PHYSICAL REVIEW LETTERS 132, 201903 (2024)

Baryon Electric Charge Correlation as a Magnetometer of QCD

H.-T. Ding®, J.-B. Gu®,” A. Kumar®, S.-T. Li®, and J.-H. Liu
Key Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics,
Central China Normal University, Wuhan 430079, China

® (Received 19 December 2023; revised 18 March 2024; accepted 23 April 2024; published 14 May 2024)

The correlation between net baryon number and electric charge, ;(?IQ, can serve as a magnetometer of
QCD. This is demonstrated by lattice QCD computations using the highly improved staggered quarks with

physical pion mass of M, = 135 MeV on N, = 8 and 12 lattices. We find that )(]?]Q along the transition line

starts to increase rapidly with magnetic field strength eB > 2M2 and by a factor 2 at eB ~8M2.
Furthermore, the ratio of electric charge chemical potential to baryon chemical potential, uq/ug, shows

significant dependence on the magnetic field strength and varies from the ratio of electric charge to baryon
number in the colliding nuclei in heavy ion collisions. These results can provide baselines for effective

theory and model studies, and both ;(?IQ and p/pg could be useful probes for the detection of magnetic

fields in relativistic heavy ion collision experiments as compared with corresponding results from the

hadron resonance gas model.

DOI: 10.1103/PhysRevLett.132.201903

Introduction.—Strong magnetic fields are expected to be
created in various systems, including the early universe [1],
magnetars [2], and in the laboratory of relativistic heavy ion
collisions [3-5]. In noncentral relativistic heavy ion colli-
sions, the strength of the produced magnetic field eB can
reach the order of AéCD, a typical scale of the strong
interaction. Theoretical studies showed that the maximum
magnetic field strength can reach 5M2 and 70M?2 in Au +
Au collisions at the top energy of relativistic heavy ion
collisions (RHIC) experiments and in Pb + Pb collisions at
large hadron collider (LHC) energies [4,5], respectively,
where M, is the mass of the lightest hadron, pion at
vanishing magnetic fields. Thus, such a strong magnetic
field can affect the phase structure of the strong interaction
as described by quantum chromodynamics (QCD) [6].

One of the most interesting effects induced by the strong
magnetic field is the so-called chiral magnetic effect, which
shows the macroscopic manifestation of the chiral anomaly
of gauge fields. It was proposed in 2007 in the context of
heavy ion collisions [3], where strong magnetic field, at the
order of AéCD, and axial U(1) anomaly are present. This
has triggered intensive experimental as well as theoretical
studies [7]. However, results from searches for the chiral
magnetic effect in heavy ion collision experiments turn out
to be bewildering [8—10], and it is only in the condensed
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matter experiments that evidence for the chiral magnetic
effects has been found [11]. Among many different
perspectives between these two kinds of experiments
[7,11], one of the key differences is that the magnetic
field is expected to decay fast in the former case while it is
sustainable in the latter case.

Unfortunately, it is a challenging task to determine the
lifetime of a magnetic field produced in the heavy ion
collision experiments [12,13]. Theoretically, the lifetime
depends on the electrical conductivity and types of magnet-
ism of the medium. Recent first-principle lattice QCD
studies have found that the electrical conductivity along the
magnetic field increases as the magnetic field grows [14],
and the quark-gluon plasma exhibits paramagnetic proper-
ties [15]. These two findings support the idea that the
magnetic field could live longer in the evolution of heavy
ion collisions than in the vacuum. Hints have been found
for the manifestation of magnetic field in the deconfined
quark-gluon plasma phase through recent observations of
differences of direct flows between D° and D° [16,17] and
the broadening of transverse momentum distribution of
dileptons produced through photon fusion processes
[18,19] in heavy ion collisions. On the other hand, thermal
quantities such as chiral condensates, screening masses,
and heavy quark potential have been found to be largely
affected by the strong magnetic field via the first-principle
lattice QCD studies [20-23]. Unfortunately, these quan-
tities are not directly measurable in the heavy ion collision
experiments.

Among thermodynamic quantities accessible in both
theoretical computations and experimental measurements,
fluctuations of and correlations among net baryon number
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(B), electric charge (Q), and strangeness (S) are useful
probes to study the changes in degrees of freedom and the
QCD phase structure [24—-30]. However, they are much less
explored at nonzero magnetic fields. Most of the studies
have been carried out within the framework of the hadron
resonance gas (HRG) model [31-34], the Polyakov-
Nambu-Jona-Lasinio model [35], and the Polyakov loop
extended chiral SU(3) quark mean field model [36]. The
only existing lattice QCD study on the fluctuations of and
correlations among conserved charges at nonzero magnetic
fields was conducted using the larger than physical pion
mass at one single lattice cutoff [37].

