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1. %2 T [Aug. 9. 15:45] Lattice calculation of the 7., and J/wJ/y scattering length ENENENEEE

2. XIR % [Aug. 10, 11:15] Fluctuations of conserved charges in strong magnetic fields CLQCD
3. /8 #% [Aug 10 , 14:20], LQCD computation of two-photon exchange contribution to the muonic-hydrogen Lamb shift

4. Z=REZE [Aug. 10, 15:35] Chiral condensates and screening masses of neutral pseudoscalar mesons
5. 8 5 F [Aug. 10, 15:50] Criticality of QCD in correlated Dirac eigenvalues

6. #— 3% [Aug. 10, 16:40] Lattice QCD using Large momentum effective theory

7.4¢ {® [Aug. 10, 17:00] Pion and Kaon Distribution Amplitudes from Lattice QCD

8. FH#H [Aug. 10, 19:30] I T-HUARALER M4 25 QCD 5
9. A [Aug. 10,19:36] 4 A QCDTEA T-REAS TR 5 IE ) b7 fF

10. £ [Aug. 10, 19:42] I E
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1T it [Aug. 11, 14:00] #% 5T HMA K A2 220 T 5%
12. 7 I8 [Aug. 11, 14:15] Lattice QCD prediction of kaon electromagnetic form factor at large Q% up to 10 GeV?
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Supercomputing the QCD matter based on first principles

Snowmass 2022: Theory & computational frontiers

QCD Lagrangian

C=-gFFut 3 aln@-ieA)-mle . Discretization In

- Euclidean space

qguarks: lattice sites
gluons: lattice links

® quark A gluon

Physics
from peV to TeV
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Discretization schemes

Discretization schemes | Chiral symmetry Cost Collaborations
CLQCD, ETMC,
Wilson fermions Explicitly broken OK HALQCD, FlowQCD,
PACS,...
Improved Staggered . MILC, HotQCD, CLQCD,
fermions Partially reserved Cheap NPOCD, BMW...
Domain Wall fermions | Almost reserved Expensive JLQED, RERE,

UKQCD, TWQCD,...

Overlap fermions

Exactly reserved

Very expensive

chiQCD,
Bielefeld-Chenai,...

To recover QCD, thermodynamic and continuum limits are required!
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Ensemble generation in GLQCD

Zero temperature, Wilson-clover fermions, IHEP-IMP-ITP-SCNU

name Volume Lattic?e beta Pion mass Eta s mass L x M_pion L conf
spacing

C11P29S 24372 0.105fm 6.20 | 290MeV 640MeV 3.8  2.6fm 900
C11P29M 323x64 0.105fm 6.20 | 290MeV 640MeV 5.0 | 3.5fm 700
C11P22M 323x64 0.105fm 6.20 | 220MeV 640MeV 3.9 | 3.5fm 450
C11P22L 483x96 0.105fm 6.20 | 220MeV 640MeV 5.6 | 5.4fm 400
C11P14L 483x96 0.105fm 6.20 | 135MeV 700MeV 3.4 | 5.4fm 60
C08P30S 323x96 0.08fm 6.41  300MeV 650MeV 3.9 | 2.6fm 500
CO8P30M 483x96 0.08fm 6.41  300MeV 650MeV 5.0  3.8fm 400
C08P21S 323x64 0.08fm 6.41 | 210MeV 650MeV 4.1 | 2.6fm 460
C08P21M 483x96 0.08fm 6.41 | 210MeV 650MeV 4.1 | 3.8fm 450
C06P30S 483x144 0.054fm 6.72  300MeV 650MeV 4.0 | 2.6fm 300

7% et al., Chin.Phys.C 46 (2022)011002, XIHIHH et al., arXiv: 2207.00183, #%—B% et al., arXiv:2207.14132

CLQCD




SO 3o
Ensemble generation in GLQCD iEe
T
Z.ero temperature, EEEE
. . . . ] ]
anisotropic Wilson-clover fermions, IHEP CD
0.035
Charmed hadrons, glueballs
. . 0.03 | kel o
and exotic particles L
F2L:p.lanned *
Obsolete
a/fi0.025 |-
fR2E et al., arXiv:2207.04694, 2206.02724,
arXiv:2206.06185, 2205.12541 [hep-lat|,
Chin. Phys. C46 (2022) 043102 , 002 I % .
Phys. Lett. B 827 (2022) 136960, '
Chin. Phys. C42 (2018) 093103
0.015 1 000
1.5 500 Mpg/MeV
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Ensemble generation in GLQCD

