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Signatures of a baryonic spin-Hall effect in dense QCD matter
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Recent theoretical analyses show that spin current can be induced by the baryon chemical potential gradient
V up which becomes sizable in the fireballs created in heavy-ion collisions (HIC) at a beam energy of O(10) GeV.
This spin transport phenomenon can be considered as the cousin effect of the spin-Hall effect (SHE) in
condensed matter systems with Vg playing the role of the analogous electric field. In this letter, we study this
important mechanism, which we call “baryonic SHE” or Vug-induced polarization (V ug-IP), for differential
spin polarization generation that has not been systematically explored before. We predict the signature of the
baryonic SHE in HIC using a (3 + 1)D viscous hydrodynamic model MUSIC with a multiphase transport initial
condition. We propose to use the second Fourier coefficients of the net spin polarization of A hyperon as sensitive
probes for the baryonic SHE. Those baryonic SHE observables show a qualitative difference in sign and beam
energy dependence for the situations with and without the baryonic SHE. Future experimental observation of
these distinct qualitative features would provide strong evidence for the existence of this “baryonic SHE” in the

hot and dense quantum chromodynamics matter.

DOI: 10.1103/m51j-rp7n

Introduction. The recent observation of spin polarization
of hadrons in relativistic heavy-ion collisions, in particular
that of A hyperon (and A antihyperon) [1-6], has inspired
many studies on spin effects in quantum chromodynamics
(QCD) many-body systems (see Refs. [2,7,8] for reviews).
While the “global” (phase space averaged) spin polarization
is well described by the effects of vorticity for a wide range of
beam energy, the differential polarization measurements of the
azimuthal angle dependence at top BNL Relativistic Heavy
Ton Collider (RHIC) and CERN Large Hadron Collider (LHC)
energies [5,6] show sign opposite to the theory based on
thermal vorticity effects [9]. Newly discovered shear-induced
polarization (SIP) [10-12] is shown to be crucial for solv-
ing this “polarization sign puzzle” [11,13]. The examples of
studying differential polarization at beam energy scan (BES)
energies can be found in Refs. [14-20].
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Despite those developments, much less attention has been
paid to the quantitative signature of another important mech-
anism for spin polarization generation, namely, polarization
induced by the gradient of reduced baryon chemical potential
Vug/T,ie., Vug-IP. That is, for a spin carrier of momentum
p with baryon charge ¢, the induced spin polarization vector
P is given by !

P oc —p x (q8V ps/T). ey

This phenomena has been predicted within the framework
of relativistic quantum kinetic equations [10,21-25] and lin-
ear response theory [10,26]. Equation (1) shows that spin
polarized by the Vup-IP depends on momentum. Therefore
one should look for the Vup-IP signature in the phase space
distribution of polarization observables, i.e., the “local” spin
polarization, rather than in the global polarization.

In this letter, we present the first quantitative prediction of
the Vup-IP signals in differential spin polarization that can
be tested experimentally at RHIC BES energies. Using the
freeze-out profiles generated from MUSIC viscous hydrody-
namics with a multiphase transport (AMPT) initial conditions,
we calculate the spin polarization of A and A hyperons along

'Note that Vup-IP represents the contribution from the gradient
of the reduced chemical potential up/T, and thus includes the term
proportional to the temperature gradient multiplied by the baryon
charge gp.
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the beam direction Z and the out-plane direction y in Au + Au
collisions with the beam energy ./syv = 7.7-200 GeV. Un-
like the previous work [26] which only accounted for V pug-1P
alone within the blastwave model, we have included all first-
order gradients effects in our studies. As we shall see later,
such a comprehensive analysis is necessary to identify the
signature of Vyug-IP. In recent hydrodynamic calculations,
the Vup-IP contribution on global polarization is studied and
the magnitude is found to be relatively small compared with
the well-known thermal vorticity effect [27]. While in this
work, we demonstrate that the V up-IP gives rise to significant
separation for the differential polarization between A and A.
The second harmonics of the net spin polarization can be
utilized as unambiguous observables to search for the V pp-1P.