In this Letter, we present the first lattice QCD compu-
tation with physical pion mass on the quadratic fluctuations
and correlations of net baryon number, electric charge, and
strangeness in the presence of constant external magnetic
fields. Both the correlation among baryon number and
electric charge, ;(]]BIQ, and the ratio of electric charge
chemical potential over baryon chemical potential, yiq/ g,
are found to be significantly enhanced in the magnetic field
and could be useful to detect the existence of magnetic field
in heavy ion collision experiments. Some of the prelimi-
nary results are presented in [38].

Quadratic fluctuations of conserved charges and the
HRG model in strong magnetic fields.—The quadratic
fluctuations of and correlations among B, Q, and S can
be obtained by taking the derivatives of pressure with
respect to the chemical potentials jiy = uy/T with X = B,
Q, and S from lattice calculation evaluated at zero chemical
potentials

BQS ai+j+kP/T4 (1)
ijk T ’
Ot e, O

Qs=0

where P = (T/V)InZ(eB, g, yQ,ﬂS) denotes the total
pressure of the hot magnetized medium, and i+ j+k=2.
For brevity, we drop the superscript when the correspond-
ing subscript is zero.

In the context of the HRG model, the thermal pressure in
strong magnetic fields arising from charged hadrons can be
expressed as follows [31,37,39]:

Po |gilB N X HE”‘ neg
=00 D D f0) (1) K\~ ) @
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where ¢ is the energy level of charged hadrons and has a
form of &y = \/m? + 2|q;|B(I + 1/2 — 5,). Here g; and m;
are the electric charge and mass of the hadron i, respec-
tively, while s, is the spin factor which is summed over —s;
to s; for each hadron i. B is the magnetic field pointing
along the z direction, and / denotes the Landau levels. n is
the sum index in the Taylor expansion series, and K is the
first-order modified Bessel function of the second kind. The
“+” in “4” corresponds to the case for mesons (s; is
integer) while the “—” for baryons (s; is half-integer). Note
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FIG. 1. The ratio of X = y|'|°, x5, and y5 to its corresponding

value at vanishing magnetic fields as a function of eB at three
temperatures obtained from the HRG model.

that the HRG description of spin-3/2 baryons as well as
spin-1 mesons breaks down at some critical magnetic field,
above which the lowest energy of the particle would turn
negative. In our case, the largest eB applied is ~8M2,
which keeps &, always positive.

The quadratic fluctuations of and correlations among B,
Q, and S arising from charged hadrons, are thus given by
[37,40]

)(2 271_2T3Z|%| 2 Z Zf 80
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where f(gg) = €9 > (£1)""'nK,(ney/T) and X;, Y; =
B, Q, S carried by hadron i. The fluctuations and
correlations arising from neutral hadrons are obtained
using the standard HRG model [41,42] as the masses of
neutral hadrons are assumed to be independent on eB
in the current eB window. In the current HRG model
computations, we adopt the list of resonances from
QMHRG2020 [42].

Figure 1 shows the eB dependence of normalized )(llng,
x5, and )((23 obtained from the HRG model. Note that both
;(?IQ and ;((2) receive contributions only from charged
hadrons, while x5 receives contributions from both charged
and neutral baryons. It can be seen that )(lle increases
rapidly as eB grows and reaches a factor of ~1.9 at
eB~8M2. On the other hand, x5 has much weaker
dependence on eB and increases about 20% while ;(8
remains almost intact as eB grows.

Lattice QCD simulations.—The partition function Z of
QCD with three flavors (f = u, d, s) is given by the
functional integral,

= / DUe™S [ [detM(U.q;B.up)fi.  (4)
f=ud,s
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FIG. 2. Continuum estimates (yellow bands) of )((22 (left), ;(]23 (middle), and ;(?IQ (right) at T = 145 MeV based on lattice QCD results
with N, = 8 and 12. The blue and red bands represent the interpolated results for N, = 8 and 12 lattice data, respectively. The total

contribution (black solid lines) as well as contributions from certain hadrons (broken lines) to )(‘22, ;(g, and )('13 lQ obtained from the HRG

model are also shown.