Nonzero & zero temperature, HISQ fermions, CCNU

Nonzero magnetic field ensembles

Small quark mass ensembles

Eur.Phys.J.A 57 (2021) 202,

hys.Rev.D 102 (2020) 5, 054505,
hys.Rev. Lett. 123 (2019) 062002,

eB [GeV?] | N, eB [GeV?] || N> x N, T [MeV] # conf.
0 0 16 0.836 323 x6 280.9 O(4000
1 0.052 20 1.045 323 x8 210.8 AO(5000
2 0.104 24 1.255 323 %10 168.5 AO(5000
3 0.157 32 1.673 323x12 140.4 AO(5000
4 0.209 40 2.09 323 x 14 120.4 AO(5000
6 0.314 48 2.510 323 %16 105.3 AO(6000
8 0.418 - - 323%18 93.6 O(6000
10 0.523 - - 323 x 24 70.2 O(1000
12 0.627 - - 323 %96 17.6 O(3000
=1 et al., Phys.Rev.D 105 (2022) 034514
Phys.Rev.Lett. 126 (2021) 032001,
Phys.Rev.D 104 (2021) 014505,

B ams amy m~[MeV] N2 x N, #conf
0.002570 160 32° x 8 4054

0.001904 140 32° x 8 6707

0.001285 110 40° x 8 5625

6.664 0.0514 (.0006425 80 32° x 8 3842
0.0006425 80 40° x 8 11863

0.0006425 80 56° x 8 7341

0.0006425 80 722 x 8 5954

0.00032125 55 562 x 8 8473

0.00170 160  48° x 12 8507

0.001259 140  48° x 12 6575

7.078 0.034 0.000850 110 60 x 12 5314
0.000425 80 483 x 12 9021

0.000425 80 60% x 12 6746

0.000425 80 723 x 12 2365

0.0013 160  64° x 16 3227

0.000963 140  64° x 16 3639

7.356 0.026 000650 110 643 x 16 3498
0.000325 80 642 x 16 4092

0.000325 80 80° x 16 5316




Lattice QCD data sharing within CLOQGD and beyond

IHEP

Remote Site

SHEYMRiL S S udsxittin

LAT ‘ Aug. 8-13 FMRS, =BH, XUMPER, #—3, ] =18, [CLQCDY], Lattice 2022 talk
A 2022
E (& Bonn https://indico.hiskp.uni-bonn.de/event/40/contributions/853/
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Hadron spectroscopy & interactions
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https://indico.ihep.ac.cn/event/16065/contributions/43607/

Lattice calculation of the 5.4, and J/yJ/y scattering length =~ #iF
Tue Aug. 9

LHCb, CMS & ATLAS: Narrow structures in J/yJ/y invariant mass spectrum  15:45-16:00

Interpretations vary from model studies

| ischer method: 6E = —4ra_

2
1+ c1 a; - co (%) +(’)(L_3)]

-0.5 —
| e T ¢ S-wave scattering length
I
o = —0.104(09) fm
h‘i | { NcNe )
a5l e or o] - ¢ Weak repulsive interaction
I 8 J/bJ/0.T =T
; ) 4 5 ] 10 7MY et al., work in preparation
a’[fm’] %1073
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T7.(3875) relevant S-wave DD* scattering from N, = 2 LQCD

S. Chen et al., IHEP,

1 1 [V: .
V2 V2
= : ¥ 3 X S
| i "1 Conceptually in
7o § : .
E ] . ' agreement:
= 1 i ! T (3875) only
S 5 | : | .
g i found in D’D™
= |
0- § system
0 1 qz 2 3 q2
al=” = 0.538(33) fm, /=" =0.99(11) fm. ag~" = ~0.433(43) fm, ry~" = -3.6(1.0) fm
Attractive interaction with Repulsive interaction
scattering in a wide near the DD* threshold

momentum r a11gc
12



Hidden-charm Hexaquarks (uscdsc) ..

]PC — O++, O_+, 1t & 1~

0FF : O = €€ [ul Crys8][daCy552] x [fce]
0~ " : Oy = €€ [ul Crys][caCy55L ] x [E475Ce]
11T O3 = e2bcedes :uZC’%sb: :CZdC%«?Z: X |C+YiY5qc]
177 : O, = e2bcedet Ul Cys8p|[dgCys52 | X Csyicel
I(J7) [ 1(0~") | 1177) [1(0FF) | 1(a*)
mass(GeV) |3.945(32) |4.144(35) |4.15(20) |4.22(23)

All below E Z . threshold
the lightest one around # K"K~ threshold

H. Liu et al., SJTU-IMP-ITP-BUAA, arXiv: 2207.00183

=
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4.4¢

4.2}

4.0

3.8T

4.15

4.10¢
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$ 3 %
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0+t
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$ m, =0.290 GeV
0.000 0.005 0.010 0.015 0.020
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Ji P
1]
m, = 0.220 GeV B m, =0.135 GeV
$ m, = 0.290 GeV
0.000 0.005 0.010 0.015 0.020
a?(fm?)
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Charmed and ¢ meson decay constants in Ni=2+1 LOQCD

