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It has been proposed that strong electromagnetic fields produced in the early stages of heavy-ion
collisions can lead to splitting of the rapidity-odd directed flow of positive and negative hadrons.
For light hadrons, the interpretation of such measurements is complicated by the low magnitude

of directed flow as well as by ambiguities arising from transported quarks.

To overcome these

complications, we propose measurements using only hadrons carrying produced quarks (i, d, s, 5).
We discuss how to identify the kinematics where such hadrons are produced via the coalescence
mechanism and therefore their flow is the sum of the flow of their constituent quarks. With this
sum rule verified for certain combinations of hadrons, the expected systematic violation of this rule
with increasing electric charge can be measured, which could be a consequence of the electromagnetic
fields produced in the collisions. Our approach can be tested with the high statistics data from Phase
II of the Beam Energy Scan (BES) program at the Relativistic Heavy Ion Collider (RHIC).

I. INTRODUCTION

The first-order coefficient of azimuthal anisotropy for
emitted particles, also known as directed flow, describes a
collective sideward motion of particles in heavy-ion colli-
sions [I, 2]. The rapidity-odd component of directed flow
v1(y) (henceforth referred to as directed flow) has been
argued to be sensitive to strong electromagnetic fields
generated by the motion of the incoming protons in the
colliding ions [3H5]. As the spectator protons recede from
the collision zone the produced magnetic field decays with
time. This time-varying magnetic field induces an elec-
tric field due to the Faraday effect. The receding specta-
tor protons also exert an electric force on the produced
charged plasma in the collisions due to the Coulomb in-
teraction. Another important effect comes into play as
the medium produced in the collisions has an initial lon-
gitudinal expansion parallel to the beam direction and
perpendicular to the direction of the magnetic field. The
Lorentz force on the charged constituents results in an
electric current perpendicular to both their velocity along
expansion direction and magnetic field direction as a re-
sult of the Hall effect. If the combination of the Faraday
and Coulomb effects is stronger than the Hall effect, the
directed flow of positively charged particles will become
negative at positive rapidity (vi(h*,y > 0) < 0), and
the opposite will happen for the negatively charged par-
ticles (vi(h~,y > 0) > 0). In other words, EM fields
are expected to drive positively-charged and negatively-
charged particles in opposite ways, leading to a splitting
of v1(y) [BL []. This splitting is expected to be seen for
various opposite-charge hadron pairs such as 7%, K+,
protons and antiprotons, etc., as calculated in Ref. 3] [6-
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8]. The strength of opposite-charge splitting of v1(y) de-
pends on the magnitude of the electromagnetic fields, the
lifetime of these fields, as well as on the electric charge
and mass of the hadrons.

What are the factors that affect the observability of
this splitting in experiment? First of all, it is most con-
venient to measure v (y) with respect to the plane de-
termined by the spectator deflection, as electromagnetic
fields are largely generated by spectators. In a vacuum,
the electromagnetic fields created by spectator protons
increase in strength with beam energy, while their life-
time decreases with beam energy [9, [I0]. This scenario
becomes complicated in the presence of a conducting
medium. The charge-to-mass ratio of the colliding ions
and the size of the system at a given centrality also leads
to further complications [ITHI7]. The best choice is to
perform a beam energy scan and measure v; at different
centralities. As discussed later, the RHIC Beam Energy
Scan (BES) program offers an ideal opportunity for this
study.

The optimum choice of particles to test the impact of
electromagnetic fields using data from the RHIC BES
program is the central theme of this paper. It was pro-
posed by Das et al. [18] that the measurement of vy split-
ting between particles with charm and anti-charm offers
an advantage over particles with light flavor. This ad-
vantage arises from the fact that charm quarks are pro-
duced early in the collision and therefore experience the
full early-stage electromagnetic fields as opposed to the
weaker fields that die down with the evolution of the
system. The proposal by Das et al. [I8] was to study
D (cu) and DO (¢u) with the implicit assumption that
while both these hadrons are neutral, the directed flow
developed at the quark level is dominated by ¢ and ¢ and
drives the splitting of v;. The v; splitting between D°
and DO mesons has been explored by the STAR [19] and
ALICE [20] collaborations. Due to the greater masses of
heavy-flavor particles, the yield of these species is much
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lower than that of light-flavor particles and hence the
measurements suffer from large statistical uncertainties.
The problem of lower yields for heavy-flavors becomes
acute if it is desired to study the energy dependence of
such measurements, e.g., using the data from the sec-
ond phase of RHIC BES program (BES-II), which was
conducted during the years 2019-2021. Also, the mea-
surements of D and D° at 200 GeV can not be repeated
using the BES-II data already collected by the STAR col-
laboration due to the removal of the heavy flavor tracker
(HFT) [21] after the year 2016.