The highly improved staggered quarks (HISQ) [43] and a
tree-level improved Symanzik gauge action, which have
been extensively used by the HotQCD Collaboration
[41,42,44-49], were adopted in our current lattice simu-
lations of Ny =2 + 1 QCD in nonzero magnetic fields on
323 x 8 and 483 x 12 lattices. The magnetic field is
introduced along the z direction and described by a fixed
factor u,(n) of the U(1) field. We set the quark masses to
their physical values, with mass degenerate light quarks
m, = m, corresponding to M, = 135 MeV. The electric
charges of the quarks are ¢, = ¢, = —¢q,/2 = —e/3, with
e denoting the elementary electric charge. To satisfy the
quantization for all the quarks in the system, the greatest
common divisor of their electric charges, i.e., |g,] =
lgs]| = e/3, is adopted, and the strength of the magnetic
field eB thus equals to (6zN,/N,N,)a~? [50,51]. Here N,
is the number of magnetic fluxes through a unit area in the
x-y plane, a is the lattice spacing, and N, =N, = N, are
the spatial lattice points. Further details on the implemen-
tation of magnetic fields in the lattice QCD simulations
using the HISQ action can be found in [52]. The simulated
eB ranges from ~M2 up to ~8M2, with N,, varying from 1
to 6. The discretization error in eB should be mild as
N,/N% <1 [53].

All gauge configurations have been generated using a
modified version of the software suite SIMULATeQCD [54]
and saved every tenth time units. For each value of N, at
temperatures below 160 MeV, about 40 000 configurations
were saved on N, = 8 lattices and 5000 on N, =12
lattices. Approximately 3000 configurations are addition-
ally generated on N, = 16 lattices at a single temperature
with N, = 3 to scrutinize the uncertainties originating from
continuum estimates. Fluctuations and correlations of
conserved charges up to the 4th order in nonzero magnetic
fields have been computed using the random noise vector
method. Details of computations and results obtained on
N, = 16 lattices can be found in Table ST and Fig. S4 in the
Supplemental Material [55], respectively. The latter sug-
gests that quantitative results might be subject to moderate
shifts with the inclusion of additional finer lattice spacings.

For the case of N, = 0, we adopted lattice QCD results
obtained in [42].

Results.—We first present in Fig. 2 the results for ;((22, 75,
and ;(?IQ, as obtained from lattice QCD computations and
the HRG model at T = 145 MeV, which is below the
transition temperature ~156 MeV [57]. The lattice QCD
results are continuum estimated based on N, = 8§ and 12
lattices, and the details are presented in the Supplemental
Material [55]. By utilizing the additional results obtained
on N, = 16 lattices, we confirm the consistency between
continuum estimated and extrapolated results, implying
minor uncertainties, as shown in Fig. S4 in the
Supplemental Material [55]. It can be seen that the
continuum estimated lattice QCD result of )(S remains
almost intact with eB, whereas x5 increases by about 45%

at eB ~ 8M2. Most strikingly, 2 is significantly affected
by the magnetic field, increasing by a factor of ~2.4 at
eB~8M2. On the other hand, while the HRG model
provides a reasonable description of ;(? and ;(]le for field
strengths up to eB < 4M?2, it begins to undershoot con-
tinuum estimated lattice QCD results at higher eB values.
For x8, the HRG model undershoots the QCD results across
the whole eB window.

We break down the contributions from individual
hadrons in the HRG model. In the case of ;(8, the dominant
contribution in the current window of magnetic field
strength always comes from charged pions, although it
decreases by about 30% at eB ~ 8 M2 due to their enhanced
energy in the magnetic field. In the case of x5, no single
hadron overwhelmingly dominates; the largest contribu-
tion, which is less than 12%, comes from protons. For ;(?IQ,
it can be seen that protons dominate the contribution at
eB < 4M2, while doubly charged A(1232) baryons start to
surpass protons at eB = 4M2. Note that the contribution
from protons almost remains constant with eB. Thus, most
of the eB dependence of )(?IQ comes from doubly charged
A(1232) baryons. This follows from the fact that the energy
€p of A(1232) baryons can become smaller, as they are
doubly charged and have a spin of 3/2. For other doubly
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charged baryons, e.g., A(1600), their contributions are
largely suppressed due to their larger masses.