Domain wall fermions with physical pion mass

| | | | ‘ | | | | | | | I ‘ | I I I I ‘ I I I I ‘ I I I |
ETMC 12 o s —6— ETMC '12
<~ tavor <—flavor Table 9. Decay constants of Dg’g and ¢ in units of MeV.
. , T . . . ——
o Blossier et al 18 —o— ga?bmo et al. '19 fy /fv 1s given in the MS scheme at the scale of 2 GeV.
2—flavor —llavor D D 5
D p D*
—o— Blossier et al. '18 - -
—o— HPQCD '14 2—flavor fprv/MeV 249(7) 274(7) 213(5) 234(6) 241(9)
2+1—flavor T
o HPQCD '14 Iyl fv - 0.92(4) - 0.91(4) -
2+1—flavor
—— —o— this work
2+ 1—flavor = this work
2+1—1l . .
F1-flaver A first computation of couplings of
—o— —o— ETMC "17 ,
2+1+1—flavor - g?\fif?ﬂ T
—llavor >I< * f
| | | | ‘ | | | | | | | | | ‘ | | | | | | | | | | ‘ | | | | D and DS tO the tenSOr Current V
200 250 300 350 1.0 1.2 1.4 1.6

o: fp./MeV O: fp./MeV fpe/fp,

b=, BRI, B BH, XElE & SiafE, IHEP, [yQCDI, Chin. Phys. C 45(2021)023109

14



17" Hybrid in J/y radiative decays

Nature of 7,(1855)?

N=2 QCD with m, = 350 MeV

9 - X
X = *

_10 -

¥ o

it My, x?/d.o.f. = 0.8
fit Eo, x%/d.o.f. = 0.7
X M
X B

075 —050 —0.25 0.00

025 050 0.75  1.00
Q?/GeV?

da |py|

2
27 M5/

[y — yny) =2.29(77)eV

L(J/¢ — ym) = (IM1(0)]* + |E2(0)]?)

Consider 17,(1855) is an 1™ hybrid

Br(J/y — yn,(1855))=6.2(2.2) X 107>

Br(1,(1855) — nn)) ~ 4.3 %

F. Chen et al., IHEP, arXiv:2207.04694

15



A first LQCD computation on radiative decay width of J/yw — yi

Effect of axial Ur anomaly X. Jiang et al., IHEP,
ar X1v:22006.02724

4
D(J/% = ym) = 5|8, *M>(0)

¢ N, =2 QCD with m, ~ 350 MeV

x2/dof = 0.86
0.05 - ® M(0)=0.01051(61) GeV~1
f ['(J/Y — vyn) = 0.385(45) keV
) _ —3
= 0.04 BI'(J/QP — ")/77) = 4.16(49) X 107
>
Q
;,30.03- I Extrapolating to ]\Q = 3 considering N —n mixing
E J—
005 i % Br(J /¢ — 1) = 1.15(14) x 1073
; Br(J/v — yn') = 4.49(53) x 1073
K
0.01 - %(D 5
- _'3 " ™ - In good agreement with PDG 2020 values
0Q2/GeV?

Br(J/y — yn)=1.113) x 10> Br(J/w — y1n)=5.25(7) x 107>

10



Hadron spectroscopy & interactions

¢ —3% [Aug. 10, 16:40]

Hadron Lattice QCD using Large
momentum effective theor
structure Hot & dense QCD 4
Softwares & I - ’1][3 1’§ [Aug. 10, 17:00]
gagE Procuction = S NI Pion and Kaon Distribution
J | Amplitudes from Lattice

\
°.,’ 150 we®e @

100 |

QCD

$ht U5 [Aug. 11, 14:15]
Lattice QCD prediction of
kaon electromagnetic form
factor at large Q% up to 10

GeV?

Standard Model §...
. parameters

50

0

0 200 400 600 800 1000 1200 1400 1600
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Pion electromagnetic form factor

Wilson-Clover fermion Overlap fermions
on HISQ ensembles on Domain Wall ensembles
1.000
Colangelo et, al 18
0.900 -
5 CERN
{ F, collaboration 08097
¢t a=0.076 fm _0.700-
S 0.600-
=
\ E
0.500 H
.
- 0.400 - This work
02k ; L1, { Experiment [CERN]
' ¢ 03001 ¢t Experiment [DESY]
0.0 0.5 1.0 1.5 2.0 25 t Experiment [JLab]
' ' ' ) ' ' 0.200 . . . .
Q 2 (Gev2 ) 0.0 0.2 0.4 0.6 0.8

Q2 (GeV?)