It is worth pointing out that if we replace Vug/T with the
electric field in Eq. (1), the resulting equation describes the
spin Hall effect (SHE) [28,29]. In this sense, Vug-IP is an

J

analog of SHE which has been observed in semiconductors
[30,31], metals [32], and insulators [33]; see Ref. [29] for a re-
view. However, the materials mentioned above are at or below
room temperature and are microscopically described by quan-
tum electrodynamics (QED). In contrast, we consider the sig-
nature of Vup-IP in hot and dense QCD matter where the spin
carriers (quarks, gluons, and/or hadrons) interact with each
other through strong interaction in media at temperature above
102 K. Those similarity and difference between SHE and
V ug-IP makes the detection of the latter of broader interest.

Method. In field theory, the phase space density of spin
polarization of a fermion/antifermion with mass m and four-
momentum p* is described by the corresponding axial Wigner
function A*(x, p). To the first order in the gradient of hy-
drodynamic variables, i.e., temperature T, flow velocity u*,
chemical potential g, A* for a baryon-rich fluid is given by
[10,26] (see also Refs. [23,25])

1 1 P qs
At (x, p) = Bfolx, p)(1 — folx, p))e"™™” x Epvaiup - ;MupaapT — = u, Q500 — —— Uy pad, (Bis) |, @
€0 coB
vorticity T-gradient SIP Baryonic SHE

where fo(x, p) = (e®®~918)8 1 1)~! s the Fermi-Dirac dis-
tribution function with &g = p-u and g = 1/T. Note g =

1 for baryons and gp = —1 for antibaryons. Here, we
define 9} = A™9,, p/| = A*'p, with A* =g —uly’.
We denote momentum quadrupole by Q" = —p/| p", /p% +

A" /3 and shear stress tensor by o#¥ = B(fu”) — (1/3)AmY
(0 - u).

Equation (2) includes all possible first order hydrody-
namic gradient contributions to the spin polarization in
phase space that are allowed by symmetry, except for the
vorticity-quadrupole coupling which is found to be sup-
pressed in perturbative calculations [10]. Among those four
independent contributions, the first and second terms in the
brackets represent the vorticity-induced and T-gradient in-
duced polarization, respectively. The combination of the two
is proportional to the thermal vorticity, the effect of which
has been widely studied previously [9,34]. The recently dis-
covered shear-induced polarization (SIP) [10-12,25] is shown
in the third term. The baryonic SHE contribution, given by
the last term, is of potential importance for baryon-rich QCD
matter. A similar expression for the baryonic SHE has been
derived using a statistical approach [35]. This approach differs
from Eq. (2) primarily due to the inclusion of the four-velocity
vector u and a time-direction vector 7#. In a more recent
study [36], these vectors have been replaced by the unit sur-
face normal vector n*. Equation (2) was derived using a free
theory analysis and includes four distinctive gradient con-
tributions. We anticipate that higher-loop contributions may
modify the coefficients in front of each gradient term, but
they will not change the presence or qualitative features of
these contributions. We shall employ Eq. (2) as a basis for the

(

subsequently systematic analysis of spin polarization at BES
energies.”

To compute the spin polarization of the produced A and A
hyperons on the freezeout-surface X, from the axial Wigner
function, we follow the widely used prescription [34,38]

[ dE®pg A (x, p;m)
2m f dzapotf()(xv P) '

where the factor 2 in the denominator comes from the degen-
eracy of spin 1/2 fermions.

The hydrodynamic profile on the freeze-out surface is gen-
erated by 3 + 1 dimensional viscous hydrodynamics MUSIC.
The initial energy-momentum tensor 7" (x) and net baryon
number density ng(x) are obtained from AMPT model [39,40]
with Gaussian smearing at proper time 7, [41] after average
over more than 103 events at each /Snn. We have multiplied
T" obtained from AMPT by a phenomenological normaliza-
tion factor cy which is tuned to match with charged hadron
production in most central collisions. The hydrodynamic evo-
Iution ends when energy density reaches a fixed value egy.
Table I lists relevant parameters used in our calculation of
hydrodynamic profiles. Unless noted in Table I, the model set-
up for AMPT+MUSIC are the same as our previous studies
[11,18].

Pt (p) =

3

2Note the expression of Eq. (2) is not unique, which can be equiv-
alently written as the combination of derivatives of flow velocities
and temperature fields in ideal hydrodynamics. With the convention
of [37], we eliminate the time derivatives and focus on the effects in-
duced by the 15 in this work. Nevertheless, the value of the predicted
SHE signature does not depend on a specific form.
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TABLE I. The subset of parameters used in hydrodynamic simu-
lations, see text.