In heavy ion collisions, correlations among conserved
charges are measured through final stable particles. For
instance, the proton (p) serves as a proxy for baryon
number, and net electric charge (QF'®) is measured through
proton, pion, and kaon [58]. However, the doubly charged
A(1232) baryons, which significantly contribute to the eB
dependence of ){1131(2, are not directly measurable in heavy
ion collision experiments. This is because they are short-
lived resonances, undergoing a strong decay into proton
and pion with a branching ratio close to 100%. To
determine whether the decays of A(1232) baryons, i.e.,
protons and pions, retain the memory of the eB dependence

of the contribution of A(1232) to ;(]le, we construct a proxy

ag,lmp for )(]le that includes contributions from all the

decays to proton and pion following the standard approach
in the framework of the HRG model [59].

It is common to investigate the ratios of fluctuations in
both theory and experiments to suppress the dependence on
the system volume [24-28]. We then focus on ratios
R(O) = OleB, T ,.(eB)]/O[0,T,.(0)] along the transition
line. In Fig. 3 (top), the continuum estimate of R(y}\?) at
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FIG. 3. Continuum estimates of ratios of ;(?,Q (top) and ;(?,Q / ;(?
(bottom) to their corresponding values at vanishing magnetic
fields along the transition line. Interpolated bands for N, = 8 and
12 lattice data are also shown. The insets show ratios of results
obtained from the HRG model and proxy to continuum estimated
lattice QCD results.

T ,.(eB) exhibits a significant eB dependence, similar to
observations in Fig. 2 at T = 145 MeV. At the highest eB
value, ~8M2, R(;(ll3 IQ) reaches about 2.1. For eB < M2, both
the proxy R(ag;%) (dashed line) and the HRG result

(solid line) are consistent with the continuum estimated
lattice QCD result. However, for eB > M2, both R(aggm,p)

and HRG results begin to undershoot the continuum
estimated lattice QCD result. As depicted in the inset,
the proxy underestimates the continuum estimated lattice
QCD result by ~22% at most at eB =~ 5.5M2 and by ~16%
at eB ~ 8M2. In the case of HRG, this underestimation is
by ~15% at most at eB ~ 5.5M2 and by ~9% at eB ~ M.
In Fig. 3 (bottom), a similar trend is observed in the double
ratio, R(){?IQ / ;((22), where the proxy R(agém , / O'ZQPID) pro-
vides a slightly better description of the continuum esti-
mated lattice QCD result compared to the case of R(y}?).
Furthermore, the electric charge chemical potential can
be expanded as fig = qfig + g3/ + O(f13). Since the
initial nuclei in heavy ion collisions are net strangeness
neutral, the leading order coefficient ¢; can be expressed as
follows [61,62]:
r(3as —aatt) = Uiias — i) 5)

1= .
W33 =2 Xx) = rOns =)

Here r = ng/ng stands for the ratio of net electric charge to
net baryon number density in the colliding nuclei. For
Au + Au and Pb + Pb collisions, »r = 0.4 is a suitable
approximation. In the case of isobar collisions, for
%Zr—i-ZSZr, r is marginally higher at r = 0.417, while
for 35Ru + JSRu, r is 10% larger, specifically r = 0.458.

In Fig. 4, we show the leading order contribution to
o/ s, denoted as (uq/up )i o, normalized to its value at
zero magnetic fields as a function of eB along the transition

0 1 2 3 4 5 6 7 8eB/M;

6F  (uo/ts)io(eB, TocleB))
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FIG. 4. The continuum estimated (uq/up )1 o normalized to its
value at eB =0 as a function of eB along the transition line.
Bands correspond to collision systems with various values of
ng/np and lines are corresponding results obtained from the
HRG model.
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line for various values of r corresponding to different
collision systems. It can be seen that the double ratio
R[(uq/mp)Lo] increases with eB across all collision sys-
tems. In Au+ Au and Pb + Pb collisions, R[(uq/us)10]
reaches approximately 2.4 at eB ~8M?2. For the isobar
collision systems, designed to study the chiral magnetic
effect, R[(1q/mp)1 0] in Zr + Zr collisions is comparable to
that of Au-+ Au and Pb + Pb collisions. However, in
Ru + Ru collisions, R[(uq/up)L o) increases more rapidly,
reaching about 4 at eB ~ 8M2, which is about 1.5 times
greater compared to the other three cases. Additionally, we
find that the contribution from the next-to-leading order
term g3, obtained on N, = 8 lattices, is about 2% of that
from the leading order, as detailed in the Supplemental
Material [55]. The results obtained from the HRG model
(denoted by the broken lines) exhibit reasonably good
agreement with the lattice QCD data. This suggests that the
observation of eB dependence of uq/ug through fits to
particle yields using the HRG model with magnetized
hadron spectrum is feasible.

