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

Lattice QCD

Hydro expansion
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@ 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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@ 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);

Lattice QCD and magnetic field

Huang, Phys. Rev. C (2023)]
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@ 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);

Lattice QCD and magnetic field

Huang, Phys. Rev. C (2023)]

@ We want to study the effect of stationary uniform magnetic field (5) on
HRG state. [Marczenko, Phys. Rev.C (2024), Vovczenko, Phys. Rev. C (2024)]
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@ 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 (5) on

[

Lattice QCD and magnetic field

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 ]
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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 (5) 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

time :
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The HRG model in magnetic field ]

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

d3p
P=-nT(2 1 —— log[l — E.T
(25 +1) [ E logll — nf (.7, )
where, f(E,T,u) = —5=— with = upB + pgS + po® and
exp (=7t )4n

n ==l

i = = =
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The HRG model in magnetic field ]

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

d®p
P=-nT(2 1 —— log|1 — BT
(25 +1) [ E logll — nf (.7, )
where, f(E,T,u) = ﬁ with = ppB + usS + pgQ and
n ==l
o In presence of magnetic field: (2s+1) [ 2 (2 l;lgl s Jo dp:
B\Q!
Pav=—iT— 5 ]Z > [ dprostt —ns], B = 5)
0 Sz=—s
_ 2
and Py = —nT5 SZS/ pdplog[l — nf]

— = — SR
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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 :

2
p: | BlQ|
E=M A+1) —
tort o 3D L5
~—_

. ) Pauli paramagnetism
Landau diamagnetism

=g s:pm, fa = 5 (natural magneton) and g — Lande g factor
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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 :

2
E:M—&-;;\Z/[ %(211%)— uB
2M -

. ) Pauli paramagnetism
Landau diamagnetism

=g s:pm, fa = 5 (natural magneton) and g — Lande g factor

@ Relativistically for spin-3 (Dirac) particles :

E:\/M2+p§+QBQ(l+;—sz)

where it is implicitly assumed g = 2@ (tree level) and neutral particles do not
have magnetic contribution !
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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 :

2
p: , BlQ
E=M ——(2l+1) — B
toart o 3D £
. ) Pauli paramagnetism
Landau diamagnetism
=g s:pm, fa = 5 (natural magneton) and g — Lande g factor

@ Relativistically for spin-3 (Dirac) particles :

E:\/M2+p§+QBQ(l+;—sz)

where it is implicitly assumed g = 2@ (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, e, = —1.9un
(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:

D  +
~~

Dirac particle

M:

and g=2(Q +k) = K=

K
~—

anomalous part

g—2Q

2
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[ The physical magnetic moment of hadrons ]

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

moments: @ @
= KD  + K

N

Dirac particle anomalous part @ P
-2 o = by — b
and 922(Q+/€):>/€:g 2Q 1y = 3ty — 3hq
@ In experiment p is defined for s, = s and expressed in
v » O«
Pezp = gSHM = 92@7 @
SpUN My n

4 1
Hn = 3Hd — 3Hu

Quark Model
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[ The physical magnetic moment of hadrons ]

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

p= pp + K

~— ~—
Dirac particle anomalous part
-2
and g=2(Q+r) = =12 - Q

@ In experiment y is defined for s, = s and expressed in

HKN: iy

M /]

flezp = gSHiM == §= —— —

SUN My

@ For example for p, n (in pun) :
P, =2.793 = pl = 1,9 = 5.586, K7 = 1.793
pl, = —1.913 = pP =0,9 = —3.831,x" = —1.913
We include « systematically inside £ of hadrons !
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[ Energy spectra of hadrons in uniform B with « ]

@ For spin-0 states (1 = 0 x = 0): Exact

Een = /M2 + p? + B|Q|(20 + 1) Eneu = \/M? + p?
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[ Energy spectra of hadrons in uniform B with « ]

@ For spin-0 states (1 = 0 x = 0): Exact

Een = /M2 + p? + B|Q|(20 + 1) Eneu = \/M? + p?

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

2
B = \/(\/z\/p + B|Q|(2] + 1) — 2QBs.) — MMBQK:SZ> + p?

2
Bipem = \/(\/ M? +P2 _Pz _UAIBQKSz) +p§
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[ Energy spectra of hadrons in uniform B with « ]

@ For spin-0 states (1 = 0 x = 0): Exact

Een = /M2 + p? + B|Q|(20 + 1) Eneu = \/M? + p?

