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A QCD CEP 1n very strong magnetic fields

4 No sign problem in LQCD

T [MeV] 4 simulations with eB
160 + |
Croy € A crossover transition exists still
98 T + 0 Deconfined phase at eb=4 GeV
~ Tg(Bg)
Confined phas L ® .
., Confined phase 1y, € A first order phase transition
observed at e5=9 GeV?
0 ; ) eB.(~ 18 GeVZ?) € 'T'here should exist a CEP at

4 GeV? < eB < 9 GeV?

2 20 - 9
M. D’Elia et al., Phys.Rev.D 105 (2022) 3, 034511 4 GeV? ~ 2 X 107 Gauss ~ 200 M
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Magnetic field created 1n the early stage of HIC

LQCD results on

difference to electromagnetic

LQCD results on

. . . . Magnetic susceptibilit .
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Skokov, Illarionov and Toneev, IJMPA 24 (2009) 5925 Bali, Endrodi, Piemonte, JHEP 07 (2020) 183 eB, GeV?
’ ’ ’ Astrakhantsev et al., PRD 102 (2020) 054516
: 2 :
=0 RHIC: eB ~ 5M; 1> 155 MeV: Paramagnetic B1 Parallel: T
— V. : : e
LHC: eB ~ 70M? 1<155 MeV: Diamagnetic Transverse: |
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Whether imprints of a strong magnetic field exist
in the final stage of heavy-ion collisions?
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Chiral magnetic effect

By . B T M Axial U(1) anomaly
' HTD, Li, Mukherjee, Tomiya, Wang & Zhang, PRI 126 (2021) 082001
N H'TD, Huang, Mukherjee & Petreczky, PRI 131 (2023) 161903
" Kaczmarek, Shanker & Sharma, PRD108 (2023) 094501
ps # 0 Alexandru, Bonano, D’Elia & Horvath, arXiv:2404.12298

2 Strong magnetic field

See recent reviews e.g.
D.E. Kharzeev and J. Liao, Nature Rev. Phys. 3(2021)55
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[sospin symmetry breaking at ¢80 manifested

in chiral condensates and meson masses
N¢=2+1 QCD, M_(eB = 0) ~ 220 MeV, 32° x 96 lattice swith a~! ~ 1.7 GeV and HISQ action

4567 8 910111213141516 eB/M?
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HTD, S.-T. Li, A. Tomiya, X.-D. Wang and Y. Zhang, PRD 126 (2021) 082001

See also in e.g. Bali et al., Phys.Rev.D86(2012)071502
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See quenched LOQCD results in Bali et al., PRD 97 (2018) 034505,
Luschevskaya et al., NPB 898 (2015) 627
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[sospin symmetry breaking at ¢80 manifested

in chiral condensates and meson masses
N¢=2+1 QCD, M_(eB = 0) ~ 220 MeV, 32° x 96 lattice swith a~! ~ 1.7 GeV and HISQ action
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HTD, S.-T. Li, A. Tomiya, X.-D. Wang and Y. Zhang, PRD 126 (2021) 082001

See also in e.g. Bali et al., Phys.Rev.D86(2012)071502

See quenched LOQCD results in Bali et al., PRD 97 (2018) 034505,

Luschevskaya et al., NPB 898 (2015) 627
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Fluctuations of net baryon number (B), electric charge (Q) and strangeness ()

Allton et al., Phys.Rev. D66 (2002) 074507

¢ Tayl()r €XpanSiOIl of the QCD pressurc. Gavai & Gupta et al., Phys.Rev. D68 (2003) 034506
OO BQS . .
p 1 A Xijk  (HB\* (HQ\? (s \F
A In Z T7 V7 U y Hs) — 1% <—) (—> (—)
71 = yrs B2V fh fras fis) ,%:_Oz!]!k! 7)\T) \T
T See talks of
¢ Taylor expansion coethicients at p=0 are computable in LQCD S. Borsanyi ar%d C. Schmidt
Xifk = O /T = 218 + 20
11k T ' ‘ k u— SgMB T 5 ;
3 (1u/T)" 0 (pa/T) 0 (us/T)"|, L
o - Hd = 3HB = 3HQ >
~BQS 0" Itkp /T 11
Xz]k — ; J I “szgﬂB_glu’Q_,u'S-
0 (1 /T)" 0 (ua/T) & (us/ T |, _,

€ At eB # 0 a lot more could be explored

HRG: Kadam etal., JPG 47 (2020) 125106, Ferreira et al.,, PRD 98(2018)034003, Fukushima and Hidaka, PRI.117 (2016)102301
Bhattacharyya et al., EPLL115(2016)62003

PNJL: W-J. Fu, Phys. Rev. D 88 (2013) 014009 7 124



Lattice setup

.