Light hadron measurements offer several advantages
since they are produced in abundance and have already
been used to test splitting of v; driven by electromag-
netic fields. The earliest such measurements from STAR
reported vy splitting between positively and negatively
charged hadrons in Cu+Au and Au+Au collisions at the
top RHIC energy [22]. A significantly larger splitting
is seen in asymmetric Cu+Au, and is attributed to the
larger Coulomb force compared to symmetric Au+Au
collisions. ALICE measurements for inclusive charged
hadrons indicate a splitting of v, slope with about 2.6 o
significance as a function of pseudorapidity, albeit weaker
than that of the charmed hadrons (D/D) measurements
for which a significance of 2.7 o was observed [20].

Going below top RHIC energy, comprehensive mea-
surements of vy for different light flavor particles and
anti-particles have been reported in Refs. [23] and [24]
using BES-I data. However, interpretation of vy split-
ting using light-flavor particles in terms of electromag-
netic fields runs into difficulties which can be avoided
using the proposed method of the present paper.

II. METHOD

In the following discussion, we make two simplifying
assumptions in a specific kinematic region: (1) coales-
cence of quarks is the dominant mechanism of hadron
production, and (2) v; of a hadron is the sum of vy of
its constituent quarks. The second assumption largely
follows from the first [24]. These constituent quarks can
either be produced in the collisions or transported from
the incoming nuclei. Many of the emitted particle species
are composed of constituent v and d quarks which might
or might not be transported from the incoming nuclei
[25]. But the most important point for our discussion is
as follows. The vy of transported quarks is quite differ-
ent from that of the produced quarks (i, d, s and 5) [26].
This difference is due in part to the fact that a trans-
ported quark undergoes more interactions than a pro-
duced quark [24,[25]. This in turn leads to a difference be-
tween v of a hadron containing u or d quarks that could
be either produced or transported, and v; of a hadron
containing anti-quarks (that can only be produced), and
greatly complicates [27] the interpretation of v; splitting
between positive and negative hadrons in terms of pos-
sible electromagnetic field effects. One specific example

of the effect of transport on proton v; was studied us-
ing UrQMD simulation in Ref [26]. In an experiment,
one can measure directed flow of particles at midrapidity
with respect to the plane determined by spectator deflec-
tion. This direction of projectile spectator deflection is
conventionally taken as the positive = direction [2§]. In
other words, the common convention is that projectile
spectators that end up at positive beam rapidity have
positive v1 and target spectators that end up at negative
beam rapidity have negative vy [28]. UrQMD calcula-
tions [26] at RHIC energies show that the transported
protons have same direction of v as the spectator nucle-
ons and hence they have a positive vy slope (dvy /dy > 0)
at mid-rapidity. On the other hand non-transported pro-
tons and anti-protons which can only be produced in the
collisions are found to have dv;/dy < 0. This results
in a positive splitting between protons and anti-protons,
ie., Advy/dy = dvi/dy [p(uud)] — dvi/dy [p(aud)] > 0.
Based on such a study it is evident that transport will
affect the splitting between any particle and anti-particle
pairs having transported quark content, e.g., splitting be-
tween 77 (ud) and 7~ (@d); and also between K+ (u5) and
K~ (us). However, depending on the choice of particles
and the quark content, the sign of the splitting maybe
different and indistinguishable from EM-field-driven ef-
fects.

The complication arising from transported quarks can

be bypassed by studying only particles such as K (us),
paad), A(ads), ¢(s5), ' (d55), O (sss) and Q' (553),
which are entirely composed of produced constituent
quarks, i.e., do not contain u or d quarks. A natural
question arises: these particles carry quarks with differ-
ent flavor, electric charge (¢) and mass (m) —how to com-
pare the vy of these seven different particle species and
make a clean test of EM-field-driven effects? Given the
known very strong dependence of directed flow on quark
mass and flavor [19, 20], another factor to be considered
is the different quark masses among the constituents of
the selected hadron species. In other words, comparison
between v;(d)(q = 1/3) and v1(s)(¢ = —1/3) with an
anticipation of EM-field-driven splitting due to a relative
charge difference Ag = 2/3 will be difficult to interpret
due to the mass difference between d and s.

