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Does this strongly decaying magnetic field manifest itself in the final stage of HIC?
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» Sign of isospin symmetry breaking:

Non-degeneracy of u and d

condensates at strong magnetic
fields
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A clear effect but Not
accessible in HIC

experiments!



Fluctuations of net baryon number (B), electric charge (QQ) and strangeness (S)

e N

aylor expansion of the QCD pressure:

p 1 = it s\ (MY (ks
P g v aen) = () (K (s
e =y M E (L Vol fia ) Zi!j!k!(T)(T)(T)

K i k=0 C. Allton et al., Phys.Rev. D 66, 074507 (2002) jg
Taylor expansion coefficients at ¢ = 0 are computable in LQCD
)(?,?ds _ ai+j+kp/T4 1 N 0
S 0 (udT) 0w/ TY 0 (I T)* Hu =3B T 310
/’lu,d,sz
1
boS ot T Ha = 3 HB 3 HQ
ik = : j k 1 1
0 (,uB/T) 0 (//tQ/T) 0 (//tS/T) B Hy = — g — = Ho — Hs
HB.QS= 3 3 LQCD: H.-T.Ding, F. Karsch, S.Mukherjee, Int. J. Mod.
. . Phys. E 24, no.10, 1530007 (2015)
_ Lattice computable & Experimentally measurable B LF Lao Ot Nk S Tech ) 12
" Effective model investigation at eB # 0 A

HRG: G. Kadam et al., JPG 47, 125106 (2020); M. Ferreira et al., Phys. Rev. D 98, 034003 (2018); K. Fukushima and Y. Hidaka, Phys. Rev. Lett. 117, 102301
(2016); A. Bhattacharyya et al., EPL 115, 62003 (2016); M. Marczenko et al., Phys.Rev.C 110, 065203, (2024)

PNJL: W.-J. Fu, Phys. Rev. D 86, 014009 (2013); S.-J. Mao, Chin.Phys.C 49, 063100, (2025)
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Lattice Setup

+ Highly improved staggered fermions and a tree-level improved Symanzik gauge action
+N,=2+1

+ Lattice sizes: 32° X 8, 483 x 12: 64° x 16

+ mP/m, =27, M (eB = 0) ~ 135 MeV

+ Twindow : (144 MeV, 166 MeV), ie. (0.97,, 1.1T,,)

C?

+ eB window: eB < 8M?-0.15 GeV?

67N
_ b 2

eB =
NxNy

’ Nb — 1,2,3,4,6
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Electric charge fluctuations at 7= 145 MeV
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H.-T. Ding, J.-B. Gu, A. Kumar, S.-T. Li and J.-H. Liu, Phys. Rev. Lett. 132, 201903 (2024)

)(2Q almost independent of eB

Hadron Resonance Gas model (HRG):
Pressure arising from charged hadrons

(eB # 0):

Quantized energy level:
80 — \/ m + 2 | q;

(l + 1/2 — SZ) > (: g increases

Bi(l+1/2—s,)

with eB
(l + 1/2 — SZ> < 0: gy decreases

H.-T. Ding et al., Eur. Phys. J. A §7 (2021) 6, 202
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Baryon electric charge correlation at 7 = 145 MeV
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H.-T. Ding, J.-B. Gu, A. Kumar, S.-T. Li and J.-H. Liu, Phys. Rev. Lett. 132, 201903 (2024)
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)(EQ increases ~ 140% at eB ~ 8M?,

Magnetometer of QCD

The results of HRG model are
consistent with LQCD up to eB ~ 5M?

AT1(1232) and A™7(1232) give most
of the contributions of magnetic field

dependence of )(EQ

ATT(1232) and A™7(1232) are
not measurable in HIC experiments

ATT(1232) > p+ ™
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Proxy construction based on the HRG

A++(1232) — P + a branchmg ratlo almost 100%

HRG Fluctuatlons expressed in terms of stable hadromc states:

~/

AT net—B:ﬁ+fijrf\+i+~+2‘~+.é°fé‘jrﬁ‘
Zle (T ip> Ho» ﬂs) = Z B}QQ‘%S;% Py net-Q: At + Kt +p+Xt -2 -2 - Q-
R PR het-S: R+ RO— A — S+ — $- 280 _ 28 _ 30 ;
\ ~ Bg, Qg, Sg are the baryon number, electric charge and strangeness of the species R R. Bellwied et al, Phys. Rev. D 101, 034506 (2020)

L TS

HIC: fluctuations are related to the variance or covariance of net-multiplicity for identified z, K, p

. STAR, Phys.RevC 100, 014902 (2010); STAR, Phys RevC 105, 020001 2019)