Conclusions.—We have performed the first lattice QCD
computations of quadratic fluctuations and correlations of
conserved charges in nonzero magnetic fields with physical
pions. Based on these computations, we propose two
probes to detect the imprints of magnetic fields in the
final stages of heavy ion collisions: the second-order
correlation of baryon number and electric charge ()(]le),
and the ratio of electric charge chemical potential to baryon
number chemical potential (uq/ug).-

Possible experimental analyses could be carried out
across various centrality classes or in different collision
systems exhibiting distinct eB values, as the strength of
magnetic fields is expected to increase from central to
peripheral collisions and in collisions of isobars with larger
number of protons [4,5]. The ;(?,Q could be investigated
using its proxy [58], i.e., the proxy of )(]ISIQ or )(]13? / )(ZQ can be
obtained in the experiments by measuring the net proton
number as the net baryon number B, and the net proton,
pion, and kaon number as the net electric charge Q,
cf. R(aggmvp) and R(GE&IDVP/GZQPID) as shown in Fig. 3.
On the other hand, the ratio uq/ug can be obtained from
thermal fits to particle yields [63—65], employing the HRG
model with magnetized hadron spectrum. Here, in addition
to the normal free parameter ug, ug and temperature, an
additional parameter eB is needed in the thermal fits to
accommodate the change in the hadron mass [66].
Moreover, it is worth noting that the strict normalization
of these quantities to the case with eB = 0, corresponding
to the most central collision, may not be essential. Instead,
one can directly investigate the dependence of )(llng / ;(? and
Ho/up on centrality class and collision systems. These
analyses can utilize already existing data from facilities at
LHC and RHIC [27-30].

Finally, our results also establish QCD baselines in
external magnetic fields for effective theories and model
studies [5,12,31-36], providing valuable insights into the
dynamic evolution within heavy ion collisions.
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Center.

*jinbiaogu@mails.ccnu.edu.cn

[1] T. Vachaspati, Phys. Lett. B 265, 258 (1991).

[2] K. Enqvist and P. Olesen, Phys. Lett. B 319, 178 (1993).

[3] D.E. Kharzeev, L. D. McLerran, and H. J. Warringa, Nucl.
Phys. A803, 227 (2008).

[4] V. Skokov, A.Y. Illarionov, and V. Toneev, Int. J. Mod.
Phys. A 24, 5925 (2009).

[5] W.-T. Deng and X.-G. Huang, Phys. Rev. C 85, 044907
(2012).

[6] D.E. Kharzeev, K. Landsteiner, A. Schmitt, and H.-U. Yee,
Lect. Notes Phys. 871, 1 (2013).

[7] D.E. Kharzeev and J. Liao, Nat. Rev. Phys. 3, 55 (2021).

[8] M. Abdallah et al. (STAR Collaboration), Phys. Rev. C 105,
014901 (2022).

[9] B. Aboona et al. (STAR Collaboration), Phys. Lett. B 839,
137779 (2023).

[10] D.E. Kharzeev, J. Liao, and S. Shi, Phys. Rev. C 106,
L051903 (2022).

[11] Q. Li, D. E. Kharzeev, C. Zhang, Y. Huang, I. Pletikosic,
A. V. Fedorov, R.D. Zhong, J. A. Schneeloch, G.D. Gu,
and T. Valla, Nat. Phys. 12, 550 (2016).

[12] A.Huang, D. She, S. Shi, M. Huang, and J. Liao, Phys. Rev.
C 107, 034901 (2023).

[13] Z. Wang, J. Zhao, C. Greiner, Z. Xu, and P. Zhuang, Phys.
Rev. C 105, L041901 (2022).

[14] N. Astrakhantsev, V. V. Braguta, M. D’Elia, A.Y. Kotov,
A.A. Nikolaev, and F. Sanfilippo, Phys. Rev. D 102,
054516 (2020).

[15] G.S. Bali, G. Endrédi, and S. Piemonte, J. High Energy
Phys. 07 (2020) 183.

[16] J. Adam et al. (STAR Collaboration), Phys. Rev. Lett. 123,
162301 (2019).