Unlike prior studies with a particle and an anti-
particle, there is a difficulty in comparing the directed
flow of the seven hadron species K (us), p(aud), A(uds),
o(s5), §+(J§§), 0~ (sss) and §+(§§§). It is evident that
there is no obvious way to compare two hadrons with sim-
ilar constituent quark masses but different electric charge
except in the case of 2~ and Q. Therefore our idea is to
come up with useful combinations that will help us study
directed flow splitting with increasing electric charge dif-
ference Agq.

The first step in our approach is to select a kinematic
region where our aforementioned assumption of the coa-
lescence sum rule [24] can be tested in a novel way, i.e.,
the directed flow of a suitably-chosen hadron species is
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FIG. 1. Diagram showing the seven abundantly produced
hadrons composed of only produced (non-transported) quarks
in heavy-ion collisions. We propose consideration of useful
combinations such that the constituent quarks of two com-
binations to be compared at similar mass (assuming m, ~
mgq # ms) but at various values of relative electric charge
Agq. The solid lines joining ¢ and p as well as between K~
and A indicate that these two pairs have identical constituent
quarks @ads3s that correspond to the same mass Am = 0 and
the same electric charge Aq = 0. The sum of the directed
flow of these two pairs must be similar if the coalescence sum
rule holds (vi(¢) + v1(p) = vi(K~) + vi(A)) in the appro-
priate kinematic region. The geometric arrangement of the
seven hadron species in this type of diagram has no special
significance and is chosen simply to facilitate illustration of
our chosen combinations.

consistent with the sum of the directed flow of its con-
stituent quarks. In other words, we want to test if

vy (hadron) = Z v1(qi), (1)

where the sum runs over the v; for the two constituent

quarks ¢; in a meson and three in a baryon.
Consistency with the coalescence sum rule can be in-

vestigated experimentally by testing the equality

vi[p(aad)] + vi[¢(s5)] = vi [K (as)] + vi[A(ads)]. (2)

Here, both left and right sides have the identical con-
stituent quark content of @udss. However, the five
quarks are distributed differently within the two pairs
of hadrons. This is illustrated in Fig. |1l If v; at the level
of constituent quarks is irrelevant, then Eq. will not
hold. However, if Eq. holds in the appropriate kine-
matic region, this observation will support the sum rule.
In such a case, one can also swap the anti-proton and the
kaon in Eq. to confirm that any apparent adherence
to the sum rule is not due to an accidental balance of
electric charge at the hadron level on both sides of the
equality.

Alternatively, one can also test if
n 2 (ds5)] + v1[K (s)] = v [A(ad5)] + vi[(s5)]. (3)

Both sides of Eq. have the same quark content of
udsss. If indeed the coalescence sum rule holds, we ex-
pect Eqgs. and to hold at least in the appropriate
kinematic region.

It is important to make sure that different terms in
relations like Eqs. and are evaluated in a com-
mon region of rapidity [Ymin < ¥ < Ymax] and trans-
verse momentum per constituent quark [(pr/ng)min <
pr/ng < (Pr/Mg)max, Where n, is the number of con-
stituent quarks]. The requirement for a common pr/ng
follows from the fact that in the coalescence mecha-
nism, the transverse momentum, p? and p¥ , of a baryon
B(q1 g2 q3) and a meson M(qq) respectively, is the sum
of the transverse momentum of their constituent quarks.
In other words,

v (p7) = o (p7/3) + o (07 /3) + v (p7/3)  (4)
v (p7) = vl (pr' /2) + v (07 /2). ()

Therefore, in an experiment if one measures wv; of
anti-proton, ¢ meson, K~ and A in ypm < y <
as a function of their transverse momenta

P, p?p, pX and ph, respectively, Eq. should be

evaluated in the kinematic region where (pr/ng)min <
W/3), (05/2), (05 /2), (0/3) < (pr/ )

Similar consistency with the coalescence sum rule is
not expected to be satisfied when the particle species in-
volved can include transported constituent quarks. This
has been discussed previously [25] and has also been in-
vestigated using STAR data [24] 27] and indeed a viola-
tion was observed. In analogy with Eq. and Eq. ,
a straightforward way to experimentally test the role of
transported quarks is to observe violations of the two
following equalities

yrpax7

v [t (ud)] + v [7 (ad)] + vy [I{"' (u_§)]
= vy [p(uud)] + v1[A(ads)] (6)

v [t (ud)] + vy [ﬂi(ﬂd)i] + v [K ™ (us)]