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

2
B = \/(\/z\/p + B|Q|(2] + 1) — 2QBs.) — MMBQK,SZ> + p?

2
Bipem = \/(\/ M? +P2 _Pz _UAIBQKSz) +p§

@ For spin 1 and 3/2(g = 2Q + 2k) : Good approximation [ Ferrar, Phys. Rev. D (1992);
Belinfante, Phys. Rev. (1953); Paoli, J. Phys. G (2013)]

Eon = /M2 + B|Q|(2l + 1) — 2QBs. —punB2ks: , Eneu = /M2 + p?— iy B2ks..
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[ Energy spectra of hadrons in uniform B with « ]

@ For spin-0 states (1 = 0 x = 0): Exact

Een = /M2 + p? + B|Q|(20 + 1) Eneu = \/M? + p?

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

2
B = \/(\/z\/p + B|Q|(2] + 1) — 2QBs.) — MMBQK,SZ> + p?

2
Bipem = \/(\/ M? +P2 _Pz _UAIBQKSz) +p§

@ For spin 1 and 3/2(g = 2Q + 2k) : Good approximation [ Ferrar, Phys. Rev. D (1992);
Belinfante, Phys. Rev. (1953); Paoli, J. Phys. G (2013)]

Eon = /M2 + B|Q|(2l + 1) — 2QBs. —punB2ks: , Eneu = /M2 + p?— iy B2ks..

@ For spin > 3/2 (g = 2Q + 2k): Approximation
Ecn = \/M2 + B|Q|(2l + 1) — pmBgsz , Enew = \/ M? +p? — unBygs.
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[ Observables: conserved charge susceptibilities ]

@ Then the leading order conserved charge susceptibilities are found as:

Ty
X192 = 50, /T)0 gy /T)

where, Q1,Q2 = {B, S,Q}

T
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[ Observables: conserved charge susceptibilities ]

@ Then the leading order conserved charge susceptibilities are found as:
0*(P/T")

X =
99T (g, /T nqu/T)|

where, Q1,Q2 = {B, S,Q}

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

e Q10Q28|Q
thQ2_ 1271';TL |Z Z/ dp. f 1—77f)

=0 sz=-—s

neu Q1Q2 - o 2
and XQ1Q2 = 27’3 Z /0 p dpf(l - Uf)
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Effects of anomalous magnetic moment on ypp ]

@ Let us define :
Axse(B) = xBB(B,K) — XBB(B, Kk = 0)

@ Then 2x2805) __, the relative increase due to £ in presence of B

xBB(0)
100
S o —p T=145 MeV
g —n
S 6o —A
2
@ Effect of k is substantial ; —*
and must be taken into @
account 3
g 20

0.08 0.10 0.12 0.14

B [GeV)]
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Physical i and g of hadrons

Hadron species /N g (Eq. |5b Reference
pH(775) 1.94(1) 1.60(1)
2.21 1.82
2.37 1.96
K**(892) 2.4(2) 2.3(2)
2.19 2.08
K*°(896) -0.183 -0.175
p(938) 2.793 5.586
n(939) -1.913 -3.831
A°(1115) -0.613(4) | -1.458(9)
$F(1189) 2.458 (10) | 6.232(25)
£°(1192) 0.65 1.65
0.791 2.011
> (1197) -1.160(25) | -2.96(63)
ay (1230) 1.7(2) 2.2(2) LQCD
1.44 1.89 QM [44]
ATT(1232) 3.7-7.5 3.23-6.56 PDG

6.14(51) 5.37(45) |Lopez et.al
5.24(18) 4.58(16) | LQCD [51]
4.97(89) | 4.34(78)
At(1232)  [2.71]18+1.543] 2367017

2.6(5) 2.27(4)
LN{EPED)] 00212 [0.017T(100)
A~ (1232) 248(32) | -2.17(28)
= (1321) 0.651(3) | -1.834(8)
=(1321) -1.250(14) |-3.503(39)| PDG [16]
F(1383) 2.55(26) | 2.50(25) | LQCD

1.76(38)