¢ HISQ/tree action, line of constant physics adopted from the HotQCD collaboration

¢ Magnetic field strength: eB = 62/N; * N, *a~' with N, = 1,2,3,4,6,12,16,24, i.e.
eB < 0.8 GeV* ~ 45m?

& Temperature ranges from ~145 MeV to ~166 MeV

£

¢ Lattice sizes: 329x3 and 438%x12, with additional 643x16 at one single value ot eB

NS
mu NuclearScience
Computing CenteratCCNU
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[.attice data on N7 =8 and 12 lattices

0 2 4 6 8 10 12 eB/M2 0 2 4 6 8 10 12 eB/M?
BQ 0.07 BQ
0.06 | X11 X11
0.06
0.05F
0.05r
0.04 +

483 x 12

® T=144.97 MeV
¢ T=151.09 MeV

T=157.13 MeV
A T=161.94 MeV
¢ T=165.91 MeV

0.00 0.05 0.10 0.15 0.20
eB [GeV?]

323 x 8
® T=144.95 MeV
$ T=151.00 MeV
T=156.78 MeV
T T=162.25 MeV
¥ T=165.98 MeV

0.00 0.05 0.10 0.15 0.20
eB [GeV?]

9 /24



Continuum estimate v.s. continuum lhmait
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Isospin symmetry breaking at nonzero magnetic field
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Net electric charge fluctuations at 1=145 MeV
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HTD, J.-B. Gu, A. Kumar, S.-T. Li, J.-H. Liu, PRL 132 (2024) 201903
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* In HRG: Thermal pressure arising from
charged hadrons 1n strong magnetic fields

Fukushima & Hidaka, PRL 16’

Pc ‘qq ‘B Si o0 et 1 671Hi/T Ne
F s 2 e K ()

S——853 l O n:].

80=\/ml-2+2\qi\B(l+ 1/2 — s.)

* Diagonal fluctuations from HRG

HTD, Li, Sh1 & Wang , EPJA 21
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Net baryon number fluctuations at 1=145 MeV

0 1 2 3 4 5 6 7 eB/MZ 8
0.14 | B cont. est. — HR G
X2 x N.=8 e A*+(1232) + A~ (1232)
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HTD, J.-B. Gu, A. Kumar, S.-T. Li, J.-H. Liu, PRL 132 (2024) 201903

al

* In HRG: Thermal pressure arising from

charged hadrons 1n strong magnetic fields
Fukushima & Hidaka, PRL 16’

o0 0 np; /T
L ant € H neo
Zl—o =0 Z("l) n K ( T )

n=1

P ‘Qi‘B —
T4 ~ 97273 Z

Sz——34

° )(f receiwves contributions also from neutral
baryons

* HRG, where neutral baryons are assumed
to be unattected by eB, undershoots the
LOQCD results
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Baryon electric charge correlation at 1'=145 MeV

0 1 2 3 4 5 6 7 eB/M7 8

006 m—_ 1 1 1 1 1 1 1 1
BO cont. est. ——HRG BQ
0.0sF X1i1 T Ne=8 e A*+(1232) + A~ (1232) X7, Magnetometer of QCD
¥ N=12 — . A**(1600) + A~ (1600)
0.04 | mTPEp ¢ Most of the eB-dependence comes
T=145 MeV
from doubly charged Delta baryons
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¢ Doubly charged Delta baryons:

0.00f — — == not-measurable in HIC experiments
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HTD, J.-B. Gu, A. Kumar, S.-T. Li, J.-H. Liu, PRL 132 (2024) 201903
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QCD transition temperature 1n nonzero magnetic fields

0 2 4 6 8 eB/M:2
Xsub eB=0.04 GeV? 170 R | | | cont. est.
200 - fe eB=0.08 GeV? T.-[MeV] =8
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180 -
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160 -
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T [MeV] eB [GeV?]
1'c determined as the peak location of Negligible eS-independence at
chiral susceptibility eB < 0.16 GeV?
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Baryon electric charge correlation along the transition line

0 1 2 3 4 5 6 7  8eBM

| | | | | | J

2.5 X11 (eB Tpc(eB)) cont. est. == R(BP) ;
—HRG _"R(ﬁﬁ) /.
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At eB ~ 8M7%: ~2

X(eB)/X(eB=0) : Rcp like observable
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eB [GeV?]