[17] S. Acharya et al. (ALICE Collaboration), Phys. Rev. Lett.
125, 022301 (2020).

[18] J. Adam et al. (STAR Collaboration), Phys. Rev. Lett. 121,
132301 (2018).

[19] M. Aaboud et al. (ATLAS Collaboration), Phys. Rev. Lett.
121, 212301 (2018).

[20] G.S. Bali, F. Bruckmann, G. Endrodi, Z. Fodor, S. D. Katz,
and A. Schafer, Phys. Rev. D 86, 071502(R) (2012).

201903-5


https://doi.org/10.1016/0370-2693(91)90051-Q
https://doi.org/10.1016/0370-2693(93)90799-N
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1016/j.nuclphysa.2008.02.298
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1142/S0217751X09047570
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1103/PhysRevC.85.044907
https://doi.org/10.1007/978-3-642-37305-3
https://doi.org/10.1038/s42254-020-00254-6
https://doi.org/10.1103/PhysRevC.105.014901
https://doi.org/10.1103/PhysRevC.105.014901
https://doi.org/10.1016/j.physletb.2023.137779
https://doi.org/10.1016/j.physletb.2023.137779
https://doi.org/10.1103/PhysRevC.106.L051903
https://doi.org/10.1103/PhysRevC.106.L051903
https://doi.org/10.1038/nphys3648
https://doi.org/10.1103/PhysRevC.107.034901
https://doi.org/10.1103/PhysRevC.107.034901
https://doi.org/10.1103/PhysRevC.105.L041901
https://doi.org/10.1103/PhysRevC.105.L041901
https://doi.org/10.1103/PhysRevD.102.054516
https://doi.org/10.1103/PhysRevD.102.054516
https://doi.org/10.1007/JHEP07(2020)183
https://doi.org/10.1007/JHEP07(2020)183
https://doi.org/10.1103/PhysRevLett.123.162301
https://doi.org/10.1103/PhysRevLett.123.162301
https://doi.org/10.1103/PhysRevLett.125.022301
https://doi.org/10.1103/PhysRevLett.125.022301
https://doi.org/10.1103/PhysRevLett.121.132301
https://doi.org/10.1103/PhysRevLett.121.132301
https://doi.org/10.1103/PhysRevLett.121.212301
https://doi.org/10.1103/PhysRevLett.121.212301
https://doi.org/10.1103/PhysRevD.86.071502

PHYSICAL REVIEW LETTERS 132, 201903 (2024)

[21] C. Bonati, M. D’Elia, M. Mariti, M. Mesiti, F. Negro, A.
Rucci, and F. Sanfilippo, Phys. Rev. D 94, 094007 (2016).

[22] C. Bonati, M. D’Elia, M. Mariti, M. Mesiti, F. Negro, and F.
Sanfilippo, Phys. Rev. D 89, 114502 (2014).

[23] M. D’Elia, L. Maio, F. Sanfilippo, and A. Stanzione, Phys.
Rev. D 104, 114512 (2021).

[24] H.-T. Ding, F. Karsch, and S. Mukherjee, Int. J. Mod. Phys.
E 24, 1530007 (2015).

[25] W.-j. Fu, Commun. Theor. Phys. 74, 097304 (2022).

[26] X. Luo and N. Xu, Nucl. Sci. Tech. 28, 112 (2017).

[27] A. Pandav, D. Mallick, and B. Mohanty, Prog. Part. Nucl.
Phys. 125, 103960 (2022).

[28] A. Rustamov, EPJ Web Conf. 276, 01007 (2023).

[29] T. Nonaka, Acta Phys. Pol. B Proc. Suppl. 16, 1 (2023).

[30] H.S. Ko (STAR Collaboration), Acta Phys. Pol. B Proc.
Suppl. 16, 1 (2023).

[31] K. Fukushima and Y. Hidaka, Phys. Rev. Lett. 117, 102301
(2016).

[32] M. Ferreira, P. Costa, and C. Providéncia, Phys. Rev. D 98,
034003 (2018).

[33] A. Bhattacharyya, S. K. Ghosh, R. Ray, and S. Samanta,
Europhys. Lett. 115, 62003 (2016).

[34] G. Kadam, S. Pal, and A. Bhattacharyya, J. Phys. G 47,
125106 (2020).

[35] W.-j. Fu, Phys. Rev. D 88, 014009 (2013).

[36] N. Chahal, S. Dutt, and A. Kumar, Phys. Rev. C 107,
045203 (2023).