Vswn [GeV] N n/s 7o [fm/c] €sw [GeV/fm’]
7.7 1.8 0.16 2.0 0.35
19.6 1.8 0.12 1.2 0.45
27 1.8 0.10 1.0 0.50
62.4 1.9 0.08 0.6 0.60
200 1.9 0.08 0.4 0.65

Given significant uncertainties in the current understanding
of the hadronization of spin polarization and its subsequent
hadronic evolution, we consider two benchmark scenarios:
the “Lambda equilibrium” and “‘strange memory” [11]. The
former assumes that the spin of A immediately responds to the
hydrodynamic gradients [14,18,42]. In contrast, the latter sup-
poses that the spin of A inherits that of the strange quark and
is frozen after the hadronization [43—45]. In practice, we input
m=1.116 GeV, gg = £1, and m = 0.3 GeV, gg = £1/3 in
Eq. (3) for the “Lambda equilibrium” and “strange memory”
scenario, respectively, as we did in Ref. [11]. Clearly, those
two scenarios represent two extremes, i.e., the spin relaxation
time of A is very short 7o, — 0 and very long 7y, — 00,
respectively, with the reality (possibly) sitting somewhere in
between. Note, Eq. (2) is derived by assuming that spin car-
riers are weakly interacting with each other [10,26] while for
QGP near the freezeout temperature, the strange quark may
be strongly coupled the medium. In particular for RHIC-BES
collisions, with the decreasing of collision energy, we may
expect the spin of A hyperons is more likely to exhibit the
hadron spin degree of freedom instead of quarks. Neverthe-
less, as we shall see below, the main feature of the SHE
observables that we propose is robust in both scenarios.

Results. To devise the baryonic SHE observables, we
shall rely on two observations followed from Eq. (2).
First, as evident in this equation, the baryonic SHE distin-
guishes itself from the other contributions there since its
sign depends on the baryon charge of the spin carrier. It
is then natural to consider net A differential spin polariza-
tion P“e‘(qb) P, () — I_’Z,y(q)) to isolate the baryonic SHE
contribution. Here, P, ,(¢) and I_Jz,y(qﬁ) is the polarization of
A and A hyperons as a function of azimuthal angle ¢ along
the out-of-plane direction (y) and the beam direction (z). Sec-
ond, we notice that the baryonic SHE contribution is of a
similar form to that of the T-gradient contribution with 9, T
replaced by (qBT2 /€0)9,,(Bp)- It has been demonstrated in a
number of studies [9,11,18] that the effect of T-gradient will
lead to a characteristic “sin(2¢)” and “cos(2¢)” pattern to
P.(¢) and P, (¢), respectively. So we expect that the baryonic
SHE would give rise to a similar sine/cosine pattern in dif-
ferential polarization, with the sign depending on the typical
direction of up gradient on the freeze-out surface. Combining
those observations, we designate the second harmonic com-
ponent of P,“‘:’,‘(q)) in the Fourier decomposition to characterize

the baryonic SHE signal:
Py = (P (¢)sin 2¢), Py = —(P[*(¢) cos2¢),  (4)

where (- - - ) denotes the average over the ¢ angle.

The main results of this letter are shown in Fig. 1 (left)
where the proposed baryonic SHEobservables P3¢ and P;evt as
a function of collision energy are plotted for both “Lambda
equilibrium” and “strange memory” scenarios. While the
magnitude of those observables quantitatively depends on the
mass of spin carriers, we observe several distinctive traits
which are robust in both scenarios. Without the baryonic SHE,
the second sine harmonics of longitudinal net spin polariza-
tion P} is negative at the beam energy of O(10) GeV. With
the baryomc SHE, it becomes positive and grows as collision
energy decreases. Turning to the baryonic SHE observable
in y direction, we see a different nonmonotonic collision en-
ergy dependence in situations with and without the baryonic
SHE. As beam energy goes down, P;f; shows an interesting
sign change, from negative to positive, in the presence of the
baryonic SHE. In contrast, this cosine coefficient would first
increase to some positive value and then drop down when
the baryonic SHE is absent. In short, we find that the pro-
posed baryonic SHE observables show a marked difference
in both sign and beam energy dependence with and without
the baryonic SHE. Those striking qualitative features make us
believe the predicted signatures provide crucial guidance for
the future search for the baryonic SHE.