= v1[p(uad)] + vi[A(uds)] (7)

Here, both sides of Eq. @ and both sides of Eq. have
the identical quark content uutidds and uatidds, respec-
tively. In spite of this identical quark content, the pres-
ence of unknown fractions of transported quarks u and
d will result in observed discrepancies. Even if a viola-
tion of Eq. @ or Eq. is observed, it is important to
determine whether such a violation is due to a difference
between the mass of the hadrons on both sides of Eq. @
and Eq. . This question can be clarified if one observes
the expected discrepancies in the equality using neutral
A hyperons:

v1[A(uds)] = vy [A(Td3)). (8)



Index Quark mass Charge Strangeness Awv; combination

1 Am =0 Ag=0 AS=0 [p(aud) + ¢(s5)] — [K (uas) + A(ads)]
2 Am=0 Ag=0 AS=0 [E(dss)+ K (us)] — [A(uds) + ¢(s5)]
3 Am ~0 Ag=1% AS=0  LQ (sss) + p(aad)] — [K (as)]

4 Am~0 Ag=2 AS=1 [A(uds)] — [L¢(s8) + 2p(uud)]

5 Am ~0 Ag=1 AS=2 [A(uds)] — [3Q (sss) + 2p(uud)]

6 Am~0 Ag=4% AS=2 [A(uds)] — [K (us) + ip(uud)]

7 Am~0 Ag=1% AS=2  [E7(dss)] - [¢(s5) + Lp(uad)]

8  Am~m~0 Ag=3 AS=2  [E7(dss)] - [K (as) + 107" (555)]

9  Am=0 Ag=2 AS=6 [0 (s335)] - [Q (ss3)]

10 Am=~0 Ag=1 AS=4  [E'(dss)] - [K (@s) + 10 (sss)]

TABLE I. Differences between combinations formed from hadron species composed of produced quarks only. In all cases, the
constituent quark mass difference (Am) is zero or near-zero, while the charge difference (Ag) and strangeness difference (AS)
is varied as tabulated. The ten equations are not linearly independent. A set of linearly independent equations can be found
using linear algebra. See Apendix [A] for details. For visualization purpose, indices 1, 6 and 10 are illustrated in diagrammatic

form in Figs. and |3] respectively.

A violation of Eq. can not be due to a difference in
the mass of hadrons or quarks, or due to a difference in
the electric charge — hence it can only be attributed to
the role of transported quarks. Experimental investiga-
tion of discrepancies such as in Egs. @, and (8) are
as important as observing the validity of Egs. (2) and
. They can provide more insight into the transport of
quarks from the initial nuclei, but this is not the focus of
the present work.

Having identified the appropriate region in y and
pr/ng where Egs. and are observed to be valid,
we move on to test for possible and systematic violation
of the sum rule in cases of non-identical constituent quark
combinations, which is the main focus of this paper. For
convenience of discussion, we express such combinations
in terms of a difference Av; and call this the “splitting
of v1”. For example, we re-write Eq. as

Avi(Ag=0, AS =0) =
{v1[p(aad)] + vi[é(s3)]} — {v1[K (as)] + vi[A(ads)]}9)

for which we expect Avi(Ag = 0, AS = 0) ~ 0. Here,
Aq and AS refer to the difference in electric charge and
strangeness, respectively, for the above combinations.
Similarly, one can study

Avi(Ag=13, AS=2)=
vi[A(ads)] — {v1[K (@s)] + gui[p(aad)]},  (10)

and

Av(Aq = %, AS =4) =
v [E'(ds5)] — {o1[K(@s)] + o1 [ (sss)]}.  (11)

The splitting for the expressions above is illustrated
diagrammatically in Figs.|2]and 3] Note that these equa-
tions are designed to make sure that the sum of the bare

Q" (s35)

