploring the effects of the largest relativis-
tic vorticity and the strongest electromagnetic field ever created in
a physical system.

Heavy quarks (HQs), mainly charm and bottom, are produced
early due to their large masses. In fact, they are produced in
the very early stage via hard scattering processes on a time scale
T = 0(1/2m), where m is the rest mass of the quark. Furthermore,
due to their large relaxation time, heavy quarks are considered as
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ideal probes [3-31] that keep traces of both the initial stage and
the subsequent evolution into a thermalized QGP phase of heavy
ion collisions. Hence, heavy quarks are considered as novel probes
to characterize the initial tilt of the QGP and electromagnetic
fields [32-40], which can be probed perfectly through the directed
flow (v1) measurements. In a previous study [32], some of us pre-
dicted an electromagnetically-induced splitting in the directed flow
of charm and anti-charm through D and D meson, studied within
the Langevin dynamics coupled with the Maxwell equations. The
magnitude of the directed flow splitting of D mesons and their
antiparticles is predicted to be an order of magnitude larger than
that of the light charged hadrons. In another study, the authors in-
vestigated [33] D meson directed flow, considering the tilt of the
fireball in the reaction plane with respect to the beam axis. They
predicted a larger rapidity odd directed flow of D mesons in non-
central heavy ion collisions compared to that of the light charged
hadrons.

Recently, both the STAR and ALICE Collaborations have mea-
sured the directed flow of D mesons in experiments [41,42]. Both
collaborations observed a non-zero directed flow for the D° me-
son. The absolute value of the D® meson dvi/dy measured by
STAR Collaboration is about 25 times larger than that of the
charged kaons. The charge-dependent splitting in the directed flow
of heavy mesons at the highest RHIC energy is not clear and is
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smaller than the current precision of the measurement. However,
the ALICE Collaboration observed a positive slope for the splitting,
which is about 3 orders of magnitude larger than that of the light
charged hadrons.

In recent years, there has been a significant effort to study col-
lisions of small systems such as p-Pb and d-Au. One of the main
questions is whether a strongly interacting QGP is formed in these
systems. It has been observed that in high-multiplicity events of
small systems, a strikingly collective behavior, a key observable
used to gauge the production of the QGP, is observed, similar to
that in nucleus-nucleus collisions. However, measurements of the
jet quenching and heavy quarkonium suppression show no evi-
dence of the QGP. So far, only a few attempts have been made
to study heavy quark dynamics in small systems produced in p-Pb
collisions [43-48]. The influence of the electromagnetic fields and
the tilt of the fireball in the small system on heavy quark dynam-
ics and directed flow has not been explored yet. Therefore, a study
on the directed flow of heavy quarks in small systems could be
a good probe of the tilt of fireball and electromagnetic fields and
could help answer the question of whether a strongly interacting
QGP is formed in small systems.

The paper is organized as follows: Sec. 2 discusses the initial
distribution of bulk and charm quarks in p-Pb collisions. Sec. 3
presents the time evolution of electromagnetic fields in p-Pb col-
lisions. Sec. 4 presents the results on the average and splitting of
the directed flow of D and D mesons due to the tilt of the fire-
ball and electromagnetic fields. Finally, a summary and conclusion
are provided in Sec. 5. Throughout the text, all physical quantities
related to rapidity are expressed in the nucleon-nucleon center-of-
mass frame.

2. Initial distribution of bulk and charm quarks in proton-lead
collisions

We implement a commonly used profile that breaks longitudi-
nally boost invariant to generate the initial density of p-Pb colli-
sions:

W (X1, ns)

WH(TIS)» (1)

P(X1,Ms) = pPo

where X represents the transverse coordinate, ns = % In ff—i is the
spacetime rapidity, po is the density at the center of the fireball
and H(ns) is a function that takes into account a finite extension

in rapidity and is given by

_ Unsl = 1 fiat)?

H(®s) = exp{ 2072

6 (|7nsl _Uflat)}- (2)

It corresponds to a central flat plateau of extension 27, beyond
which the density decreases according to a Gaussian distribution
with smearing 0;. W is the wounded weight function given by

WXL, 1s) =2(Na(XL) f-(s) + Np(XL) f (1)), (3)

where Nj/p are generated by the wounded quark model as de-
scribed in Refs. [49,50], and f,_(ns) are given by

li/oa Ns < —Nm,
fo—(ms) = %, —Nm = Ns = Nm, (4)
0/1, Ns > Nm

We have chosen the values of 7y =5.7, 9 =2.5 and oy =2.5
such that the resulting shape of dN¢,/dn matches the one mea-
sured by the ATLAS Collaboration [51]. This profile can account for
more particles produced in the direction of nucleus, and for greater
asymmetry in events with larger multiplicity.
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Because heavy quarks are produced in hard scattering processes
that follow binary collisions, the distribution of charm quarks is
expected to be symmetric with respect to 7s. Additionally, the
transverse coordinate distribution of charm quarks is generated ac-
cording to the binary nucleon-nucleon collisions, while the initial
transverse momentum distribution is obtained by the Fixed Or-
der+Next-to-Leading Log (FONLL) QCD [52,53].