1,1

Oy, &S ProXy for x BQ
2 4 i ~
ZBQ 0°ppl T net-B — p: wp_;
RXR 0 o) ~\PID

Where wp_, s represents net number of stable particle i produced by particle R after the entire decay
chain

In ! Proxy, contrlbutlons from all resonance decays are cons1dered'
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71(eB) = ?—4 [, x(eB) — 2(w)(eB = 0) — 4m,y(eB = 0)

K I, almost independent of eB

T,.(eB) determined as the peak location of chiral ateB < 0.16 GeV?
susceptibility (y,,) at each eB value

H.-T. Ding et al., Phys. Rev. Lett. 123, 062002 (2019) H.-T. Ding, J.-B. Gu, A. Kumar, S.-T. Li and J.-H. Liu, Phys. Rev. Lett. 132, 201903 (2024)
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H.-T. Ding, J.-B. Gu, A. Kumar, S.-T. Li and J.-H. Liu, Phys. Rev. Lett. 132, 201903 (2024)
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+R

.»— like observables:

T,.(eB))
O(eB = 0,T,.(0))

O(eB,
R(0O) =

+ AteB ~ 8M_, R(y,2) ~ 2.1

B 1,1
)( v GQPID

4 The proxy R(c ! PID.
80~85% of the LQCD results

) can represent

net-B : p
net-Q: #t+ KT+ p



Proxy for R( )(EQ) with kinematic cuts along the transition line (7, )

Proxies with kinematic cuts on p;
and #» within HRG framework:

min max

stp X @(pT S PT s Hmino nmax)

Reaction z /—» e F e
plane B , 3
3 ;/"

(¥e) \/

Quantized momentum in reaction plane:
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pel,s,) = \/2|q|B(l +1/2 +5,)

.
n = arcsinh(p,, cos ¢,./py) pr= \/ (posin ) + p?

H.-T. Ding, J.-B. Gu, A. Kumar and S.-T. Li, Phys.Rev.D 111, 114522 (2025)
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Proxy for R( )(ﬁQ) with kinematic cuts along the transition line (7, )

Proxies with kinematic cuts on p;
and #» within HRG framework:

min max

stp X @(pT S PT s Hmino nmax)

R cut .

sTar © 1111 < 0.5,

n-, K*and p(p):0.4 < pr < 1.6 GeV/c
RiticE

arand K*:0.2 < pr <2 GeV/c

7] < 0.8,

p(p):0.4 < pr <2 GeVlc

STAR collaboration, Phys.Rev.C 100 (2019) 1, 014902
ALICE collaboration, arXiv:2503.18743

Jin-Biao Gu (CCNU)

0 1 2 3 4 5 0 7/ 8eB/M?2
> 5 L XlB?(eB; Toc(eB)) cont. est.  — — R(ogb ,)
' T . N,=8 I
X11 (Or Tpc(o)) N,=12 - RSTAR(UQP'D,p)
2.0F —HRG — = R§llce(ogen L)

1.5F

1.0

0.5

------------------------- 31T mm proxy/QCD

B HRG/QCD mmm R :/QCD
R&tlce/QCD

(.)'02 O.Q6 0.10 IO.l

0.00 0.02 0.04

Central Collisions

0.06 0.08 0.10 0.12 0.14
eB [GeV?] 9

Peripheral Collisions

H.-T. Ding, J.-B. Gu, A. Kumar and S.-T. Li, Phys.Rev.D 111, 114522 (2025)
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Double ratio R(c':!  / aépm) in Lattice QCD

PID, D

R.,—like observables:

B/M?2
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H.-T. Ding, J.-B. Gu, A. Kumar and S.-T. Li, Phys.Rev.D 111, 114522 (2025)
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- 1,1
Double ratio R(c .,

/ aépm) in Lattice QCD and HIC

Proxy for R( )(EQ/ )(ZQ) from ALICE
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ALICE collaboration, JHEP 08 (2025) 210
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Double ratio R(c"}  / aépm) in Lattice QCD and HIC
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H.-T. Ding, J.-B. Gu, A. Kumar and S.-T. Li, Phys.Rev.D 111, 114522 (2025)
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R( )(EQ/ )(IQIS) from Lattice QCD and Proxies
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ROy 21y ) = 1B/ 35(eB = 0,T,,(0))
~2.1
~1.5—-1.75
~1.3

Weaker dependence on the
kinematic cuts

More effective probe!
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Electric charged chemical potential over baryon chemical potential
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ALICE, Phys. Rev. Lett. 133, 092301 (2024)
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}o/ pg can be obtained from the thermal
statistics fits to particle yields

