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ITrace anomaly

- The gluon contribution £<F2>H

28
to the hadron mass m,.

P (r?y. is around 800 MeV in

28
the chiral limit m,, — 0.

. L7 _will be less than 100

28
MeV In the chiral limit m, — 0.

. They are exact what QCD
oredict.
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AMFlow

 Based on the idea of AMFlow, it is possible to
obtain the Lattice PT beyond 1-loop level.

* |t is essential to verify the factorization theorems
under the lattice regularization.
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for Lattice PT
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1+1 dimension QCD with large /V.
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e Kinds of the features which would be similar to the 4D
case but not exactly the same;

* Confinement and “almost” spontaneously break the
chiral symmetry (in the weak coupling limit);

e Should be valuable to implement it with lattice field
theory.




Tetraquark and/or hadronic molecule?

Multiquarks vs hadronic molecules

compact tetraqua

ﬂa?

hadronic molecule

< [or |arge distance between Q and Q

For small|[distance between Q and Q
rk
3 -

Vail15t
1 3

’
0.5

For lattice studies of flux tube picture of multiquarks, seep

e.g., F. Okiharu, H. Suganuma, T. T. Takahashi,
PRD72(2005)014505; PRL94(2005)192001
An overview: H. Suganuma et al., arXiv:1103.4015

|
2 4 6 8 10512 14 16 18 20
h

F. Okiharu et al., PRD72(2005)014505

0: Hadronic molecules [ & 3w

QCD would alway
prefer to bind the
closer objects first;

Such a case provides
a lower energy level.

How to say more
about the Intrinsic
structure of those
particles”?



Compositeness critica

Z = |(Bo| B)I",

d°q

1‘22/0

0<(1-2)<1

)

= 4 = 0: pure bound (composite) state

= 4 = 1: pure elementary state

; [(alB)[*

mi + Mo

4/26: Hadronic molecules 3[g & 3w
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bare state physical state

 Compositeness criteria provides some suggestions on whether the state is elementary

or not.

» Deuteron as pn bound state gives Z < 1;

« Most of the Tetraquark/Pentquark states correspond relatively small Z.
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QCD sum rule

[1(p°) = / d%ezp'f(o\T{J(x)JT(o)}|o> » QCD sum rule introduces
modeling on the quark
AZZ 1 TmIl H( ) propagator, and
= — 5 - / ds . decompose the hadron
Mz —p>  m ] S — P correlator into the
contributions from ground
The vacuum condensates are taken to be the gtandard values (qq) = state pole and continuous
~(0.24 + 0.01GeV)P, (85) = (08 + 0.1)(qa). (q9.0Gq) = mi(qq). ~ spectrum.
(59s0G's) = m2(5s), m¢ = (0.8 £0.1) GeV?, (O‘S &y = (0.33 Ge\/)4 at
the energy scale p = lGe\/  And has different criteria

RAT AR . R AT E TR, RAEFRKFmu; smm 10 letraquark/Pentquark
oA AT, TAFRKFMM, (Phys.Rev. D101 (2020) states.
074011)
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Hamiltonian effective field theory
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Space
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 Can obtain the valence/sea quark mass dependences
HEFT trough lattice QCD

Real
Momen

Real Continuum

Momentum Sp te

aee » Would be able to verity whether p and the other states
Is four quark state or not.

T matrix
(Phase Shifts, Lattice
inelasticity) Spectrum
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light scalar meson form factor

- fl°(0)|V.s| = 0.504 + 0.017 + 0.035

—e— Data

— Total fit
-« Signal

- - - Background

Events / (0.010 GeV/c?)

« DI — £,(980)e v, form factor has been
available (arXiv 2303.12927);

1.6

0 " . » Form factor of ay3(980) and f,(500) will be
- o7} available in a few years based on
g9 5 IR 20 =1 @3.773 GeV data of BESIII.
g 2 o  Any more information on these Tetraquark-

LR S R i like states can be extracted?



Non-perturbative renormalization
of Lattice QCD

m,

RI/MOM,norm
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Low energy QCD under Landau gau

ge

Chang et. al., PRD 104, 094509 (2021)

GIUOn mass function: 0. Oliveira et. al., J.Phys. G38, 045003 (2011)
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Dyson-Schwinger Equations,,

* Could predict kinds of the hadron spectrum
and structure with a few additional parameters;

(T R O O

Mass [GeV]

* Kinds of systematic uncertainties require - | - -
further efforts. 0.5 == [= Here
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Functional renormalization group
with four quark vertices

® [ function of 4-quark coupling: 0.8 ' ' ' ' | ¢ A StrOng 4'q Uark
T y A T interaction can
) | hass ' — also generate
< oaf | e dynamical quark
= 0.3} 1 SciPost Phys. 14 Mass:
sl | (2023) 069, ‘
' arX1v:2209.13120
e\ ‘ » The low energy
0.0 0.2 0.4 0.6 0.5 1.0 prediCtiOn iS St|”
Braun, Gies, JHEP 06 (2006) 024. k/A RG scale different from the

current lattice

result, and then
at>< = 5, (:@:+><><+><{) requires further
Improvements.



Four quark vertices
from Lattice QCD

p = {k,k,k,0} q={—kk, —k0) * D+qg+r+S5= O;
e pP=q7 =17 =57 =3k

c P+’ =(p+r°=(p+s) =4k

» Direct lattice calculation at low energy
scale is doable, and can provide more
information on the effective interaction
between quarks.

r=1{—k —k k0) s = [k, —k, — k0)



Configurations in China:
Towards the FLAG criteria

CLQCD
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Configurations in China:
Application at finite temperature

.« Ny = 2+ 1, T =234 MeV, Physical pion mass ensemble at
a=0.105 fm;

EEEEEEEEEE * Qverlap valence fermion and Clover fermion sea.
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