FIG. 2. A diagram similar to Fig. [l The idea is to com-
bine the v of K~ with one third of the v1 of p. Assuming
quark masses m, ~ mq # ms(= ms), the combination is
approximately equivalent to the directed flow of the sum of
@us. This quantity can be compared to v1 of A which has
constituent quarks @ds. See Index 6 in Table [l This enables
us to study possible splitting of directed flow at nearly same
mass Am = 2(mg—maz)/3 ~ 0 but at relative electric charge
of Aq=4/3,i.e. Avi = vi(A)—v1(K~)—v1(p)/3 which is ex-
pected to be nonzero due to EM-field-driven effects. Further
equations similar to this can be found in Table [}

masses of the quarks are similar on both sides of the mi-
nus sign, where we assume m, ~ mgq # ms(= ms). The
net differences in the sum of bare masses in Eq. and
Eq. are Am = 2(mg—mg)/3 and Am = mg—my re-
spectively, which are negligible. Equations and
have an imbalance in electric charge of Ag = 4/3 and
Agq = 7/3, respectively. If electromagnetic fields play
a role leading to electric charge dependence of vy, one
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FIG. 3. A diagram similar to Fig. Here the v of K™ is
combined with one third of the v; of Q2~. The combination
is equivalent to the directed flow of the sum of @ss. This
quantity can be compared to v, of =" which has constituent
quarks ds5. This also helps us to study possible splitting of
directed flow at approximately same mass Am = mgj— mg
0 but at relative electric charge of Ag = 7/3, i.e. Awv;
U1 (§+) —vi(K7)—wv (§+)/3 which is expected to be nonzero
due to EM-field-driven effects. See Index 10 in Table[ll More
equations similar to this are given in Table [}

I

expects Avi(Aq = 4/3, AS = 2) # 0 and Av1(Aq =
7/3, AS =4) # 0. Many relations like Egs. @, and
(11) can be constructed.

The anticipated useful combinations using the seven
hadron species K (us), p(uud), A(uds), ¢(s35), EJF(CZEE),
O~ (sss) and Q" (555), each produced with at least ad-
equate abundance at RHIC/BES energies, are listed in
Table [[] Although Table [[ shows ten equations, only five
of them are linearly independent.

Among listed combinations in Table [} indices 1 and 2
have identical quark content on both sides of the minus
sign, i.e., Ag = AS = 0, and therefore are most likely
to adhere closely to the coalescence sum rule and yield
a measurement Av; = 0. The remaining combinations,
indices 3-10, provide a way to study Awv; with an increas-
ing value of Ag. Since the splitting of directed flow due
to electromagnetic fields is stronger with a larger elec-
tric charge difference, one expects stronger deviation of
Av; from zero with increasing Ag. The advantage of our
approach over previous measurements of directed flow
splitting, namely using a pair of positive and negative
hadrons, should be noted here. Since most hadrons are
pions, previous measurements correspond to the study of
Av; at the fixed value Ag = 2. Our approach provides a
large lever-arm to extend the investigation over a range of
Ag from 0 to 7/3 using our seven selected hadron species.
An additional advantage is that one avoids the effects of
transported quarks.

Table [I] indicates that there are degenerate combina-
tions, i.e., combinations 1 and 2 as well as combinations 6

and 7. These degenerate combinations are useful to cross-
check the results. Since we start with measurements of
seven hadron species, the ten combinations shown in Ta-
ble [[] are not linearly independent. By employing linear
algebra (discussed in Apendix , possible sets of inde-
pendent combinations can be identified. Omne possible
choice of five linearly independent equations is 4, 5, 6, 9
and 10. This is not a unique choice. Other two possible
choices are 1, 4, 5, 9 and 10; also 1, 5, 6, 9 and 10. Also,
by adding more hadrons, one can construct more equa-
tions than shown in Table [l Measurements of hadrons
more massive than Q will be challenging at RHIC/BES
energies, but can be explored at higher energies. The
quantity Av; can be studied as a function of rapidity. In
this way, one can estimate the slope dAwv;/dy over the
range of rapidity allowed by the experiment. The de-
pendence of dAw;/dy on Ag will provide an important
insight into the role of EM-field-driven effects. One ex-
pects increasingly positive or negative values of dAwv; /dy
with increasing Agq as evidence of EM-field-driven effects
depending on the dominance among the Faraday and Hall
effects.

It is clear from Table [[] that the discussed increase in
Agq is also associated with a change in AS. This is an
unavoidable consequence of the quantum numbers car-
ried by the constituent quarks. A mechanism that leads
to splitting of directed flow between strange and anti-
strange quarks is not known. If such a mechanism is
identified, it may complicate any conclusion from the Agq
dependence of Avy. A possible way to disentangle the ef-
fects of Ag-driven separation and AS-driven separation
of Av; is as follows. As shown in Table |I|, there are four
combinations (indices 5-8) that correspond to the same
AS (=2) but different Ag. These combinations have a
special importance in the sense that they can be em-
ployed to measure the Av; slope as a function of Aq for
the same AS (=2). Such measurements would be helpful
for further understanding the effect of the electromag-
netic field on the splitting. However, the challenge for
this measurement is that the lever-arm for variation of
Agq will be small and restricted to the range of Ag = 1
to Ag = 5/3. Such a measurement will require high pre-
cision. In any case, if a systematic deviation of Av; with
AS is observed, such an observation will also be interest-
ing and will deserve further investigation.