The evolution of the fireball is described by a relativistic trans-
port Boltzmann equation solved at a fixed shear viscosity to en-
tropy density ratio 7/s(T) [26,30,50,54-56]. In this approach, the
interaction between light quarks and gluons is tuned to a fixed
value of n/s(T) that is realized via locally computing the bulk
cross section according to the Chapmann-Enskog approximation
[54]. In this way we simulate the evolution of the fluid in anal-
ogy to what is performed within hydrodynamics.

3. Time evolution of electromagnetic fields

In this section, we determine the time and space profile of elec-
tromagnetic fields in the center-of-mass frame of p-Pb collisions.
Without losing generality, we assume to the configurations of p-
Pb collisions that the proton moves along the negative z directions
and is located at x=y =0 fm in the transverse plane, and Pb nu-
cleus moves along the positive z directions and is located at x=b
and y =0 with b being the impact parameter. t =0 fm/c is the
time when proton and Pb nucleus fully overlap.

We adopt the methods used in Refs. [57,58] and compute the
electromagnetic field at an arbitrary spacetime point (t, z, X, ) pro-
duced by a point charge moving with a constant velocity v along
the beam direction at location 7(3_ in the transverse plane and in
a medium with a constant electric conductivity o. We express
the spacetime point in terms of proper time T = +/t2 — z2, space-
time rapidity ns = tanh‘l(z/t) and the rapidity of the point charge
y = tanh™!(v,). The electromagnetic field can then be evaluated
as:

o|sinh(y)| /—A +1
2 A
—Z (5)

A2

eEx = eBy coth(y), (6)

eBy =« sinh(y)(x — x')

where A =t2sinh?(y —ns)+ (X, —X,)? and A= 9 (z sinh y sinh(y
— ns) — | sinh(y)[VA).

To evaluate the electromagnetic field in p-Pb collisions, we need
to sum together the electromagnetic fields generated by all protons
in the proton and Pb nucleus. These include the spectator protons,
meaning that at location ?(’J_ one finds either colliding proton or
Pb nucleus but not both, and participant protons, meaning that at
location ?c/J_ one finds both colliding proton and Pb nucleus. For the
spectator protons, their rapidity is the same as the beam rapidity,
denoted by Y. For the participant protons, because they lose some
energy in the collision, we use the empirical distribution [59]

fn= e, (Ilyl < Yo) (7)

2sinh(aYp)
where a ~ 1/2 for + moving participants and a ~ —1/2 for - mov-
ing participants. Regarding the charge distribution, it is assumed
to be uniformly distributed within a sphere of radius 0.84 fm for
colliding proton and 6.5 fm for colliding Pb nucleus, respectively.
For 5.02 TeV p-Pb collisions at centrality 0-10%, it is found Yy =
8.58 and the mean value of the impact parameter is (b) = 3.137
fm. In Fig. 1, we show the time evolution of electric and magnetic
fields at X, =0 and different spacetime rapidity 7 for 5.02 TeV
p-Pb collisions at centrality 0-10%, using the constant conductivity
0 = 0.023 fm~! within 1QCD calculations [60-62]. It is observed
that the magnitudes of Ey and By are almost equal, and both are
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Fig. 1. Variation of By (upper panel) and Ey (lower panel) with time at different 7
in 0-10% p-Pb collisions at 5.02 TeV.

asymmetric with respect to 7s and increase as 7, increases. This
can be attributed to the fact that the electromagnetic fields in p-
Pb collisions are primarily generated by the protons of Pb nuclei.