(37) | xPT

R. Samanta (IFJ, PAN) HRG-Magnetic June 20, 2025



Results: Model vs Lattice data for ypp

@ Lattice data for xpp shows increase

with B, we focus on B < 0.2 GeV?. _ _
[Ding et al., arXiv:2503.18467 ]

0251
0201 Lattice
T=155 MeV
3 0.15f
2o
0.10F T=145 MeV
0.05]

0.02 0.04 0.06 0.08 0.10 0.12 0.14
B [GeV?]
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[ Results: Model vs Lattice data for ypp

@ Lattice data for xpp shows increase

with B, we focus on B < 0.2 GeV?. _ _
[Ding et al., arXiv:2503.18467 ]

@ In HRG at small B, in non-relativistic ‘ ‘ ‘ ‘ ‘ ‘

0.25+
and Boltzmann limit:
2 0.201 Lattice
BB ~ a+ b(g)B
% (9) T=155 MeV

3 015}

o
0.10- T=145 MeV
0.05-

0.02 0.04 0.06 0.08 0.10 0.12 0.14
B [GeV?]
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[ Results: Model vs Lattice data for ypp

@ Lattice data for xpp shows increase
with B, we focus on B < 0.2 GeV?.

0.25

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

0200 —HRG, k=0
XBB ~ @+ b(g)82 Lattice T=155 MeV
o
>ﬂ€ 0.15-
@ Without x, HRG model do not 010 T=145 MeV

reproduce the data.

B [GeVY]
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[ Results: Model vs Lattice

data for XBB

Lattice data for xzp shows increase
with B, we focus on B < 0.2 GeV?.

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

XBB ~ a+ b(g)B*

Without s, HRG model do not
reproduce the data.

With non-zero x, our model results
reproduce the lattice data. At

T = 145 MeV the agreement is
remarkable.

0.25

0.20

@
2 0.15

HRG (xPT)

——HRG, k=0

. T=155 MeV
Lattice

T=145 MeV
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Lattice data for xzp shows increase
with B, we focus on B < 0.2 GeV?.

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

Without s, HRG model do not
reproduce the data.

With non-zero x, our model results
reproduce the lattice data. At

T = 145 MeV the agreement is
remarkable.

Error bands — uncertainty in the
estimate/measurement of fia++

[ Results: Model vs Lattice

data for XBB

0.25

0.20(

XBB ~ a+ b(g)B*

3 015
go

- - HRG (LQCD)

-HRG (exp. Lopez et al.)
==HRG (exp. PDG) T=155 MeV
—HRG, k=0

HRG (xPT)

Lattice

0.10[

=4
o
a
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Anatomy of xpp

@ p(xBE) — relative contributions of 4

baryon states (@)

X

B=0.15 GeV?
T=145 MeV

plxes) [GeV™]

0.5 1.0 15 2.0 25 3.0
M [GeV]
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Anatomy

@ p(xBB) — relative contributions of
baryon states

@ At T = 145 MeV, dominant
contribution from the nucleons,
followed by A resonance states.
(p=n)+A=50%, X+ A=10%
and rest = 40 %
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@ p(xBB) — relative contributions of

baryon states

@ At T = 145 MeV, dominant
contribution from the nucleons, 0
followed by A resonance states.

Anatomy of xpp

4

©

p(xes) [GeV™]

(pr=n)+A=50%,X+A=10% 8

and rest = 40 %

T decreases — higher mass states are
thermally suppressed, nucleons largely
dominate. At 7' = 100 MeV,

(p = n)(60%) + A(25%) = 85%

p(xes) [GeV™]
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M [GeV]
(b)
T=100 MeV
A
b3 —_
0.5 1.0 1.5 2.0 25 3.0
M [GeV]
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Results: xgg and xss

@ x@q: Lattice data shows relatively
smaller increase at highest 5.
Discrepancy at B = 0 is due to larger
pion mass in Lattice. 0.60 " " " " " " "
0.55 1
0.50(
T=145 MeV
S oasf
o
0.40-
0.351
0.30 . . . . . . .
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
B [GeV?]
V.
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Results: xgg and xss

