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Baryon electric charge correlation as QCD magnetometer
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Abstract. The detection of strong magnetic fields in peripheral heavy-ion col-
lisions is crucial for observing effects such as the chiral magnetic effect but has
proven exceptionally difficult. To address this, we propose the baryon elec-
tric charge correlation X?lQ and the chemical potential ratio pq/ug as sensitive
probes of magnetic fields, based on (2+1)-flavor lattice QCD simulations at the
physical pion mass. Along the transition line, X?IQ and (uq/us)Lo in Pb—Pb col-
lisions increase by factors of 2.1 and 2.4 at eB ~ 8 M2, respectively. To bridge
theoretical predictions with experimental observables, we implement system-
atic kinematic cuts that emulate detector acceptances of the STAR and ALICE
experiments within the hadron resonance gas model. This allows us to construct
experimentally relevant proxy observables. Furthermore, we demonstrate that
(uq/uB)Lo 18 also sensitive to the collision system, showing a 1.5-fold increase
from Zr—Zr to Ru—Ru isobar collisions. Our findings offer new insights into
thermo-magnetic effects and provide experimentally relevant guidance for the
detection of magnetic fields in heavy-ion collisions.

1 Introduction

Strong magnetic fields produced in off-central heavy-ion collisions have attracted consider-
able interest recently [1]. Model estimates suggest early-stage strengths eB ~ 5 M2 at the
RHIC and eB ~ 70 M,% at the LHC for Au/Pb nuclei collisions [2, 3]. Although transient, a
sufficiently sustained lifetime—supported by the medium’s electrical conductivity and para-
magnetic properties—could allow these fields to induce notable non-perturbative effects on
the produced QGP. This opens the possibility for their detection through final-state observ-
ables.

Fluctuations of and correlations among net baryon number (B), electric charge (Q), and
strangeness (S) have long served as—both theoretically and experimentally accessible—
powerful tools for probing the QCD phase structure [4-6]. However, theoretical studies of
these fluctuations in a magnetic background remain scarce, mostly confined to effective mod-
els [7]. First-principles lattice QCD calculations are essential to establish model-independent
benchmarks. Initial studies with a larger-than-physical pion mass (M, ~ 220 MeV) at a single
lattice spacing [8] have recently been extended to physical pion mass [9, 10]. Furthermore,
these fluctuations of conserved charges are now being utilized to construct the equation of
state in a magnetic background and nonzero density [11-14].

In this proceedings, we present lattice QCD computations for baryon electric charge cor-
relation and electric charge over baryon chemical potential in nonzero magnetic field with
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physical pions [9, 10]. To bridge these theoretical results with experiment, we employ the
Hadron Resonance Gas (HRG) model to construct experimentally feasible proxy observables
and define systematic kinematic cuts that account for detector acceptance limitations.

2 Fluctuations of conserved charges and HRG framework

In magnetized thermal medium, fluctuations and correlations of conserved charges (B, Q, S)
follow from derivatives of pressure (P) to chemical potential ({iy = ux/T) at vanishing values:
BQS _ 6i+ J+k

o (P/7%) for  P=(T/V)InZ(V,T.fisgs.eB). (1)
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Here, {i, j, k} € Z, with i+ j+k = 2 for second (leading)-order, grand canonical partition func-
tion Z and magnetic field strength eB. We compute continuum estimates of these fluctuations
using lattice QCD simulations on 323 x 8 and 483 x 12 lattices with HISQ action at physical
pion mass, focusing on temperatures around 7. and magnetic strengths up to ~ 8M2.

Within HRG framework, external magnetic fields (along y-direction) significantly modify
the transverse momentum phase space of charged hadrons, f d?p = f lgrl B dI dp, d¢,.
Thereby, individual resonance pressure contributions can be written as [8§—10]:

Pe k(ER —ur)/T

B
= Z Z [onf ) <+1>"+‘e S

for Landau quantized levels Ey(py, L, s,) = \/mi + p§ +2|qr| B +1/2 - 5,) with ug =
1BBr + uqQr + sSk.