4. Results

The standard approach for studying the dynamics of heavy
quarks in the QGP involves following their position and momen-
tum evolution using the Langevin equation [17-21] or relativistic
kinetic theory [12-16,21,26-28,63,64]. In this study, we employ
the Langevin approach. The momentum evolution of heavy quarks
in QGP, with charge q¢ and momentum p, can be governed by the
Langevin equation in the presence of an external electromagnetic
field, given by [32]:

dx; = %dt, (8)

dpi = —T(p)pidt + Cij(p)pj/dt + Fi exedt , (9)

where dx; and dp; are the changes of the coordinate and momen-
tum in each discrete time step dt. I'(p) and Cjj(p) = «/ZBOPI# —+

«/231P1Uj are the drag force and covariance matrix. Pfj- = §jj —

p,~pj/p2 and PIHJ = p,~pj/p2 are the transverse and longitudinal
projector operators. Bp and Bq are the transverse and longitudi-
nal diffusion coefficients of heavy quarks. At p — 0, Bo =B1 =D,
Cij =+/2D(p)djj. p is the stochastic force with a vanishing expec-
tation value since there is no preferred direction for the collisions.
I'(p) and Cjj(p) that contain the physics of heavy quark drag and
diffusion coefficients will encode all the information about the QGP
medium. We have employed the fluctuation-dissipation theorem
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Fig. 2. Directed flow v; of D° and 50 mesons as a function n at different pr cuts
considering only the tilted distribution of the fireball in 0-10% p-Pb collisions at
5.02 TeV.

(FDT), D =TET, where T is the temperature of the thermal bath
and E is the energy of the heavy quark. F; ¢y represents the exter-
nal Lorentz force due to the electromagnetic fields.

To compute the heavy quark transport coefficients, we employ
a quasiparticle model (QPM) [65,66]. In this study, we use the drag
and diffusion coefficients that have been shown to reproduce the
experimental measurements of D meson observables [26,30,31,67]
both at RHIC and LHC energies. At the end of QGP phase, when the
temperature of the bulk falls below the quark-hadron transition
temperature of T, = 155 MeV, charm quarks are converted into
D mesons using the Peterson fragmentation function as done in
Refs. [26].

The v, is defined as

V1 ={(cos(¢ — Wrp)), (10)

where ¢ denotes the azimuthal angle and Wgp is the reaction
plane angle. Since the centers of both the proton and Pb nucleus
are aligned along the x axis, the reaction plane angle is fixed at
Wrp =0 in our calculations.

In Fig. 2, we present the variation of directed flow as a function
of pseudorapidity 7 obtained within Langevin dynamics at differ-
ent pr cuts. In this calculation, we have not included the electro-
magnetic field, so we obtained results considering only the initial
tilted matter distribution. We observed a non-zero heavy quark
directed flow due to the tilted initial distribution in p-nucleus col-
lisions. The magnitude of this directed flow is larger for the pr
range of 3 < pr <6 GeV/c compared to pr > 1.5 GeV/c, making it
more applicable to be measured in experiments. Unlike in nucleus-
nucleus collisions, the produced directed flow in p-nucleus colli-
sions is not symmetric in pseudorapidity. However, the magnitude
of the directed flow in p-nucleus collisions is not substantial. This
indicates the tilt in the produced matter distribution is not signif-
icant enough in p-nucleus collisions to develop a sizable directed
flow. Another reason for the small directed flow is the shorter life-
time of QGP in p-nucleus collisions compared to nucleus-nucleus
collisions.

The splitting in the directed flow is considered as a signature
of the strength of the produced electromagnetic fields. In Fig. 3,
we show the variation of Avq as a function of pseudorapidity in
p-Pb collisions. The splitting is observed to be asymmetric in pseu-
dorapidity, similar to the average directed flow, in p-Pb collisions.
However, upon calculating different pr ranges of 3 < pr <6 GeV/c
and pr > 1.5 GeV/c, the splitting of the directed flow is found to
have a mild pr dependence compared to the average directed flow.
Notably, the magnitude of the splitting due to the electromagnetic
field is substantial in a small system and is larger by about a factor



Y. Sun, S. Plumari and S.K. Das

0.02 T T T T T T T T T
L — b=3.13fm
— b=5fm
0.01 -
o 0 p; >1.5GeVic
2

-0.01

1 . 1 . 1 . 1 . 1
-0.02 2 -1 0 1 2
n
0.02 T T T T T T T T T
L — b=3.13 fm
— b=5fm
0.01F -
o ok 3<p,; <6 GeV/e |
4

-0.01

1 . 1 . 1 . 1 . 1
-0.02 2 -1 0 1 2

Fig. 3. Splitting in the directed flow, Av, of D® and 50 mesons at different pr cuts
and impact parameters as a function of pseudorapidity at 5.02 TeV p-Pb collision.
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Fig. 4. Variation of the directed flow splitting, Avq, as a function of pseudorapidity
considering only the electric or magnetic field in 0-10% p-Pb collisions at 5.02 TeV.