III. PROJECTION FOR RHIC-BES PROGRAM

The proposed approach can be tested experimentally
using the upcoming large BES-II data samples from the
STAR experiment in a model-independent way. Model
calculations including effects of electromagnetic fields us-
ing a simulation framework such as iEBE-VISHNU [3] or
Parton-Hadron String Dynamics (PHSD) [29H32] would
be ideal to test our approach. However, such calculations
are beyond the scope of the present paper. Here the main
goal is to explain the proposed analysis approach, while
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FIG. 4.  (Left): Expected uncertainties in Awv; slope (dAvi/dy) for STAR BES-I and BES-II data sets near mid-rapidity

(ly| < 0.8), as a function of electric charge difference Aq (see Table[[). Other selections assumed here include 10-40% centrality
in Au+Au collisions at \/syn = 27 GeV. (Right): The same as the left panel, but as a function of strangeness difference AS
(see Table . Events generated using the PHSD microscopic transport approach are used here [29431].

a secondary objective is to estimate the likely statistical
uncertainties for upcoming BES-II measurements from
the STAR experiment for Au+Au collisions at a typical
energy, namely /syny = 27 GeV. For this, we use pub-
lished BES-I measurements [23] [24] as well as a set of
events generated using the PHSD microscopic transport
approach [33]. We choose the PHSD model as it pro-
vides reasonable descriptions of the rapidity dependence
of vy for K*, p/p and A(A) in 10-40% Au+Au collisions
at /sy = 27 GeV [34]. We focus on this centrality
bin for our estimates. The full PHSD codes are avail-
able by registration, but PHSD simulations are compu-
tationally intensive. With the help of PHSD authors, we
generated about 2 million PHSD events for the purpose
of making our projection plots. The PHSD simulation
was performed for Au+Au collisions at \/syy = 27 GeV
with minimum (maximum) impact parameter byin (bmax)
= 2.0 (8.7) fm, corresponding to 10-40% centrality. The
model simulation incorporated a partonic QGP phase,
and the final time step of the calculation was 7 = 150
fm/ec.

So far, the available v; measurements from BES-I in-
clude four particle species composed of produced con-
stituent quarks only [23| 24]: K, p, A and ¢. Mea-
surements of v; for = and €2 baryons have not been
reported at RHIC, and for these species, PHSD model
calculations are essential. Using the available measure-
ments from BES-I for 10-40% central Au+Au collisions
at /syn = 27 GeV over the rapidity window |y| < 0.8
[23, 24], we can estimate dAvy/dy for Ag = 0, 1/3 and
4/3, and for AS = 0, 1 and 2. These correspond to
indices 1, 4 and 6 in Table |I| and do not include = or
. The magnitudes of dAwv;/dy from BES-I data, which
were analyzed for only 70 M events, do not show any sig-
nificant deviation from zero for Ag =0, 1/3 or 4/3. We
therefore only focus on the uncertainties related to these

—_
=

measurements.

We use 2 million events from the PHSD model to es-
timate the same quantities in 10-40% central Au+Au
V5NN = 27 GeV collisions and obtain the ratio of uncer-
tainties between BES-I data and PHSD calculations for
different quantities. These ratios range from 0.334 to 2.03
due to various factors such as the difference in the event
numbers between data and the PHSD simulation, the
experimental correction factors to incorporate resolution
of the first-order harmonic event plane, and the uncer-
tainty due to acceptance and reconstruction of different
particle species. We use the maximum value of this ratio
to scale the uncertainties for the quantity dAv;/dy for
the remaining relations involving = and €2 shown in Ta-
ble [ obtained from PHSD model. The results obtained
by this method are presented as red hatched bands in
Fig. where we plot the uncertainty on dAvy/dy as a
function of Ag. The mean values of the quantities are
set to zero. It is clear from Fig.[] that uncertainties are
large when combinations involve the heavier species, but
will be significantly improved when BES-II data become
available for analysis.