L]

55 # et al., Tsinghua-BNL-ANL, Y et al.,Kentucky-SCNU-ITP, [yQCD],
Phys. Rev. D 104 (2021) 114515 Phys. Rev. D 104 (2021) 074502




LQCD prediction of Kaon electromagnetic form factor at 0% < 10 GeV~

. ) Tt U7
HISQ ensembles with a=0.076 fm Thu Aug, 1
14:15-14:30
0.8 0.5
0.7t -
0 0.4}
0.6 - T
-.... =X - E --"E. n
0.5F Lt LT (6 0.3F f:._:.-...:-: ..... E..... !%_ %i ___________
04 B \Ll-: -.:"* > = :EZI 1
¥ m L S T
5 0o | T eI
0.3 @] 00‘.6- ...... DSE
0.2 -0 T DSE [1703.04875] _.':."- 2_QZFU+ (QZ)
DA, Asymp ] 0.1F: [] 032 K
0.1¢ DA, Lat [RQCD, 1903.08038] ? 2F(0%)
O O h‘ | | | | O O i | | | | |
~0 4 6 3 10 12 ~0 2 4 6 3 10 12
Q° [GeV?] Q2 [GeV?]

Tl et al., CCNU-BNL-ANL, in preparation
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Distribution Amplitudes of Pion & Kaon

Hybrid renormalization scheme + continuum extrapolation

2
joF . : K Wed. Aug. 10
ion ! i aon :00-17:

1.257

1.007

0.75}

0.507

0.25 ”.' This work 0.25] ,. This work
- — = Asymptotic — = Asymptotic
0.00 _____________ Sumrule === —————————— O_OO ————————————— Sumrule === ——————————
i OPE o OPE
0.0 0.4 06 0.0 0.4 06
X X

-== DSE

1.257

1.00¢

0.75}

0.50F

-==- DSE

1818 et al., SJTU-NJNU-ZU-IMP-BUAA, {LPC collaborationl,
Distribution of K* and ¢, Phys. Rev. Lett. 127 (2021) 062002

1242 et al., SCNU-SJTU-Maryland-Regensburg-ZU-ITP-BNU-BUAA {LPC collaboration}, arXiv:2201.09173 -



Bjorken-x dependence of pion valence Parton Distribution Functions at NNLO

Nf=2+1 QCD using HISQ, Continuum extrapolated results
a=0.04 and 0.06 fm & m}*¢"¢ = 300 MeV at the physical point
4.0
% DNN-abAsymp Bl JAM21nlo
| 0.4l 3.5} s Model-4p =2 JAM21nlonll
4r j — -~ xFitter
/-&:%\ & Y A— . .BNL—ANLZ]: 3.0F
~ = W £ TN : m BNL20 0.4
o 3 B I A, B JAM2INLO
5
- 0.1 -- ASV g X
~ .GRVPIl | > >
| xFitter ’ > 2.0r S 0.2
o~ ' @y
N 0.1
= 1.5}
> 1 1 1
= Lok 9-300 025 050 075 1.00
051 1=2 GeV
%-%.0 0.2 0.4 0.6 0.8 1.0
—
X
= et al., CCNU-BNL-SBU-ANL, =7 et al., ANL-BNL-SBU-Frankfurt,
Phys. Rev. Lett. 128 (2022) 142003 arXiv:2208.02297
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Renormalization of transverse-momentum-dependent

parton distribution ('MDPDF) in LaMET on the lattice

W3
Wed. Aug. 10
16:40-17:00

Pion matrix element of the TMDPDF operator

, | , MHBGsea 310 MeV, MYalence ~ 280 — 320 MeV
Wilson line needed in the

. 1.4 = f '
uasi-I MDPDF operator = a=0. 1213 fm a=0. 1213 fm S
! P e a=0.0882 fm RI/D 1 O D 1 T 24+ * a=0.0882 fm / MS IS
- +  a-0.0574 fm 3 8:8- 82;‘51 gm ! {
2 v a=0.0425 fm v a=l. m
(b, _L) > (b’.Z) ~ a=0. 0318 fm _ X ¢ a=0.0318 fm :' {
§ = 20F .. WS (b,0,0; 2 GeV) 4
X 1.2 | g | - - h‘gg with aM5(1/b) A
- . 3 L {V :
N 1 -Qé CD- 1 6 -
\— - ;‘_‘ 1. 1 — I i . i; : I i
‘ =13 i = , $az i e
< ® 3 . A | S
7 b i
(O; _L) (0,0) 1.0 F 2 i 4 LZIF /I,“'_,.t.-"'
I — ——————— i > - = “mm . x ./I"
- = B %;
0.9 ' L L 0 8 L | ! !
0.0 0.2 0.4 0.6 0.0 0.9 0. 4 0.6
7, (fm) b (fm)

7k 7 et al, I'TP-Maryland-BNU, [LPCl, arXiv:2205.13402, to appear in PRL
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Iransverse-Momentum-Dependent (1’ MD) Soft tunction