Ho/ pg also can be obtained from fluctuations
- of B, Q, S

Holke = q) + g5 fig + Oy

’”()(%3)(28 —ZlBls)(lB1S) — ()(PlQ)QS —)(1B18)(1Q18>

(28— ay) = aks =By

with constraints: r = ny/ng, ng =0

HotQCD, Phys. Rev. Lett. 109 (2012) 192302
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H.-T. Ding, J.-B. Gu, A. Kumar, S.-T. Li and J.-H. Liu, Phys. Rev. Lett. 132, 201903 (2024)
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ZgRu + ZgRu 1 = 0.458
Zr + 96Zr r=0.417
20ph 4 209 : 1 = 0.4

+ At eB ~ 8M3,

Ratio of (yq/pug)y o tor Pb, Au, Zr ~2.4

Ratio of (4q/pg)y o tor Ru - 4

- See also Arpith’s talk: |

| Oct. 11,9:50AM |




Summary

@® QCD benchmarks are provided for the 2nd order fluctuations of conserved charges based

on LQCD computation on N_= 8 and 12 lattices

O )(EQ is strongly affected by eB, and a reasonable proxy is provided for measurement in HIC

@® The o/ pg depends signiticantly on the magnetic field and is sensitive to the initial ng/ng
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Thank you!
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Lattice QCD in strong magnetic fields

B pointing along the z direction

{exp [—iqazBany] (nx =N, — 1)
U, <nx, ny, N, nT>

y X y? Z’ T

U (n n,n,n ) = exp [iqaanX]

U, (nx, ny, N, nf> = u, <nx, ny, N, nT> =1

q,=2/3 e 67N
Quantization of the magnetic field g, =—1/3 ¢ eB = ——2q72
g.=—1/3 ¢ NN,
: 1
a is changed to get the targeted T, T = —
a T
+ Statistics(eB # 0): N,=8: ~40000 (N, : 603)
N_=12: ~5000 (N,, : 102 ~ 705) Landau gauge
G.S. Bali, F. Bruckmann, G. Endrodi, Z. Fodor, S.D. Katz,
NT:16Z ~3000 (er . 603) S. Krieg et al., JHEP 02 (2012) 044.
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1 (otherwise) No sign problem !




Electromagnetic conductivity and type of magnetism of QGP

Electromagnetic conductivities Magnetic susceptibility at
at non-zero magnetic fields non-zero magnetic fields
1.01 @ o1 Nie=16,200MeV _ b o -
o1, Ny = 16, 200 MeV - _ i
é al, N, = 16, 250 MeV - 2 N=6 _
0.81 & oy, Ni =16, 250 MeV & 4 3 - b N=8 j
O o1, Ny =10, 200 MeV - & N,=10 -
= 056- o, Ny = 10, 200 MeV 8 , F 5 N=12 20 130 140 150 -
L x 4 2 <[ Ty
= 041 I X T ; -
S S¢ _ ; _
5 o |} I W :
| 1 & - ¢ -
- | t O I 51010 —
U7 - - r S NS NN R Bk o .
‘> I%O 8 ‘ § @ C 1 | | | | | | | | | | | | | | | | | | | N
0.0 0.5 1.0 1.5 2.0 150 200 250 500
eB, GeV? T (MeV)
N. Astrakhantsev et al., PRD 102 (2020) 054516 G. Bali et al., JHEP 07 (2020) 183

The magnetic field could live longer in the evolution of HICs
than in the vacuum.
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0.06

0.05

0.04

0.03

0.02

323 x 8

I T=144.95 MeV
I T=151.00 MeV
4 T=156.78 MeV
I T=162.25 MeV
E T=165.98 MeV

0.00
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0.10

eB [GeV?]

0.15

0.20

0.07

0.06

0.05

0.04

0.03

0.02 % T=161.94 MeV
E T=165.91 MeV
0.00 0.05 0.10 0.15 0.20
eB [GeV?]

483 x 12

W T=144.97 MeV
é T=151.09 MeV
¢ T=157.13 MeV

H.-T. Ding, J.-B. Gu, A. Kumar, S.-T. Li, Phys. Rev. Lett. 132, 201903 (2024)

The zero magnetic field data comes from D. Bollweg et al., Phys. Rev. D 104, 074512 (2021)




0.042

0.040
0.038
0.036
0.034
0.032
0.030
0.028

BQ S cont. est.
X11 © cont. extr.
T=156.92 MeV, eB =0.087 GeV? ® N.=8
W Ne=12

2 N.=16

0.000

0.010 0.015 0.020

1/N2

0.005

H.-T. Ding, J.-B. Gu, A. Kumar, S.-T. Li and J.-H. Liu, Phys. Rev. Lett. 132, 201903 (2024)

| C
06 (T,eB,N,) = O(T, eB) - N2 {

. — @ cont. est.
0.052 F ('uQ/IJB)LO' Nq/Ne 0.4 " cont. extr.
T=156.92 MeV, eB =0.087 GeV? ® N.=8
0.050 m N,=12
4 N.=16
0.048
0.046
0.044
0.042
0.000 0.005 0.010 0.015 0.020
1/N$
N, =38 and 12