[37] H.T. Ding, S. T. Li, Q. Shi, and X. D. Wang, Eur. Phys. J. A
57, 202 (2021).

[38] H.-T. Ding, S.-T. Li, J.-H. Liu, and X.-D. Wang, Acta Phys.
Pol. B Proc. Suppl. 16, 1-A134 (2023).

[39] G. Endrodi, J. High Energy Phys. 04 (2013) 023.

[40] Note that Eq. (3) is obtained from thermal pressure Eq. (2)
and its derivatives with respect to chemical potentials
[cf. Eq. (1)], exploiting the fact that the vacuum pressure,
although dependent on eB, is independent of chemical
potentials [31,37,39].

[41] A. Bazavov et al. (HotQCD Collaboration), Phys. Rev. D
86, 034509 (2012).

[42] D. Bollweg, J. Goswami, O. Kaczmarek, F. Karsch, S.
Mukherjee, P. Petreczky, C. Schmidt, and P. Scior (HotQCD
Collaboration), Phys. Rev. D 104, 074512 (2021).

[43] E. Follana, Q. Mason, C. Davies, K. Hornbostel, G.P.
Lepage, J. Shigemitsu, H. Trottier, and K. Wong (HPQCD
and UKQCD Collaborations), Phys. Rev. D 75, 054502
(2007).

[44] A. Bazavov, T. Bhattacharya, M. Cheng, C. DeTar, H.-T.
Ding et al., Phys. Rev. D 85, 054503 (2012).

[45] A. Bazavov et al. (HotQCD Collaboration), Phys. Rev. D
90, 094503 (2014).

[46] A. Bazavov, H.-T. Ding, P. Hegde et al., Phys. Rev. D 95,
054504 (2017).

[47] A. Bazavov et al. (HotQCD Collaboration), Phys. Lett. B
795, 15 (2019).

[48] A. Bazavov, S. Dentinger, H.-T. Ding et al., Phys. Rev. D
100, 094510 (2019).

[49] H.T. Ding et al. (HotQCD Collaboration), Phys. Rev. Lett.
123, 062002 (2019).

[50] M. D’Elia, S. Mukherjee, and F. Sanfilippo, Phys. Rev. D
82, 051501(R) (2010).

[51] G.S. Bali, F. Bruckmann, G. Endrodi, Z. Fodor, S. D. Katz,
S. Krieg, A. Schafer, and K. K. Szabo, J. High Energy Phys.
02 (2012) 044.

[52] H.T. Ding, S.T. Li, A. Tomiya, X. D. Wang, and Y. Zhang,
Phys. Rev. D 104, 014505 (2021).

[53] G. Endrodi, M. Giordano, S. D. Katz, T. G. Kovacs, and F.
Pittler, J. High Energy Phys. 07 (2019) 007.

[54] L. Mazur et al. (HotQCD Collaboration), Comput. Phys.
Commun. 300, 109164 (2024).

[55] See  Supplemental ~Material at  http://link.aps.org/
supplemental/10.1103/PhysRevLett.132.201903, which in-
cludes Ref. [56], for additional information about lattice
simulations, consistency check between the continuum
estimate, and extrapolation, next-to-leading order correc-
tions to po/pg. and supplementary figures.

[56] P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020).

[57] The transition temperature is roughly independent of eB
within the current ¢B window. This is determined by the
chiral susceptibility, as detailed in the Supplemental
Material [55].

[58] J. Adam er al. (STAR Collaboration), Phys. Rev. C 100,
014902 (2019); 105, 029901(E) (2022).

[59] In our computation of o! *ém , We assume that decay channels
and relevant branching ratios in the nonzero magnetic fields
remain the same as those in the vacuum, i.e., following
the procedure outlined in [60] for zero magnetic fields.
More information is provided in Sec. IV of Supplemental
Material [55].

[60] R. Bellwied, S. Borsanyi, Z. Fodor, J.N. Guenther, J.
Noronha-Hostler, P. Parotto, A. Pasztor, C. Ratti, and
J. M. Stafford, Phys. Rev. D 101, 034506 (2020).

[61] A.Bazavov, H.-T. Ding, P. Hegde, O. Kaczmarek, F. Karsch
et al., Phys. Rev. Lett. 109, 192302 (2012).

[62] A.Bazavov, H. T. Ding, P. Hegde, O. Kaczmarek, F. Karsch
et al., Phys. Rev. Lett. 113, 072001 (2014).