@ x@q: Lattice data shows relatively
smaller increase at highest 5.
Discrepancy at B = 0 is due to larger
pion mass in Lattice. 0.60
@ Large error band — A™T magnetic 055
moment (for xoq effect is multiplied o.50f
by 4 ) ° T=145 MeV
>C<’ 0451
0.40-
0.351
030 . . . . . . .
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
B [GeV?]
V.
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Results: xgg and xss

0.60 T T T T T T T

@ Yoo: Lattice data shows relatively o

smaller increase at highest 3. 0507 1

5 5 T=145 MeV
Discrepancy at B = 0 is due to larger S oush ¢ ]
pion mass in Lattice. <

S+ : 0.40-
@ Large error band — A™" magnetic
moment (for xgo effect is multiplied 035F
by 4) 0.30 : : : : : : :
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
@ At T = 145 MeV, dominant B [GeVY]
contribution from 7 (35 %) Y ‘
followed by A(~ 20 %). @
3
— B=0.15 GeV?
° T=145 MeV
15)
-2 T
K
=
Y K

L
15 2.0 25 3.0

v

M [GeV]
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Results: xgg and xss

XQq: Lattice data shows relatively
smaller increase at highest 5.
Discrepancy at B = 0 is due to larger
pion mass in Lattice.

Large error band —» AT magnetic
moment (for xgo effect is multiplied
by 4)

At T = 145 MeV, dominant
contribution from 7 (35 %)
followed by A(~ 20 %).

Xss: no error band as A is
non-strange

o
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Results: xgg and xss

XQq: Lattice data shows relatively
smaller increase at highest 5.
Discrepancy at B = 0 is due to larger
pion mass in Lattice.

Large error band —» AT magnetic
moment (for xgo effect is multiplied
by 4)

At T = 145 MeV, dominant

contribution from 7 (35 %)
followed by A(~ 20 %).

Xss: no error band as A is
non-strange

Standard list of hadrons do not
reproduce the lattice data for xss
(even at B = 0).— inclusion of
k(K ™*(700)) state makes up the gap
and align with the data.

v
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Results: non-diagonal susceptibilities ( x g, xBs and xQs)

014 . . . . . . . .060 . . . . . . .
0.12f 0.055] ]
- - HRG, k%0
0.050F E
010 —HRG, k=0 T=145 MeV
= e
0.081 0.045- Lattice 1
o 4
2 T=145 MeV 2 0.040F B
0.06 ! -
0.035] P ]
0.04p 0.030f E
0.02 0.025F b
00 ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.020 ‘ ‘ ‘ ‘ ‘ ‘ ‘
O%o0 002 004 006 008 010 012 014 000 002 004 006 008 010 012 0.4
B [GeV?] B [GeV?]
0.11 T T T T T T T
—HRG[with K*(700)],k+0
o.10F p
- - HRG, k%0
HRG. k20 T=145 MeV
ooof T mk= 1 @ xpg : not affected by ~ of
0 Lattice
< neutral baryons.
0.08= 4
0.07- ]
~
0.06

I . I . . I I
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

B [GeV?
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Results: non-diagonal susceptibilities ( x g, xBs and xQs)

0.14 T T T T T T T .060 T T T T T T T
0120 0.055F ]
0.050 - - HRG, k%0
010 ™ —ne, o0 T=145 MeV
0.08) 0.045¢ Lattice - © E
g 2
£ T=145 MeV 2 0.040f ]
0.06] i -
0.0351 == = = 3
0.04p 0.030F E
0.02 0.025F b
OIG(;‘;.OO 0.62 0.64 0.66 0468 0.‘10 0.112 0.‘14 0.026“-00 0.62 0.64 0.66 0.68 0.110 0.112 0.114
B [GeV?] B [GeV?]
0.11 T T T T T T T
—HRGwith K*(700)],k0
O _HRa, k20 ]
HRG. k=0 T=145 MeV
L = ] @ xpg : not affected by ~ of
%] attice
< neutral baryons.
0.08= ~
— @ xqs : requires K*(700) state to
oorr reproduce the lattice data.
0.06

I . I . . I I
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
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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 (k)

Substantial effect of « for baryon octet and decuplet states

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

A second k : K*(700) state is necessary to describe strange susceptibilities.

HRG works in magnetic field !

Thank you !
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Susceptibility at 5=0
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Susceptibility at 5=0
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