2 than one can expect from theoretical calculation in Pb-Pb colli-
sions [34].

We notice that the splitting is sensitive to the impact param-
eter of the collisions. In Fig. 3, we show as well the variation of
Avi as a function of pseudorapidity at different impact parame-
ters b=3.13 and 5 fm. The impact of different impact parameters
on the splitting is quite significant due to the increased strength
of the electromagnetic fields at larger impact parameters.

In Fig. 4, we also examine the variation of heavy quark di-
rected flow splitting as a function of pseudorapidity considering
only the electric or magnetic field, with the electric or magnetic
field obtained using the same electric conductivity value of 0.023
fm~! taken from 1QCD calculations. It is observed that the split-
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tings increase strongly with 7, due to the increase in the electric
and magnetic fields’ magnitude with ns. At n=0, the directed flow
splitting due to the electric field is non-zero, which is explained
by the non-zero electric field at 7y = 0. Additionally, the directed
flow splitting due to the magnetic field is non-zero at n =0 due
to the asymmetric distribution of the magnetic field. Combining
the effects of both fields, the results indicate that the electric field
dominates over the magnetic field, resulting in a negative splitting
throughout the studied pseudorapidity range.

5. Conclusions

In conclusion, we have studied the dynamics of heavy quarks in
small systems produced in p-nucleus collisions, taking into account
the impact of both electromagnetic fields and the initial tilted
bulk distribution. The evolution of the fireball produced in the p-
nucleus collisions is described by a relativistic transport Boltzmann
equation [50] solved at a fixed shear viscosity to entropy density
ratio which can reasonably describe the resulting shape of dN, /dn
measured by the ATLAS Collaboration. To study the heavy quarks
momentum evolution, we employed the Langevin equation. The
impact of electromagnetic field on heavy quark dynamics is taken
care of through the Lorentz force in the Langevin equation. We
adopt the methods used in Refs. [57,58] and compute the electro-
magnetic field at an arbitrary spacetime point produced by a point
charge moving with a constant velocity along the beam direction
at a given location in the transverse plane and in a medium with
a constant electric conductivity o. The heavy quark bulk interac-
tion is modeled within a quasiparticle model, which can describe
the heavy quark observables at nucleus-nucleus collisions both at
RHIC and LHC energies.

We computed heavy quark directed flow developed in small
systems produced in p-nucleus collisions. Our results show that
the average directed flow of heavy quarks due to the tilted initial
matter distribution in p-Pb collisions at 5.02 TeV is non-zero, al-
though its magnitude is not substantial, unlike in Pb-Pb collisions.
This indicates that the tilt in the produced matter distribution is
not significant enough in p-nucleus collisions to develop a sizable
directed flow. However, the magnitude of the directed flow is quite
sensitive to different pr cuts. Furthermore, we have observed a
significant splitting in the directed flow of heavy quarks due to
the electromagnetic fields in p-Pb collisions. The magnitude of the
observed splitting in the directed flow is larger than that of the
splitting calculated in Pb-Pb collisions [34]. It is also asymmetric in
pseudorapidity and sensitive to the impact parameter of the colli-
sions due to the increased strength of the electromagnetic fields at
larger impact parameters. Recently similar conclusions have been
reported for light hadron directed flow in the small system with
electromagnetic fields [68]. We notice that the electric field dom-
inates over the magnetic field, resulting in a negative splitting
throughout the studied pseudorapidity range. It is worth noting
that the splitting is sensitive to the conductivity of the medium
[34].

Our study highlights the importance of considering both the
tilted bulk medium and the electromagnetic fields in understand-
ing the heavy quark dynamics in small collision systems. Heavy
quark directed flow in a small system can provide an indepen-
dent way to quantify the initial electromagnetic field produced and
the matter distributed in small systems. For Pb-Pb collisions, the
reaction plane or the spectator plane is reconstructed from spec-
tator neutrons detected using the Zero Degree Calorimeter (ZDC)
in ALICE. However, determining the reaction plane or the specta-
tor plane for p-Pb collisions poses greater challenges due to the
smaller resolution. Further efforts to the development of improved
techniques or the exploration of alternative methods are needed
in this regard. The pre-equilibrium phase may also play an impor-
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tant role in a small system [67]. In this present study, we ignored
the role of the pre-equilibrium phase. We will consider this to
compute the heavy quark observables in the small system in a
forthcoming study.
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