Central collision Peripheral collision

HTD, J.-B. Gu, A. Kumar, S.-T. Li, J.-H. Liu, PRL 132 (2024) 201903
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Baryon electric charge correlation along the transition line
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See procedures to construct the proxy using HRG at eB=0,
Central collision Peripheral collision Bellwied et al., Phys. Rev. D 101 (2020) 034506

HTD, J.-B. Gu, A. Kumar, S.-T. Li, J.-H. Liu, PRL 132 (2024) 201903
16/24



Electric charge chemical potential over baryon
chemical potential

S B | _
2 ' ALICE .
5 . | Pb-Pb, |5, =502TeV | _ )
3. 10 -
+ 0'50/0 P
5-10%
0.5 ¢ 10-30% —
% 30-50%
50-90%
ook —
Thermal-FIST
02 T =155+2 MeV 3 B
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—-1.0 — ’uS x —]
— Uncorr. uncert. o
----Corr. uncert.
-9, | | | | | |
15 10 -05 0.0 0.5 1.0 1.5
u_ (MeV)

ALICE, arXiv: 2311.13332

. fo/ ug can be obtained from the thermal fits to
particle yields

¢ uo/pg 18 also connected to fluctuations of B,Q,S

polus = g, + qapg + O(ug)

OB =Bt — bl = )

25 — 12 ) — r(yPeys — aBS y2%)

q1

r = nQ/ np HotQCD, PRL 109 (2012) 192302
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Ho/ ug 1N nonzero magnetic fields

Ho/pg = gy + gsug + O(ug)
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to/ ug 1n different collision systems

eB [GeV?]
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T'he breaking down of HRG 1n very strong magnetic fields
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» X2 X N.=8 — =t 4 o4l Xi1 T Ne=8  eeens A*+(1232) + A~ (1232)
' ¥ N:=12 — - ATT(1600)+ A”~(1600)
—=p+p

H'TD, J.-B. Gu et al., work in progress
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Baryon number fluctuations in very strong magnetic fields

0 5 10 15 20 25 30 35 40 eB/M? 0 5 10 15 20 25 30 35 40 eB/M;
6|L | | | | | | | |

X5(eB, 145 Mev)  __*o™ €5 _H(Rf) Xz(eB, Tpc(eB)) e _;'(R;)
B ™= - R T -
X3(0,145 MeV)  wmn.—12 i 5t Xx5(0, Tpc(0)) ——_ :

I
o 4 F ,l
: I
J I
I |
i I 3T I
I /
B HRG/QCD / " HRG/QCD
I proxy/Q 5 /
1.00 [—=ssszssppaees™—---------—---- 1.00 P

0.75 & | |
0:G- BB 1

0.75 & : :
"""""""""""""""""""""""""""" G'.ﬁ““'“'I()'.']'.“"““I'O'.'Z““““

60 01 02 03 04 05 06 07 038 00 01 02 03 04 05 06 07 08
eB [GeVZ] eB [Gev2]

H'I'D, J.-B. Gu et al., work 1n progress
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Results from eftective theory and model studies
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W.-J. Fu, Phys. Rev. D 88 (2013) 014009 K. Fukushima and Y. Hidaka , Phys. Rev. Lett. 117 (2016) 102301
T'he inverse magnetic catalysis At eb=0.25 GeV2, HRG overshoots
1S MISSING the LQCD data
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Summary

¢ A first lattice QCD computation of fluctuations of B, Q, S in nonzero

magnetic fields

& QCD baselines for ettective theories and model studies

€ Probes to detect imprints of magnetic fields in HIC: )(EQ measured from proxy

and po/pug obtained from thermal fits to particle yields in HIC
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Backup



Double ratios
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1,1

Construction ot the proxy ¢, for )(

PID
ar X1v: 2312.08860
1,1 _ B B
GQPID,p o 2 (PR—>1’§) (PR—>QPID) / 2 T I 2
R
. ney
2 = 2 3Z|ql|XYZZf eo) =17° f(e) _802(+1)+1HK
2T s,=—s; =0 n=1 I

e Pp_;= Py ;— Py ;: difference of P between the particle j and its antiparticle j

* PR—>QPID — PR—>]’5 +PR—>IZ+PR—>J%

e P

R = Z NR_U -, - the average number of particle j produced by each particle R after

the entlre decay chain

-N%_)] the branching ratio of decay channel o
37 ] . the number of stable particle j produced from this decay channel
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https://arxiv.org/pdf/2312.08860

1 1n strong magnetic fields
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ﬂQ/ MB
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