The STAR collaboration has collected large samples of
Au+Au collisions at 11 beam energies in collider mode,
and at 11 partly overlapping beam energies in fixed-
target mode during the period 2019 to 2021 [35]. In the
current paper, we illustrate the projected improvement
in statistical errors at the representative energy point of
V/SNN = 27 GeV. Based on the number of events used in

BES-T (NEPS5=1) measurements and the number of col-

evt
lected events in BES-IT (NEPS=I) " we obtain another

evt
scale factor,
VBES—II
Here we use the factor (CES%) to account for the high

evt

NBES I

evt

k = CRes ( (12)



event-plane resolution provided by the STAR Event
Plane Detector (EPD) [36] since 2018, relative to the
previously used Beam-Beam Counter (BBC) [37]. For
Au+Au collisions at /syny = 27 GeV and 10-40% cen-

trality, we obtain k = 3.48 with NEES=T — 70M [24],
NBES=IL — 400M [35] and CRS® = 1.45 [36] (for mid-
central collisions). Then the uncertainty projections for
dAvy /dy in BES-II, estimated by scaling the correspond-
ing numbers for BES-I with the obtained k factor, are
shown by solid green bands in Fig.[d]

0.016 : :
Au+Au 27 GeV (10-40%), |y|<0.8, AS = 2
0.012 ¢ = STAR BES-| projection & PHSD ]
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FIG. 5. For the condition AS = 2, the expected uncertainties
in dAvi/dy for STAR BES-I and BES-II data sets near mid-
rapidity (Jy| < 0.8), as a function of electric charge difference
Agq. Other selections assumed here include 10-40% centrality
in Au+Au collisions at /syn = 27 GeV.

Figure presents expected uncertainties in dAw; /dy at
a fixed AS of 2 for the case of STAR BES-I and BES-II.
These calculations apply to dAw;/dy near mid-rapidity
(ly| < 0.8) as a function of electric charge difference (Aq)
for 10-40% centrality in Au+Au collisions at VSNN =27
GeV.

Although our projected statistical errors motivate the
proposed measurements based on available BES-II data,
caveats remain for our anticipated uncertainties related
to Z and Q, for which v; measurements have not re-
ported, and where we have used PHSD to make con-
servative estimates. We have ignored the fact that be-
cause these hyperon species are reconstructed via their
weak decays, their measured flow is subject to uncer-
tainties related to reconstruction and background con-
tamination [38]. However, the STAR collaboration has
published global polarization results for these hyperon
species [39] and has demonstrated that such uncertain-
ties can be minimized. In the case of = and 2 using
the Kalman Filter reconstruction method [40H42], a pu-
rity of 90% is achieved, which is about 30% better than
the traditional method of = and ) reconstruction pre-
viously used for BES-I data [38]. These improvements
will be crucial to incorporate in the upcoming measure-

ments from BES-II. Despite the caveats, our error pro-
jections shown in Fig.[d] and [f] indicate that BES-II data
provide an ideal opportunity to test the proposed ap-
proach. In addition, the inner Time Projection Chamber
(iTPC) upgrade of the STAR detector will enhance the
pseudorapidity acceptance from |n| < 1 to |n| < 1.5 [43].

While discussions here have focused on RHIC/BES en-
ergies, our approach can be used at the top RHIC energy
and at the LHC energies. The present approach involves
a quark coalescence mechanism, and in a scenario where
the beam energy drops below the onset of production of
a quark-gluon plasma phase, the proposed pattern might
change or might no longer be observed. The prerequi-
site for such pattern is expected to be dependent on the
centrality of collisions and the size of the colliding nuclei.
It has been reported by the STAR collaboration, based
on the relatively poor statistics of BES-I, that the in-
dex 6 difference, shown on Table [} is zero within errors
between 200 and 11.5 GeV but its magnitude increases
sharply at 7.7 GeV [24]. We also point out that the
contamination due to transported quarks has a collision
energy dependence and it is suppressed at higher ener-
gies, like at the LHC. Regardless, it will be of interest to
study the difference between the directed flow of 2~ and
QO at the LHC where the abundance is much larger than
at RHIC.

It will also be interesting to test our approach using the
large isobar collision data set from RHIC that has been
recently studied in the context of the Chiral Magnetic
Effect (CME) [44]. Although no signature of CME is
observed, it is still of interest to exploit the difference in
the B-field between Ru+Ru and Zr+Zr to study splitting
of v1. Our approach can also be applied to study the
effect of EM fields [3 25, [45] in higher-order harmonic
flow coefficients.