In experiments, these fluctuations are accessed through final-state hadrons: protons (p),
pions (m), and kaons (K). To align with experiments, we construct proxies using net-

conserved charges net-{B,Q,S} — {p, O = #* + p + K+, K*} [9, 10]: o-j;fgm’K =

Yr(Wrsp) (Wro o) (wr_z)" % IR, where I} = O*(Pr/TY/0p2% lﬂa,o,s: . To reflect ex-

0
perimental conditions, we restrict the momentum space integration with a Heaviside step

function ® that imposes cuts on transverse momentum and pseudo-rapidity based on de-
cuts

tector acceptance ( f dp, f d¢p) X O(PTin PTonax s Mmin»> TTmax )> introducing cuts as w¢! Kp =

Ige{n,K,p], cuts/I;?e{lr,K P} i,j.k; cuts cuts [10]
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3 Results

Recent lattice QCD results have demonstrated a striking sensitivity of baryon electric
charge correlations, XBQ = )(IQ(T eB), to magnetic field strengths [9, 10]. In heavy-
ion collisions, the magnetic field effects are expected to vary with centrality classes.
To this extent, we propose )(?IQ—based R.p-like (central-peripheral) observables, R(O) =
O(eB.T)c(eB)) | O(eB = 0,T,(0)), shown for O € {72 /x5, xip /XQS} in Figure 1. Lattice
continuum estimates exhibit 51gn1ﬁcant enhancements of ~ 2 for )(HQ / /\(2 (left) and an even
more pronounced ~ 2.25 for y “Q/ X7 (right) ateB ~ 8 M?2. Such remarkable enhancements
establish potential utility of /\(“ as a magnetometer in QCD. Note that such double-ratio ob-
servables are well-suited for experiments to focus on eB-induced enhancements and mitigate
volume-dependent effects [5, 6].

Within the HRG framework for experimental feasibility, Figure 1 also shows the corre-
sponding proxies R(oh: me /o Q,,[D) (left) and R(o "} o' / o me &) (right), and their respective
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kinematic cut results emulating STAR and ALICE detector acceptances R}{ g /STAR- These
proxies retain at least ~ 80% of the magnetic sensitivity predicted by lattice QCD, as high-
lighted in the inset. Incorporating kinematic cuts into proxies exhibits enhancements up to
25% at eB =~ 8 M? for )(?IQ / )(S, while strikingly up to 60% for )(]131Q / X(])ls . This underscores
their potential to isolate magnetic field signatures in heavy-ion collisions. Thus, by bridging
theoretical predictions with detector-level analyses, the HRG-based proxies offer a pathway
for probing magnetic effects in QCD matter through accessible fluctuation observables. These
predictions are now being tested experimentally [6, 15]. Alongside ongoing efforts, the AL-
ICE collaboration has already reported centrality-dependent enhancements in the double ratio
)(]f'lQ / )(ZQ [6], a finding which is qualitatively consistent with our theoretical results. We also

emphasize the ratio X]le / X?ls as a promising experimental observable. Although it has not yet
been measured, our results predict it to be significantly more sensitive.
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Figure 1. Double ratios R(X?IQ /)(g*’) (left), R(X?IQ /X?IS ) (right) along transition line 7',.(eB). Bands
represent lattice continuum estimates, while solid and broken lines represent results within HRG model.
The figure is taken from Ref. [10].

Figure 2 presents lattice results for R,.,,-like ratio of electric charge to baryon chemical po-
tential, R((uq/uB), o)» calculated along transition line for various isospin parameters, ng/ng,
which correspond to different collision systems. In Pb/Au collisions, R((uq/us), o) reaches
approximately 2.4 at eB ~ 8 M2, with a similar enhancement observed for the isobar system
with Zr nuclei. In contrast, the slightly more isospin-symmetric Ru system exhibits a signif-
icantly steeper enhancement, reaching about 4 at eB ~ 8 M>— reflecting a roughly 1.5-fold
stronger magnetic sensitivity. Furthermore, results obtained from the HRG model (denoted
by the broken lines) show reasonably good agreement with the lattice QCD data. This con-
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sistency supports the feasibility of extracting eB-dependencies of ug/up by fitting particle
yields within an HRG framework that incorporates a magnetized hadron spectrum.
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