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Hadron Resonance Gas (HRG) ( heavy-ion collision)

System of stable and resonance hadron states formed at
later stage of HI collision −→ below critical temperature
Tc ∼ 155 MeV at the LHC.[Braun-Munzinger, Phys. Lett. B (1995), Aoki,

Nature (2006); Andronic, Nature (2018)]

also found in cold neutron star matter, early-universe etc.
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Lattice QCD and magnetic field

Strong magnetic field in non-central HI collision, but it’s time-dependent
and transient. [Kharzeev, Nucl.Phys.A (2008) ; Skokov, Int.J.Mod.Phys.A (2009); Deng, Phys. Rev. C(2012);

Huang, Phys. Rev. C (2023)]

We want to study the effect of stationary uniform magnetic field (B) on
HRG state. [Marczenko, Phys. Rev.C (2024), Vovczenko, Phys. Rev. C (2024)]

Lattice QCD : first principle description of QCD matter under extreme
condition −→ data in the presence of uniform B [Bazavov, Phys. Rev. D(2012);

Bollweg, Phys. Rev. D(2021); Ding, Phys. Rev. Lett.(2024); Ding, arXiv:2503.18467 ]

Fiducial range for comparison with HRG: 0.145 MeV < T < 0.165 MeV
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The HRG model in magnetic field

In the assumption of non-interacting gas, thermal partial pressure of
individual hadrons:

P = −ηT (2s + 1)
∫

d3p

(2π)3 log[1 − ηf(E, T, µ)]

where, f(E, T, µ) = 1
exp( E−µ

T
)+η

with µ = µBB + µSS + µQQ and
η = ±1

In presence of magnetic field: (2s + 1)
∫ d3p

(2π)3 −→ B|Q|
2π2

∑
l,sz

∫ ∞
0 dpz

Pch = −ηT
B|Q|
2π2

∞∑
l=0

s∑
sz=−s

∫ ∞

0
dpz log[1 − ηf ] , E = E(B)

and Pneu = −ηT
1

2π2

s∑
sz=−s

∫ ∞

0
p2dp log[1 − ηf ]
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Structureless particle in a uniform magnetic field

B-field interaction modifies the energy spectra of hadrons. In the non-relativistic
limit, energy of a particle :

E = M + p2
z

2M
+ B|Q|

2M
(2l + 1)︸ ︷︷ ︸

Landau diamagnetism

− µ B︸︷︷︸
Pauli paramagnetism

µ = g szµM , µM = 1
2M

(natural magneton) and g → Lande g factor

Relativistically for spin- 1
2 (Dirac) particles :

E =
√

M2 + p2
z + 2B|Q|

(
l + 1

2 − sz

)
where it is implicitly assumed g = 2Q (tree level) and neutral particles do not

have magnetic contribution !
This is correct for structureless Dirac particles but not for
hadrons with internal structures (quarks) e.g. for neutron, µexp = −1.9µN

(Nuclear magneton) and g ̸= 0 −→ need to include anomalous magnetic
moment in energy spectrum.
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The physical magnetic moment of hadrons

Due to internal quark structures, hadrons (both
charged and neutral) possess anomalous magnetic
moments:

µ = µD︸︷︷︸
Dirac particle

+ κ︸︷︷︸
anomalous part

and g = 2(Q + κ) =⇒ κ = g − 2Q

2

In experiment µ is defined for sz = s and expressed in
µN :

µexp = gsµM =⇒ g = µexp

sµN

M

mp

For example for p, n (in µN ) :
µp

exp = 2.793 =⇒ µp
D = 1, g = 5.586, κp = 1.793

µn
exp = −1.913 =⇒ µn

D = 0, g = −3.831, κn = −1.913
We include κ systematically inside E of hadrons !
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Energy spectra of hadrons in uniform B with κ

For spin-0 states (µ = 0 κ = 0): Exact
Ech =

√
M2 + p2

z + B|Q|(2l + 1) Eneu =
√

M2 + p2

For spin-1/2 states (g = 2Q + 2κ): Exact [Tsai and Yildiz , Phys. Rev. D (1971)]