Continuum estimate

Continuum extrapolation

obtained from

Continuum estimate and continuum extrapolation are consistent within uncertainty
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Baryon number fluctuations at 7 = 145 MeV

0 1 2 3 4 5 6 7 eB/M; 8 B )
| | ! ' ' ' ' ' ' increases ~45% ateB ~ 8M
2 T
0.14 | 3 cont. est. ——HRG
015 X5 A N.=8 . AT1(1232)+ A~ (1232)
' ¥ N.=12 —-n+n Hadron Resonance Gas model (HRG):
0.10+ I'= 145 MeV TTPTh - Pressure arising from charged hadrons
0.08 | ___l__?l/l/ﬁ (eB # 0):
0.06 I+ - e ;
M/B ‘ 1B S5 o 00 nu/T
0.04 L Pc _ 9i 28 Z(+1)n+le K @
T4 27273 0l ™ n O\ T
0.02 } s=—s =0 n=1
000l T I I e ) | o
. . . . | . . | x> receives contributions also from
0.00 0.02 0.04 0.06 0.08 010 0.12 0.14 Cautral barvons
eB [GeV?] y

H.-T. Ding, J.-B. Gu, A. Kumar, S.-T. Li and J.-H. Liu, Phys. Rev. Lett. 132, 201903 (2024)

H.-T. Ding et al., Eur. Phys. J. A §7 (2021) 6, 202
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Proxy in experiment

4+ Conserved charges susceptibilities in experiment:

2 1 2 1,1 1 11

fa= sk Koy = TriKap

the second-order cumulants(x) are the variance or covariance(o) of the net-multiplicity /V:
kg = 0, = ((6N, — (6N,))*)
Ll _ B
ap = % ﬂ = (6N, — (0N, >)(5Nﬂ <5Nﬁ>)> e k:aproxy for the net-strangeness
withoN, =N _.— N, ,_anda, ) = p, 0P « OYD: identified 7z, k and p

STAR, Phys.Rev.C 100 (2019) 1, 014902

e p:aproxy for the net-baryon

sl = 524 L1 sl
QPID = 0, + Opr + ap’ &
0°pp! T
F-3 () () 22
R HR Where PR—>1 Z R—>l L,o
61’122(]) ~> (P ] ) asz/T4
pr L R RS o ana numbers of i produced by R in decay channel a
0°p ! T*
1,1 _ i R : :
r.K = ZR: <P R*l‘?’) (Pr-k) o2 N%_, ;: Branching ratio of channel
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I, = ———— with different kinematic cuts. i € {7, K, p}

ou;
0 1 2 3 4 5 6 7 eB/M: 8 0 1 2 3 4 5 6 7 eB/M: 8 0 1 2 3 4 5 6 7 eB/M2 8
0.25 R L L L L ' ' ' L L L) 1 1 1 1 1 1 1 L T T - - r T T T -
——HRG —HRG —
15 Tpc(eB) ——STAR cut 0.06 ’§ Tpc(eB) ~—-STAR cut 0.014 15 Tpc(eB) __.:;?R cut
0.20} == ALICE cutl = =+ALICE cutl - = ALICE cutl
----- ALICE cut2 0.05 - .+++-ALICE cut2 0012k —ATICE cut2
0.15+F 004 - 0.010 F
o10fF 7777 T 0.03f =TT T T T T T e 0.008 }
.............................................................................. RS e L L T PEOP L LR LT LTI ETPPIPPROPPPPPRIIUURSURRRROrIRPRPPRETE I o X011 11 SRRt ekttt atalabelaielababtbab bt tbab ekt ekt adaladedady
0.05 | LI e
1 1 1 1 1 1 1 1 1 1 L L 1 1 1 1 0.004 1-----l----_:-----T----—.-----:-----l ----- 1 T
0.00 0.02 0.04 0.06 008 010 0.12 0.14 0.00 0.02 0.04 0.06 008 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 010 0.12 0.14
eB [GeV?] eB [GeV?] eB [GeV?]
cut cutl cut2
RS . |n] < 0.5, Rivice: Inl <0.8, RM2.: |n] < 0.8,
+ 7+ _ + + + -+ -
75, KT andp(p):04 < pr < 1.6 GeV/ic 7 andK~:0.2 <pp <2 GeV/c 75, KT and p(p): 0.4 < pr < 1.6 GeV/c

p(p):0.4 < pr <2 GeVlc

H.-T. Ding, J.-B. Gu, A. Kumar and S.-T. Li, Phys.Rev.D 111, 114522 (2025)
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