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Reaction

B(7) / B(0)

Y (defines ¥)

eB,_, ~-3M?inRHIC

Anping Huang et al. Phys.Lett.B 777 (2018) 177-183

eB,_y ~40M?in LHC
The magnetic field is the key

Wei-Tian Deng et al. Phys.Rev.C 85 (2012) 044907
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H.-T.Ding, S.-T. Li, A. Tomiya, X.-D. Wang and Y. Zhang, Phys.Rev.D 104 (2021) 1, 014505
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Fluctuations of net baryon number, electric charge and strangeness

- D

Taylor expansion of the QCD pressure:

p 1 = v (us\ [ HoY [ s\
—=—mnZF\(T,V, i . fi,0.)= z ) — —
T+~ VT3 (T V- s s ) Z i!j!k!<T><T><T>

Allton et al., Phys.Rev. D66 (2002) 074507
\ Gavai & Gupta et al., Phys.Rev. D68 (2003) 034 50y

\

(Taylor expansion coefficients at 4 = 0 are computable in LQCD

ijk — i j k u— LB Q
0 (,uu/T) 0 (,ud/T) 0 (,us/T) 3 3
/’tu,d,szo 1 1
Ha = g'uB B E'MQ See recent reviews:
Hjtk 4 o :
~BQS 0’ p/ T 1 1 LQCD: H.-T.Ding, F. Karsch, S.Mukherjee,
)(ijk = i j k U, = —Up ——HUo — Ug - Int. J. Mod. Phys. E 24 (2015) no.10, 1530007
Y ('“B/ T) Y (:“Q/ T) J (ﬂs/ T) I M R Exp.: X.-F. Luo & N. Xu, Nucl. Sci. Tech. 28
\ HBQS™ (2017) 112 /
/At eB # 0 a lot more need to be explored )

HRG: G. Kadam et al, JPG 47 (2020) 125100, Ferreira et al, PRD 98(2018)034003, Fukushima and Hidaka, PRL117 (2016)102301, Bhattacharyya et al.,
EPL115(2016)62003

kPNJL: W.-J. Fu, Phys. Rev. D 88 (2013) 014009 /
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Lattice Setup

+ Highly improved staggered fermions and

a tree-level improved Symanzik gauge action
+ Ne=2+1
+ Lattice sizes: 32° x 8, 483 x 12
+ mPY/m, =27, m_~ 135 MeV

+ T window : (144 MeV, 165 MeV),ie. (097, 1.17,)

C?

+ eB window: 0 < eB < 9m?
67TNb )

=—2a2 N,=0,1,2,3,4,6
N,N,

+ Statistics(eB # 0): N_=8:3000~14000 (#N,, : 204)
N.=12: 2200~5900 (#N.., : 102 ~ 705)

eB

NuclearScience
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Ni=2+1QCD, M,(eB = 0) = 135 MeV, T, (eB = 0) ~ 156 MeV with HISQ action
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Ni=2+1QCD, M,(eB = 0) = 135 MeV, T, (eB = 0) ~ 156 MeV with HISQ action
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1.3

1.2

Lattice QCD
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. X331x3(0, Tpe(0)) 3 M12
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Larger eB
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STAR, Phys.Rev.C 100 (2019) 1, 014902
STAR, Phys.Rev.C 105(2019) 2, 029901



Lattice QCD meets Hadron resonance gas model (HRG)

HRG: Pressure arising from charged hadrons (eB # 0):

pd"® ‘% S e il ke,
T4 T 2273 2 2 Z )k+1 <T>

S,=—; k=1

where g, = \/ml-2 +2 ‘ %‘ B(l+1/2-s,), K, is the first-order modified

Bessel function

ABQ ai+j+k(pc/T4)
Fluctuations of conserved charges: ;7 = Z l- - P
c O (,uB/T) 0 (,uQ/T> 0 (,uS/T)

ﬂB,Q,s=0

For 2nd order(X, Y = B, Q, S):
> ke
XY _ k+1 0
o _zmz a3 X Fr(e) . sle) =03 @n (52)
s,=—s; =0 k=1
H.-T.Ding et al., Eur. Phys. J. A §7 (2021) 6, 202
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Contributions from Individual hadrons in HRG model
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The results of HRG model are consistent
with LQCD up to eB ~ 6M2(0.11 GeV?)

p contributions are almost independent
oneB

A*TT(1232) and A= (1232) give
most of the contributions of

magnetic field dependence of ;(ﬁQ

A*T(1232) and A77(1232) are not
measurable in HIC experiments

12



Proxy construction based on the HRG

A*T(1232) — p + # : branching ratio almost 100% !