Fr(by, P*) = (a(—P%)|alu(b)dl'd(0)|z(P*))
1.6 1 —loo
1.4- Sus | PT=3F 1P=5T
1,2-:\\,\ S;TEIOOP IPZ=4ZT” EPZ=6ZT”
S0l
S _ 5 N
S 0.8 i,
0.6- N
0.4- \\ 1 =
.\ ] <
0.2- \ i
00—
00 01 02 03 04 05 06 0.7

b /fm

Fr(b, PZ)LgZi:els(bl’”)%‘¢(z =0,b,,1 = o0, P?)|?
2.0
1.8- So=""  imy=350MeV 4m, =640 MeV
1.6 1=loor Emg=545MeV  ¥m,=827 MeV
1.4 WS
\0
~ 1.2+ 3 \,\’
< 1.0- Se
A 1 ® )
0.8 \{. -
0.6- SO
0.4- \. .
\
0.0 01 02 03 04 05 06 0.7
b /fm

Yuan Li et al., PKU-ETMC, PRL 128 (2022)062002
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Hadron spectroscopy & interactions
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o 1‘%4““QCDXU\ TR AR R A
SO N 165 T i L)
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Standard Model %A K AT
& parameters I3 7 5

€ ... 24


https://indico.ihep.ac.cn/event/16065/contributions/43673/
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https://indico.ihep.ac.cn/event/16065/contributions/43497/

Neutral and charged pion mass sphtting

T O’\'\Y\’O T 4.6
4.55

% 4.5
= 4.45
o 44

T @ B <§] 4.35
4.3
4.25
4.2

Feynman Gauge |

Coulomb Gauge |
Physical Mass Shift

1

|
| - |

*—

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

a’® (GeV)~?

LQCD:
Am, — 4.534(42)..(43)... MeV

SYS

PDG: 4.5936(5) MeV

{4, Luchang Jin, Michael Riberdy, PKU-Connecticut, PRL 128(2022) 052003

20



N

. : = MR
Iwo-photon exchange (1 PE) contribution " i

._ﬂA

to the muonic-hydrogen LLamb shaft ‘Zéfoﬁlil ©

Puzzle on proton charge radius

® Electron—-proton scattering  ® Ordinary-hydrogen spectroscopy @ Muonic-hydrogen spectroscopy

AE®SY = 206033.6(1.5) — 5227.5(1.0)(r2) + AEpg
LS P

| | CODATA 2018 | CODATA 2014 |
| 2019 Xi?o.ng et al. | 2ma2 i [
= 2019 éezsinov et a%l. | AE — |¢n (O) ‘2 { Z / d4xwi (X9 t)Hl (X9 t)
e M g WA
B ’
2017 | ; )
: 23013 5 +/d XLi(X’ ts)Hi(x9 ts)
2010 5 )
dQ )
—2M / g / b (Q)(K; — 4xT5’) } -
Proton radius (fm) €

Karr & Marchand, Nature 575 (2019) 61

AEpp = 37,4(4,9) pueV :consistent with previous theoretical computations (20,50)ueV

Further improvements can be done with finer lattices

{##% et al., PKU-Connecticut, Phys.RevLett. 128, 172002 (2022) o6



Axial yW-box correction for the pion & kaon semileptonic decay =I5

Wed Aug. 10
19:36-19:42
2 V 25| £7 2
@ﬂ.— N JZ'O{_I/Z Fm@ _ GFl ud m,,\er(O)\ (1 —|—5)Iﬂ
647’
D a, | m m, _
Sirlin’s formule: @=_%(g+3In—>+In—=+a,| +d3, +20"
2 | m, My |
2
‘H _ / Q2 My % \/— " dQ, (Q ( Q(2))3/2 0 (Q Qz) Hadronic function
FH m3, + Q7 z © (0)r Y by LQCD
Pion: § = 0.0332(1) W(3)HO {41H et al., PKU-Mainz-Connecticut-Bonn,
4 Phys.Rev.Lett., 124 (2020) 192002
G>
6K =m0V T = S S0 (1 485 + 850) IV, P12 (O)I
ILHEFH et al.
VA ;
Kaon: yW‘KO,SU(3) + Low energy constants — ;le?/‘KO Phys.Rev. D 103(2021)114503

27



New methodology in computing the Kaon decay on Lattice

& ®
a——y<

d

|

Ifl‘)(lflz, ) o J EEE«‘U:P
Y. Thu Aug. 11
[ Ii(p1, p2) S~ J 14:00714:15
Construct
{ HYY (p. q) \/J
Construct

|

MK — Ivil""1"")

Phase

space

\integration
(K — 1v,1'+1'-)/r,<ﬂ

Scalar function + Infinite Volume Reduction method

Channels m,, cuts Lattice (m, = 352 MeV) ChPT [5] Experiments
Br|K — ev,ete” 140 MeV 1.77(16) x 10~° 3.39 x 1078 2.91(23) x 1078 [3’
Br|K — pv,ete” 140 MeV 10.59(33) x 1078 8.51 x 1078 7.93(33) x 1078 [3]
Br[K — ev utu~ - 0.72(5) x 1078 1.12 x 1078 1.72(45) x 1078 [4
Br|K — pv,u"p~ 1.45(6) x 10~° 1.35 x 1078 B