IV. SUMMARY

The effect of EM fields is expected to lead to a splitting
between the rapidity dependence of the directed flow of
hadrons carrying different electric charges. Prior studies
to test such predictions using a pair of light hadrons like
7% or K* have major drawbacks such as contamination
due to transported quarks. Also, such approaches study
directed flow splitting Av;, at a fixed value of electric
charge difference Ag = 2 between the hadron pairs, and
therefore have limited lever-arm to enhance the possible
signature of EM-field-driven effects. To overcome these
problems, we propose a new analysis method based on
measurement of directed flow of several particle species
composed of produced constituent quarks only, namely

K=, p, A ¢, 2 ,Q and Q7 to test the effect of EM fields
in heavy-ion collisions. In this approach, particle species
are combined such that comparison of the directed flow
can be performed at the constituent quark level at var-
ious values of electric charge but at nearly equal mass.
We first demonstrate that combinations of the aforemen-



tioned particle species are well suited to test that the flow
of a hadron equals the sum of the flow of its constituent
quarks (the coalescence sum rule) when identical quark
combinations are compared. Once a kinematic region is
identified where the sum rule holds, the next step is to
study the deviations in directed flow, i.e., the splitting
Avy, with increasing values of Ag. We discuss linearly
independent relations obtained by combining the seven
above-mentioned hadron species in such a way that a
wide lever-arm is obtained to vary Agq from 0 to 7/3 and
measure Awvj.

Large data samples from the second phase of the
Beam Energy Scan program at the STAR experiment at
Brookhaven National Laboratory can be used to measure
the proposed observables, and ought to be precise enough
to gain new information on possible effects of the strong
early-stage electromagnetic fields in heavy-ion collisions.
The inclusion of multi-strange hadrons in this type of
analysis opens up further opportunities.
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Appendix A: Evaluation of linearly independent
combinations from Table [II

Assume that the seven particle species in this approach
form a basis B = {K—,p, A, ¢, §+,Q_,ﬁ+} of a 7-
dimensional vector space, R, where the elements of B
are called basis vectors in this space. Each combination
or index in Table [I|is a vector in R7, as shown in Ta-
ble [l and all the indices together form a set of vectors,
V ={v1,v,...,v,.}, where r is the total number of vec-
tors in the set.

The 10 indices in Table [[]are not linearly independent:
(7) - (6) = (2), (3) + (5) = (6) and (10) - (8) = 1/3 (9).
For each dependent relationship, one index should be re-
moved. Suppose that (2), (3) and (8) are removed. This
is not a unique choice. The linear dependence of the re-

maining seven indices (1, 4, 5, 6, 7, 9 and 10) are checked
using linear algebra. Therefore, the seven vectors from
these seven indices form the set whose linear dependence
ought to be evaluated.

The linear dependence of a set of vectors V =

{v1,v2,...,v,.}, requires that given a set of non-zero
scalars (g, @a,...,q,) they can be written a as linear
sum

(A1)

r
E o;0; = 0
i=1

where 7 is the total number of vectors in the set V' (in
our case r = 7, for the seven vectors). Here 0 is a null
vector in the same vector space. This implies that at
least one vector is redundant and can be expressed as
a linear combination of the others. However, if Eq.
holds only for the case when all the coefficients are zero,
the vectors V' are said to be linearly independent [46].

Each vector of V' can be represented as a column ma-
trix of dimension 7x1, where 7 is the dimension of the
vector space in the present case. Then Eq. turns
into a matrix equation where the seven vectors together
form a matrix, M, of dimension 7x7 and the scalars
Q1,Qo,...,a7 constitute a column matrix, A, with di-
mensions 7x1, i.e.,

MA =0, (A2)
with O being a null matrix of dimensions 7x1.

In order to evaluate the matrix equation, Eq. ,
the matrix M should be expressed in row-reduced ech-
elon form by several row and column operations. Fi-
nally, Eq. with the row-reduced form of M provides
the values and relations among the scalars aq, as, ..., az.
There is also an alternative method to evaluate the
scalars which exploits determinants of the original ma-
trix M.

Based on the aforementioned method of linear algebra,
we find that the seven indices (1, 4, 5, 6, 7, 9 and 10) are
not linearly independent. The number of vectors in the
set V' can be reduced repeatedly until an independent
vector subset is identified. It is thus found that the five
indices 4, 5, 6, 9 and 10 are linearly independent. Note
that other sets of independent combinations exist; e.g.,
1,4,5, 9 and 10; also 1, 5, 6, 9 and 10.
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