Physically, the baryonic SHEconverts the spatial baryon
chemical potential distribution into spin polarization in mo-
mentum space. Therefore, the characteristics of the baryon
density profiles and their beam energy dependence would ap-
pear in observables sensitive to the baryonic SHE. To illustrate
this, in Fig. 1 (right), we present initial baryon density distri-
bution, which evolves hydrodynamically and can be converted
to up through equation of state (EoS). As Eq. (1) tells us,
the spin vector polarized by the baryonic SHE is transverse
to the gradient of up. So, to appreciate the behavior of P;f;‘,
we need to look at the np distribution in the x — y plane.
We notice that the magnitude of ng becomes larger with de-
creasing beam energy. Accordingly, we see the growing trends
of P;¢ when beam energy becomes smaller. Turning to the
1n1t1al ‘profile of np in the reaction plane x — 5, at y = 0, it
transits from a double peak structure to a single peak structure
from /sy = 200 GeV to 7.7 GeV. This transition is antic-
ipated from examining baryon stopping process at different
collision energies [39,46-49]. Such a qualitative change in
baryon density profile will flip the sign of baryon density
gradient along the longitudinal direction and is expected to
induce the nonmonotonic behaviors of Pzr“;‘, as was confirmed
quantitatively in Fig. 1 (left).?

It is worth emphasizing that even without the baryonic
SHE, P;¢!, P! is generically nonzero at BES energies. This is
because there are other mechanisms for the spin polarization,

3When computing SHE quantitatively, we need to evaluate
V(up/T) on the freezeout surface which is related to np through
T profile and EoS. Therefore, Fig. (1) (right) is presented only for
illustrative purpose. Moreover, we notice that although Vrng can be
expressed in terms of a linear combination of VT and V w3, the sign
of Vng is not always the same as that of V. because of non-trivial
VT profile, see Ref. [50] for details.

L041901-3



FU, PANG, SONG, AND YIN

PHYSICAL REVIEW C 113, L041901 (2026)

15 - " i
(%) A-A s-5s 10
1.0 —=— with SHE —=— with SHE
. - <= without SHE - «- without SHE
8505 =
Y =,
— >
0.0 P Sadhnat
aee -5
-0.5@ ‘
(%) A-AX s-s
—=— with SHE —a— with SHE
0.4 - - without SHE - - without SHE
Py
=

V sy [GeV]

x [fm]

ng(x,y) atn,=0 0.40

%« 0.8 0.10

19.6 GeV (n  EF 00
5 10 5 0 5 4 -5 0 5 10

x [fm] X [fm]

FIG. 1. Left panels: the collision energy dependence of second Fourier coefficients, P;% and P;, for differential polarization of net A

2,y

hyperons along the beam and out of plane direction, calculated in the “Lambda equilibrium” and “strange memory” scenarios, see text. Right
panels: the initial net baryon density np on the transverse plane x — y at spatial rapidity n, = 0 and on the reaction plane x — n; at y = 0 in

20-50% Au + Au collisions at /syy = 7.7, 19.6, 200 GeV.

such as the SIP, with magnitude depending on g through dis-
tribution function and Pauli blocking factor (1 — f) in Eq. (2).
An important factor within the present model is that A tends to
freeze-out earlier than A, meaning A and A probe the regimes
with different hydrodynamic profiles. The resulting nontrivial
non-SHE contribution necessitates a quantitative description
of differential spin polarization by systematically including
both the baryonic SHEand non-SHE effects, as was done for
the first time in the present Letter.

To complement Fig. 1, we show P,(¢), P,(¢) and
P.(¢), I_Jy(qb) at one representative beam energy ./syy =
7.7 GeV for both “A equilibrium” and “strange memory”
scenarios in Fig. 2 (left). This figure exemplifies several
characteristic features which are also present at other beam

Au+Au, 7.7 GeV, 20-50%
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energies, see our coming publication for details [50]. First,
azimuthal angle dependence of P,,(¢) [P, ,(¢)] is mainly
characterized by cos(2¢), sin(2¢) pattern. This supports
choosing the second harmonics of differential polarization to
detect the baryonic SHE. Second, the baryonic SHE leads
to a sizable separation of A and A differential polarization.
Without the baryonic SHE, either the difference between them
is small, or the ordering is opposite to that with the baryonic
SHE. For example, in “A equilibrium” scenario, the splitting
between P,(¢) and E(d)), shown in the bottom-left panel of
Fig. 2 (left), is small in the absence of the baryonic SHE
but becomes much larger once the baryonic SHE contribution
is included. Meanwhile, the hierarchy between P.(¢), P.(¢)
will be reversed with and without the baryonic SHE. Similar