At 32, X, Feng, L. Jin, T. Wang, PKU-Conneticut, PRD1og (2022) 054518
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Lattice study of Dibaryon nuclear ff decay

Domain Wall fermions + Iwasaki gauge action

pp — d fusion: NME/g,=1.0(4)
2023 NME/g7 = 1.02(6)

Consistent with NPLQCD Savage et al., PRL 17

002 NME/(g3/2m,V) = 13(4) -

Electric polarizability of Proton extracted from Compton scattering

— y
LA
——A

P -

i, PKU, PoS(Lattice 2021)629, work in progress

N | AN TN
— a /\.A
C. i I

Wed Aug. 10
19:42-19:48

Tk

Wed Aug. 10
19:30-19:30

16 -

4-point correlation func. of =~

& 12

proton:

=
= 10
S
~

(N(t + At))J*(1)J*(0O)N(—At,))

e

al = ()

—h

—lA

al = 1

al = 2

T 1% %% et al., PKU-Connecticut, work in progress

al = 4
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Hadron spectroscopy & interactions

Hadron § A2k 7% [Aug. 10, 15:35]

structure Chiral condensates and
Hot & dense QCD screening masses of neutral

Softwares &
gauge production N

q : . : 14.511‘5 Quark-Gluon Plasma @ ;ﬁ}fgiz [Aug. 10 , 15 :501
| ° / 150 [ye® o e B 9177 o o . .
ss8 ' Criticality of QCD in
: : correlated Dirac eigenvalues
0 200 400 600 800 1000 1200 1400 1600 @X“lj{/ﬁj—lza [Aug. 10. 11: 151
Fluctuations of conserved

charges 1n strong magnetic
v fields

8
Standard Model e
. parameters
Flm:mnd

300 rypr——

pseudoscalar mesons

50

0

30


https://indico.ihep.ac.cn/event/16065/contributions/43630/
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HotQCD collaboration

Brookhaven National Laboratory, USA
Bieleteld University, Germany

Central China Normal University, China
Michigan State University, USA
Isukuba University, Japan

Indian Institute of Science, India

Institute of Mathematical Sciences, India

arX1v:1504.05274v1 [hep-lat] 21 Apr 2015

THERMODYNAMICS OF STRONG-INTERACTION
MATTER FROM LATTICE QCD

Heng-Tong Ding

Key Laboratory of Quark & Lepton Physics (MOE), Institute of Particle Physics,
Central China Normal University, Wuhan, 430079, China

Frithjof Karsch

Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA
and

Fakultdt fiir Physik, Universitdt Bielefeld, D-33615 Bielefeld, Germany

Swagato Mukherjee
Physics Department, Brookhaven National Laboratory, Upton, NY 11973, USA

We review results from lattice QCD calculations on the thermodynamics of strong-
interaction matter with emphasis on input these calculations can provide to the
exploration of the phase diagram and properties of hot and dense matter created
in heavy ion experiments. This review is organized as follows:

1) Introduction

2) QCD thermodynamics on the lattice

3) QCD phase diagram at high temperature
4) Bulk thermodynamics

5) Fluctuations of conserved charges

6) Transport properties

7) Open heavy flavors and heavy quarkonia

8) QCD in external magnetic fields

9) Summary

Review article: Int. J. Mod. Phys. E24(2015)1530007,

cited by 298 records
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Chiral crossover/phase transition temperature  Made in

. . ik v
at thS1Ca1 pOlIlt and mqeo R L mu

Rigorous definition from O(4) universality class

170 — |

- 1:(0) [MeV]
i >
I X A
165 | : CX e
| . Cy =
160 + D O CZE o
155 . (156.5 £ 1.5) MeV m
| 1 /N2
150 | | | | |
N\ NER\ NS N\
\q) \\/@\\{g \CP \@
‘:W

A. Bazavov, J =18, P. Hegde et al. [HotQCD],
Phys. Lett. B795 (2019) 15, #5|360,%

Chiral crossover transition

T=156.51.5) MeV ~ 1.8 x 10“ K

Consistent results from Wuppertal-Budapest,
PRL12§ (2020) 052001

Temperature [ K |

1018

1015

10 12

10’
A
i)

10°

Based on O(4) scaling analyses

160
Chiral crossover

T [MeV]
155 h
Too(H) Tpe'=156.5(1.5) MeV
145 ' Tpc(H)zTg (l-l—z—pH-l-"‘l_‘S)
20
140 |/ Ts(H)
135 :
Chiral phase transition T
130
em T2 =1327] MeV

T =38, P. Hegde, O. Kaczmarek et al.[HotQCD],
Phys. Rev. Lett. 123 (2019) 062002, #35|147)%

Chiral phase transition T is a
possible upper bound of T,z
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Fate of the Axial Ul anomaly at nonzero I Made in

NSH
disconnected chiral susceptibility

Ni=2 PURE AN D > me[MeV]
- |GAUGE 95 I I | | .
mg Xdisc/ Tél

01 T=205 MeV .

20

o"d order
Z(2)

Nf=1 ].5

10

0 0.0003 0.0006 0.0009 0.0012 0.0015
2
= L o0 (m; /mg)
T, AEREA, EATEK, Axial anomaly remains manifested at a 2-30 level
S. Mukherjee, JEBEST, oK, . o
CCNU-IMP-BNL, Chiral phase transition:

Phys.Rev.Lett. 126 (2021) 082001

2nd order in O(4) universality class .