[63] P. Braun-Munzinger, K. Redlich, and J. Stachel, Quark-
Gluon Plasma 3, 491 (2004).

[64] L. Adamczyk et al. (STAR Collaboration), Phys. Rev. C 96,
044904 (2017).

[65] S. Wheaton and J. Cleymans, Comput. Phys. Commun. 180,
84 (2009).

[66] The HRG already gives a reasonably good description of the
lattice data, hence, the inclusion of feed down effects in the
thermal fits may not be necessary.

201903-6


https://doi.org/10.1103/PhysRevD.94.094007
https://doi.org/10.1103/PhysRevD.89.114502
https://doi.org/10.1103/PhysRevD.104.114512
https://doi.org/10.1103/PhysRevD.104.114512
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1142/S0218301315300076
https://doi.org/10.1088/1572-9494/ac86be
https://doi.org/10.1007/s41365-017-0257-0
https://doi.org/10.1016/j.ppnp.2022.103960
https://doi.org/10.1016/j.ppnp.2022.103960
https://doi.org/10.1051/epjconf/202327601007
https://doi.org/10.5506/APhysPolBSupp.16.1-A14
https://doi.org/10.5506/APhysPolBSupp.16.1-A87
https://doi.org/10.5506/APhysPolBSupp.16.1-A87
https://doi.org/10.1103/PhysRevLett.117.102301
https://doi.org/10.1103/PhysRevLett.117.102301
https://doi.org/10.1103/PhysRevD.98.034003
https://doi.org/10.1103/PhysRevD.98.034003
https://doi.org/10.1209/0295-5075/115/62003
https://doi.org/10.1088/1361-6471/abba70
https://doi.org/10.1088/1361-6471/abba70
https://doi.org/10.1103/PhysRevD.88.014009
https://doi.org/10.1103/PhysRevC.107.045203
https://doi.org/10.1103/PhysRevC.107.045203
https://doi.org/10.1140/epja/s10050-021-00519-3
https://doi.org/10.1140/epja/s10050-021-00519-3
https://doi.org/10.5506/APhysPolBSupp.16.1-A134
https://doi.org/10.5506/APhysPolBSupp.16.1-A134
https://doi.org/10.1007/JHEP04(2013)023
https://doi.org/10.1103/PhysRevD.86.034509
https://doi.org/10.1103/PhysRevD.86.034509
https://doi.org/10.1103/PhysRevD.104.074512
https://doi.org/10.1103/PhysRevD.75.054502
https://doi.org/10.1103/PhysRevD.75.054502
https://doi.org/10.1103/PhysRevD.85.054503
https://doi.org/10.1103/PhysRevD.90.094503
https://doi.org/10.1103/PhysRevD.90.094503
https://doi.org/10.1103/PhysRevD.95.054504
https://doi.org/10.1103/PhysRevD.95.054504
https://doi.org/10.1016/j.physletb.2019.05.013
https://doi.org/10.1016/j.physletb.2019.05.013
https://doi.org/10.1103/PhysRevD.100.094510
https://doi.org/10.1103/PhysRevD.100.094510
https://doi.org/10.1103/PhysRevLett.123.062002
https://doi.org/10.1103/PhysRevLett.123.062002
https://doi.org/10.1103/PhysRevD.82.051501
https://doi.org/10.1103/PhysRevD.82.051501
https://doi.org/10.1007/JHEP02(2012)044
https://doi.org/10.1007/JHEP02(2012)044
https://doi.org/10.1103/PhysRevD.104.014505
https://doi.org/10.1007/JHEP07(2019)007
https://doi.org/10.1016/j.cpc.2024.109164
https://doi.org/10.1016/j.cpc.2024.109164
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.201903
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.201903
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.201903
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.201903
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.201903
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.201903
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.201903
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevC.100.014902
https://doi.org/10.1103/PhysRevC.100.014902
https://doi.org/10.1103/PhysRevC.105.029901
https://doi.org/10.1103/PhysRevD.101.034506
https://doi.org/10.1103/PhysRevLett.109.192302
https://doi.org/10.1103/PhysRevLett.113.072001
https://doi.org/10.1142/9789812795533_0008
https://doi.org/10.1142/9789812795533_0008
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1103/PhysRevC.96.044904
https://doi.org/10.1016/j.cpc.2008.08.001
https://doi.org/10.1016/j.cpc.2008.08.001