Au+Au, 7.7 GeV, 20-50%
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FIG. 2. Differential spin polarization P,(¢) and —P,(¢) calculated in the “Lambda equilibrium” (labeled by A, A) and the “strange
memoryi” (labeled by s, 5) scenarios in 20-50% Au + Au collision at /syy = 7.7 GeV. Left panels: with and without the SHE contribution for
A and A hyperons. Right panels: The individual contribution from the vorticity, the T-gradient, the shear-induced polarization (SIP) and the

SHE terms in Eq. (2) to the polarization of A.
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qualitative features can equally be seen in the “strange mem-
ory” scenario, per the lessons we have just discussed when
presenting Fig. 1.

In Fig. 2 (right), we present each of the four contributions,
i.e., from the SIP, the T-gradient and the vorticity in addi-
tional to the baryonic SHE, to P, at ./syv = 7.7 GeV. For
longitudinal polarization P.(¢), the vorticity contribution is
insignificant. Similar to results of hydrodynamic calculations
at top RHIC and LHC energies [11,13], the sign of the second
sine harmonics of the SIP and the T-gradient contribution is
opposite to each other at the lower beam energies. The sign
of the baryonic SHEcontribution, as shown in red curve, is
positive and is the same as that from the SIP. Overall, the
sign of second sine harmonics of P, will be determined by
the competition among the baryonic SHE, the SIP and the
T-gradient induced polarization. Turning to the polarization
along y direction, the “global” polarization is nonzero mainly
because of the vorticity effect. Once again, the sign of the
second cosine harmonics is driven by the competition among
contributions from different hydrodynamic gradients. We note
that while the sign of the SIP, T-gradient, and vorticity contri-
bution at /syy = 7.7GeV is the same as that at top RHIC
and LHC [11,13], the sign of the baryonic SHE contribution
to Py,(¢) is sensitive to the up profile in the longitudinal
direction and hence can change from negative to positive with
decreasing beam energy, as we discussed earlier. The main
insight provided by Fig. 2 (right) is that the baryonic SHE
contribution is indispensable for studying differential spin
polarization at lower beam energies. The net spin polarization
is more sensitive to the unique feature of the baryonic SHE
than P, , or P, , because the former largely isolates the effects
of chemical potential gradient from other mechanisms for
polarization generation.

Besides the results presented above, we have investigated
the consequences of changing the inputs in our hydrodynamic
models. They include the initial baryon density and flow pro-
file, shear viscosity, bulk viscosity, baryon diffusion constant,
EoS, and freeze-out condition. We find that the baryonic SHE
signal is mostly sensitive to the initial profile but those vari-
ations within realistic range do not qualitatively change the
conclusion in this letter; see the forthcoming publication for
more details [50].

It is important to note that other sources may and do con-
tribute to the net A polarization: electromagnetic field [51,52],

helical vortical effect [53], freeze-out condition [54]—to
name just a few. We note that such effects are expected to
decay shortly or only insignificantly contribute to longitudinal
polarization. Though, the quantitative analysis of these contri-
butions is a task well beyond this paper, but such an analysis
should be pursued soon.

Summary. In this letter, we predict the baryonic spin-Hall
effect (SHE) signature for the QCD matter created in relativis-
tic heavy-ion collisions at RHIC-BES energies. Such baryonic
SHEarises from the gradient of baryon chemical potential
and is an essential mechanism generating spin polarization
in baryon-rich QCD that has not been fully explored before.
Using the freeze-out profiles from MUSIC hydrodynamics
with AMPT initial conditions, we demonstrate that the bary-
onic SHE contribution to the differential A polarization is
comparable to those from the thermal vorticity and the shear-
induced polarization (SIP) at lower collision energies. We
propose to use the second harmonics of net spin polarization,
P;E‘ and Pz"fi,t [defined in Eq. (4)], to detect the baryonic SHE.
We predict that these proposed baryonic SHE observables
will show the qualitative difference in both sign and collision
energy dependence in the absence and presence of the bary-
onic SHE. Future experimental observation of the anticipated
non-trivial signatures could provide the first evidence for the
baryonic SHE in hot and dense QCD matter.
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