‘H

RG: Fluctuations expressed in terms of stable hadronic states: A
o net-B:p+i+A+3T+35 +204+54Q°
L T e e
BOS AA oA ) x 9 PR L0 A4 R b &
X <T»MB,MQ,/45> = ZB}gQ{QSR 3 net-Q: #" +K*+p+ 5 - % 9)
R

/ net-S: R+ RO— A —S$+ -5~ 280 _28- _ 30

Bp, Op, Sy are the baryon number, electric charge and strangeness of the species R
L\ R. Bellwied et al. ,Phys. Rev. D 101, 0345006 (20202/

In experiment, fluctuations are related to the variance or covariance of Identified 7, K, p

: 10 _ 2, 11, 11
e.g. the proxy for )(ﬁQ IS Oppp, = Op T Opr T 0,k

STAR, Phys.Rev.C 100 (2019) 1, 014902 ; STAR, Phys.Rev.C 105(2019) 2, 029901

In HRG: 0’pg/T*
0;3 = Z (PR—>15> <PR—>[9) RAZ
R Olig R
where Pp_,; = Z Nz_iftiq
a

0°pL/T*
Gpl,’; = Z (PR—>~) (PR—>7%+) X
R

Ofi% nfaz numbers of i produced by R in decay channel «

1,1 asz/ T o . .
o,k = Z <PR_)]3) (PR_)I@) — N%_, - Branching ratio of channel a

. o4
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4 AteB ~ 8M:, ratio of y; ~ 2.4

4 The results of HRG model and
proxy are consistent with LQCD

up to eB ~ 0.08 GeV?

4+ AteB > 0.08 GeV?, the

difference between the proxy and
lattice ~ 20%
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+ At eB ~ 8M_, ratio of y; ~ 2

4 The proxy o"!

PID, ¥y,

approximately 90% of the LQCD
results

can represent
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Summary and outlook

@® QCD benchmarks are provided for the 2nd order fluctuations of
conserved charges based on LQCD computation on N_=8 and 12 lattices

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

0 1 2 3 4 5 6 7 8eB/M 0 2 4 6 8 eB/MZ
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Computation of 4th order fluctuations is on the way
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Thank you for your attention!
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Backup
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Lattice QCD in strong magnetic fields

B pointing to the z direction No sign problem !

-

exp [—iqaZBany] (nx =N, — 1)

9

U, (nx, ny, 1, nf)
1 (otherwise)

"

Uy, (nx, ny, N, ’%) = exp [iqaanx]

U, (n ny, n, n)—ut(n ny, 1, n)-l

Quantization of the magnetic field

=2
q, = 2/3e 67N,
qd:—1/3€ eBzNN
g, = — 1/3e Ny
a is changed to get the targeted T, T = L
an. T Landau gauge

G.S. Bali, F. Bruckmann, G. Endrodi, Z. Fodor, S.D. Katz,
S. Krieg et al., JHEP 02 (2012) 044.
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- S5 Ks — (0 > A == = 5 He He He
qp ¢ ¢ 0
T e e ALICE, 0-10% Pb-Pb, {sy =276 TeV -
B I IR s AP W : : : : : _
- IR e I PO S :
- : e : E
— : : : P e -
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Proxy In experiment

4+ Conserved charges susceptibilities in experiment:

1 1
2 1,1 1,1
VT3 @ Kap Ty s

the second-order cumulants(k) are the variance or covariance(o) of the net-

X =

multiplicity N:
* p:aproxy for the net-baryon
K2 — (% = <(5N - <5Na>)2> e k:a proxy for the net-strangeness
;; (;; L= ((6N, — (SN,))(8Ny — (8Ng)))  * Q"'": identified 7, k and p

withoN, =N _.— N, _anda,f =p, 0,k

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

In experiment: me ()(1 0y Bp+ pit + pR*

e p:a proxy for the net-baryon
5+ K 7" + KTk

* k:a proxy for the net-strangeness QP’D K()( 11 )

« 0"P: identified 7, k and p

The fluctuations are related to the variance or covariance of these net-multiplicities.
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