Microscopic manifestation of chiral phase transition g Ajug o

15:50-16:05%
(Quark mass derivative of Rescaled dp/om
Dirac Eigenvalue spectrum dp/om by disconnected chiral susceptibility
0.35—
8,0/37’)’1,1
ms/my 27 40 80 0.3 Xdisc ms/my 27 40 80 B
] - 1
r eV [T T T o] | T e T
i e s o i
e 5 e 187 A 147, 2151
1515 - 0.2 1515¢ ]
153
0.15-
0.1}
e 'r'« J" ..‘ "T =Ll ) 0.05-
S R2E N 1Y 5“‘ "; \;'1‘
O | | | | | | | | | | | v‘k | “ | ‘k ol O
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0
A [MeV]
5 et al., CCNU-BNL-RIKEN, work in progress
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Lattice QCD 1n strong magnetic fields

~ No sign problem
¢ B pomtmg to the z direction & Gauge link multiplied by a U(1) factor

exp[—iqa®BNyn,| (ny = N —1)
1 (otherwise)

ua:(n:ca Ty TV, nT) = {

Uy (nwa Ty T2, n’l') — exp[ianBnm],

uz(nxanyanzanr) — ut(nwanyanzan’r) = 1.

¢ Quantization of the magnetic field
2Ny qu=2/3e, qd=-1/3¢e, gs=-1/3e

_ om /N
qB o a — 0 _2
Ny N, eB=N N,

CCNU LQCD group has developed GPU/C++ codes for LQCD simulations at eB=/=0
contributors: Akio Tomiya, ZE: 7=, TEES), 255126, K5 Made ;
ade 1n
EPJ Web Conf. 175 (2018) 07041, PoS LATTICE2018 (2019) 163 , ~
PoS LATTICE2019 (2020) 250, Phys.Rev.D 102 (2020) 5,Eur.Phys.J.A 57 (2021) 6, 202,
Phys.Rev.D 104 (2021) 1, Acta Phys.Polon.Supp. 14 (2021) 403, Phys.Rev.D 105 (2022) 3, 034514
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Gell-Mann-Oakes-Renner relation at eB # 0 and '1=0

(ma +ma) ((P)u + P9h)a) = 2f7 Mz (1 — dx)

0 10 20 30 40 50 60 eB/M? 0 10 20 30 40 50 60 eB/M?
T T
| | | O| . 0.08 B | | . | | | . | |
“38 — Si correction to the GMOR relation
7 s 0.06 g,
0 A A
T T < N % A
B 0.02 | § o _ H
0 ' = i O o =
Ns @@m | |
. 0 O _..‘; """"" : """""" A A ’ a
A
0.75 1 Ai@ M - ] 0.02 ﬁ“" ‘ m AWV =0.12 A =0.36
0.7 A \4 ] | B . ﬁ . 7130 =
] A ©) o \74 ] = '004 B .%i i = 7'CO
0.65 A5 9 v o & - 0.06 : : '
06 | | | |A @ | e | | | 1 = |Tcd | |
0 0.5 1 1.5 2 2.5 3 3.5 0 0.5 1 1.5 2 2.5 3 3.5
eB [GeV?] eB [GeV]

Ne=2+1 QCD, M_(eB = 0) ~ 220 MeV, on 32° x 96 lattices with a~! ~ 1.7 GeV~! and HISQ action at T=0

HTD, S.-T. Li, A. Tomiya, X.-D. Wang, Y. Zhang, PRD 126 (2021) 082001
30



(inverse) magnetic catalysis <= hadron screening masses

=2
o — — o Wed Aug.
Ward Identity: (1), + ($0)a = (mi, +ma) o cd Aug 10
15:35°15:50
: M :
Yo = [ d2Gro(2),  lim Gro(z) = Ajoe™"'+°% M ,: Screening mass of 7'
Z—00 i
(.) 1|0 2|0 3|0 4|0 5.0 eB/M; L, 0 10 20 30 40 50 eB/M?2
;L AS,, _ M..o(T. B)/M.o(T, B = 0) ' '
95  T=17MeV O+ T=140 MeV + ® 2t  T=17TMeV +O+ T=140 MeV O~
T=70 MeV = T=169 MeV + ® X T=70 MeV = T=169 MeV g
2L T=105 MeV == T=211 MeV ¢ v . T=105 MeVaokn T=211 MeV =X v
T—120 MoV A T—281 MeV S i 1.6 - T=120 MeV A~ T=281 MeV 2+ Vv
1.5 | A A v
% A ©
1 - g - a X R X
g Bl o
0.5 | o © i o8 O B B
o eelll g 8 Z B & | 8 8 %
v s 9§ 8 5 8 R S S S
_0.5 L | | | 0 0.5 1 1.5 2 2.5
0 0.5 | . [Ge\;zi) 2 2.5 eB [GeV?]