Ech =
√(√

M2 + B|Q|(2l + 1) − 2QBsz) − µM B2κsz

)2
+ p2

z

Eneu =
√(√

M2 + p2 − p2
z − µM B2κsz

)2
+ p2

z

For spin 1 and 3/2(g = 2Q + 2κ) : Good approximation [ Ferrar, Phys. Rev. D (1992);

Belinfante, Phys. Rev. (1953); Paoli, J. Phys. G (2013)]

Ech =
√

M2 + B|Q|(2l + 1) − 2QBsz −µM B2κsz , Eneu =
√

M2 + p2−µM B2κsz

For spin > 3/2 (g = 2Q + 2κ): Approximation
Ech =

√
M2 + B|Q|(2l + 1) − µM Bgsz , Eneu =

√
M2 + p2 − µM Bgsz
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Observables: conserved charge susceptibilities

Then the leading order conserved charge susceptibilities are found as:

χQ1Q2 = ∂2(P/T 4)
∂(µQ1/T )∂(µQ2/T )

∣∣∣∣∣
T

where, Q1, Q2 ≡ {B, S, Q}

Plugging the expression of P for non-zero B one finds :

χch
Q1Q2 = Q1Q2B|Q|

2π2T 3

∞∑
l=0

s∑
sz=−s

∫ ∞

0
dpzf(1 − ηf)

and χneu
Q1Q2 = Q1Q2

2π2T 3

s∑
sz=−s

∫ ∞

0
p2dpf(1 − ηf)
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Effects of anomalous magnetic moment on χBB

Let us define :
∆χBB(B) = χBB(B, κ) − χBB(B, κ = 0)

Then ∆χBB(B)
χBB(0) −→ the relative increase due to κ in presence of B

Effect of κ is substantial
and must be taken into
account

p

n

Δ

Σ
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Physical µ and g of hadrons
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Results: Model vs Lattice data for χBB

Lattice data for χBB shows increase
with B, we focus on B < 0.2 GeV2.

In HRG at small B, in non-relativistic
and Boltzmann limit:

χBB ∼ a + b(g)B2

Without κ, HRG model do not
reproduce the data.
With non-zero κ, our model results
reproduce the lattice data. At
T = 145 MeV the agreement is
remarkable.
Error bands −→ uncertainty in the
estimate/measurement of µ∆++

[Ding et al., arXiv:2503.18467 ]

Lattice
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Anatomy of χBB

ρ(χBB) → relative contributions of
baryon states

At T = 145 MeV, dominant
contribution from the nucleons,
followed by ∆ resonance states.
(p ≈ n) + ∆ = 50% , Σ + Λ = 10%
and rest = 40 %
T decreases → higher mass states are
thermally suppressed, nucleons largely
dominate. At T = 100 MeV,
(p ≈ n)(60%) + ∆(25%) = 85%
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Results: χQQ and χSS

χQQ: Lattice data shows relatively
smaller increase at highest B.
Discrepancy at B = 0 is due to larger
pion mass in Lattice.

Large error band −→ ∆++ magnetic
moment (for χQQ effect is multiplied
by 4 )
At T = 145 MeV, dominant
contribution from π (35 %)
followed by ∆(∼ 20 %).
χSS : no error band as ∆ is
non-strange
Standard list of hadrons do not
reproduce the lattice data for χSS

(even at B = 0).−→ inclusion of
κ(K∗(700)) state makes up the gap
and align with the data.
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Results: non-diagonal susceptibilities ( χBQ, χBS and χQS)
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χQS : requires K∗(700) state to
reproduce the lattice data.
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Summary and conclusion

We have studied magnetic properties of HRG under uniform magnetic
field and compared with Lattice data.

Hadrons have internal structures → possess non-zero anomalous magnetic
moment (κ)

Substantial effect of κ for baryon octet and decuplet states

Systematic inclusion of κ in the energy spectra of hadrons is
necessary to describe the lattice data.

A second κ : K∗(700) state is necessary to describe strange susceptibilities.

HRG works in magnetic field !

Thank you !
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Susceptibility at B=0

HRG

LQCD (Bollweg et al. )

LQCD (Ding et al.)
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Susceptibility at B=0
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