T, R, XMR 2, 1T}, Phys. Rev. D1o5(2022)034514
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[sospin symmetry breaking at ¢eB70 manifested
in chiral condensates

012345678 910111213141516 eB/M?

2 | s=2my(M3) :

2 n
1.8 |
1.6 |
1.4 |
12 B - l=u:

1 . - 1=d —&— |

O 01 02 03 04 05 06 07 08 0.9
eB[GeVﬁ

HTD, S.-T. Li, A. Tomiya, X.-D. Wang and Y. Zhang, PRD 126 (2021) 082001

See also in reviews e.g. M. D’Elia, Lect.NotesPhys.871(2013)181

COC)

Not accessible in
Heavy Ion Collision

experiments

eB related physics in HIC:
See next talk by Xu-Guang Huang
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Ratio X(eB)/ X(eB=0) tfor 2nd order ott-diagonal fluctuations

XIR 7%

Ne=2+1 QCD, M (eB = 0) ~ 135 MeV, T, (eB = 0) = 157 MeV, Wed, Aug. 10

323 x 8 and 48> x 12 lattices with HISQ action IT:I5711:30

0 2 4 6 8 eB/M2

30F xB9eB, Tpc(eB)) ¢ N.=8

X220, Toe(0)) $ N.=12
el P cont. est. X<€B> / X<6B20> .

Rcp like observable

_ +
2.0 EEI
1.5F I¥§%EI

¥

. s+ ¥ !
V (defines ¥,) 1.0 ‘“iifil -----------------------------------------------------------------------

At eB ~ 8M?Z: ~2 |

X8 % et al., CCNU, QM 2021 talk

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 O0.16 :
& work in progress

eB [GeV?]

_

Central Collisions Peripheral Collisions
Smaller eB Larger eB 39




Temperature (MeV)

QCD phase structure at nonzero baryon density

QCD critical endpoint
300 S
250 [ ¢ RHIC/BESII
Quark-Gluon Plasma ¢NAGI/SHINE
200
s HADES
150 oo & ¢CEE
. L ¢CBM
e ritica
100 £ Point? ¢NICA
50 —
B Nuclear Superconductor See recent reviews:
" %Vacluum | | l\/llatlter; \,.. | FEaE, #F72%, Nucl.Sci. Tech. 28(2or7)112

400 600 800 1000 1200 1400 1600 T 718, Nucl.Phys.A1005(2021)21940
7S, arXiv:2205.00468

200

o

Baryon Chemical Potential - 1 (MeV)
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Taylor expansion of pressure 1n pj

Taylor expansion in pp 09
0.8
0.7

P L — X, (IB\"

L Wz T )= Ao (—)
B 0.5
0.4
B o"P(T,up)/T"
KB =0

0.2
0.1
AP = P(T,pp) — P(T,pp = 0) )

State-of-the-art results on pressure

—

S

A P/T#
T =155 MeV

 Taylor :O(u/T)*

pr—

S

S

0

O(HB/T)G —
O(HB/T)B —
QMHRG2020 —

0.5 1

1.5 2 2.5 3 3.5

D. Bollweg et al., [HotQCD}, Phys. Rev. D 105(2022)074511
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Resummed laylor expansion:

all orders 1n uy

5 1 0" Indet|M (T, up)]

“oonl o O(up/T)"

- N
S e () - o (e 0 (4

Vs

R\ N/2 _ @_ 2n—1
(cos Oy ) = ( cos ZIm[Dgn_l]( T )

n=1

S. Mondal, S. Mukherjee & P. Hegde, PRL 128 (2022) 022001
B et al., CCNU-BNL, work in preparation
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S>ummary & Outlook

Hadron spectroscopy & interactions BESIII,

EIC, LHC,
EicC,
Jlab, ' ¥/
.,llnml— Ja | ' EEEEEEEEEE
- < E: Hadron C L Q C D
; P s b structure

Softwares &
gauge production

2021-2022: 7 PRL +...

‘o

Lattice 2022 plenary talks:

RHIC, LHC
CEE, CBM,NICA X MIBH GIE 470 Fir)

X1 )], 2006, BESIII, Bellez, ﬁ Standard Model I
il EPS U s R parameters 2014 HEJE GRS RE )
HLRFARAES o 2021 ZEEZE(HEH T )
REs 2022 HEAZELK, fEEN)

—> Lattice QCD applications on Exa-scale supercomputers in China
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