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Quantum Gravity
Strongly Coupled

 Gauge Theory

AdS/CFT : Original discovery of duality

Holographic Duality:   (d+1)-Gravity/ (d)-QFT

Juan Martin Maldacena. Adv. Theor. Math. Phys., 2:231–252, 1998.
Edward Witten. Adv. Theor. Math. Phys., 2:253–291, 1998.

AdS/CFT as an RG flow

Hong Liu,Julian Sonner, 1810.02367, 
Rept.Prog.Phys. 83 (2019) 1, 016001

From UV to IR: RG flow and holography
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Weinberg: if you get the 
symmetries right, then the 
theory is the right theory

Anderson: More is different! 
Broken symmetry and the 
nature(emergence) of the 
hierarchical structure of 
science

Symmetry and symmetry breaking 

Lagrangian of Quarks & 

Gluons at UV

QM, NJL, SM, HLS,

CHPT, 

NRQCD……

LQCD,

DSE

color flux tube

 Dual superconductor … Holographi QCD 

Emergent world:

Oberservables (IR)

Strong QCD:

IR: chiral symmetry 

breaking & confinement                                      

UV:  

symmetries                                                   

SU(Nc=3)
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Effective Field Theory Joseph Polchinski, TASI lecture 1992, hep-th/9210046

A characteristic energy scale 

High frequency low frequency

only a finite number of relevant and marginal terms,
  relevant or marginal operators can be regarded as 
effective DOF at

low energy or Wilsonian effective action:

e.g., Cooper pairing for SC (BCS),
pion for low-energy effective QCD theory (χPT),
Chiral condensate for ciral symmetry breaking(NJL),
…….
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RG flow: from UV to IR

Christof WetterichJan, J. Pawlowski, Yuxin Liu, 
Weijie Fu, Fei Gao……

Coarse graining spins on a lattice: Kadanoff and Wilson 

J(x): coupling constant or source for the operator  

FRG
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Holography Framework: Graviton-dilaton-scalar system

A AdS5

Deformation of AdS5

F
ro

m
 U

V
 to

 IR

Dynamical holographic QCD !

5D field theory
or bulk field theory

IR boundary
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Principle of holographic Duality

Boundary QFT                  Bulk Gravity

      Local operator                            Bulk field

Using bulk field to calculate  observables: two-point correlation gives mass spectra, 
three-point correlation gives form factor, and so on.

Bulk field theory or 
5D field theory
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Operator/field correspondence

Phys.Rev.Lett. 95 (2005) 261602

Quark/meson:
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IR: Gluon condensate D=4

     Effective gluon mass D=2 

String tension, linear confinement

Dimension-2 dilaton field  

Pure gluon sector
Danning Li,  M.H.,   JHEP2013, arXiv:1303.6929
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Graviton-Dilaton-Scalar system

Action for pure gluon system: Graviton-dilaton coupling, linear confinement

Action for light hadrons: KKSS model (promote dilaton field to a dynamical field)

Total action:

Danning Li,  M.H.,   JHEP2013, arXiv:1303.6929

Matter part

Gluonic background

Chiral symmetry breaking

Gluonic background+matter part

Promote the dilaton field in the soft wall model to a 

dynamical field representing gluodynamics

               Dynamical hQCD model(DhQCD)
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Quark dynamicsGluodynamics

NJL modelPolyakov-loop 
potential

Dp brane: D4, D3 Dq brane: D8, D7

Dilaton 
Background

Flavor probe

PNJL

DhQCD

SS:D4-D8
D3-D7
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DhQCD model:

(simplest version)

Can add any probe action

V-QCD model: 

Gluon background + matter field

DeWolfe-Gubser-Rosen model: 

Gluonic background + matter field 
(Confinement & chiral symmetry breaking)

U. Gursoy, E. Kiritsis, F. Nitti



13

DhQCD model:

(simplest version)

Can add any probe action

Gluon background + matter field

Confinement &
chiral symmetry breaking

5D(Bulk) field theory, has operator/bulk field correspondence,

flexible to extend to pure gluon sector, 2-flavor, 3-flavor, 4-flavor 
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II.  Hadron spectra: glueball, light flavor, heavy flavor
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Lin Zhang, Chutian Chen, Yidian Chen, M.H. 
Phys.Rev.D 105 (2022) 2, 026020

Glueballs 
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Lin Zhang, Chutian Chen, Yidian Chen, M.H. 
Phys.Rev.D 105 (2022) 2, 026020

Glueballs 
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Danning Li,  M.H.,  JHEP2013, arXiv:1303.6929Scalar glueball 
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Glueball spectra: Yidian Chen,  M.H., 1511.07018 

Agree well with lattice result except 

0– and 2+-  but …
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Lin Zhang, Chutian Chen, Yidian Chen, M.H. 
Phys.Rev.D 105 (2022) 2, 026020

Odd ballGlueball 

Glueball/Oddball spectra:
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gluon background

Lin Zhang, Chutian Chen, Yidian Chen, M.H. 
Phys.Rev.D 105 (2022) 2, 026020

Agree well with scaled lattice results on EOS for pure gluon system

Quardratic dilaton field describes pure gluon system reasonably well.
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2-flavor system

Action for pure gluon system: Graviton-dilaton coupling

Action for light hadrons: KKSS model (promote dilaton field to a 

dynamical field)

Total action:

D.N. Li,  M.H.,   JHEP2013, arXiv:1303.6929

5D linear sigma model

Gluonic background
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Three-point correlator gives form factor:

Two-point correlator gives the spectra:
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Produced hadron spectra and pion form factor comparing with data

D.N. Li,  M.H.,  JHEP2013, arXiv:1303.6929

Ground states: chiral symmetry breaking

        Excitation states: linear confinement

Spectra and pion form factor cannot be  
simultaneously produced!
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Quenched 
background

Unquenched 
background

D.N. Li,  M.H.,   JHEP2013, arXiv:1303.6929
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Solving background with chiral condensate:

YiDian Chen, M.H.arXiv: 2110.08215, 
Phys.Rev.D 105 (2022) 2, 026021

Hiwa Ameld, Y.D. Chen, M.H.arXiv:2308.14975, 
Phys.Rev.D 108 (2023) 8, 086034) arXiv:2309.06156

4-flavor system
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Two-point correlation function gives mass 

Vector field

Axial vector field

Pseudoscalar field
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EOM for hadrons: eigenvalues give hadron spectra 
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4-flavor hadron spectra: ground state and excitation states
H.Ameld, Y.D. Chen, M.H.arXiv:2308.14975 Phys.Rev.D 108 (2023) 8, 086034), arXiv:2309.06156



29

Three-point correlation function gives EM and semi-leptonic form factors

H.Ameld, Y.D. Chen, M.H.arXiv:2308.14975 Phys.Rev.D 108 (2023) 8, 086034), arXiv:2309.06156
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H.Ameld, Y.D. Chen, M.H.arXiv:2308.14975 Phys.Rev.D 108 (2023) 8, 086034), arXiv:2309.06156
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H.Ameld, Y.D. Chen, M.H.arXiv:2308.14975, arXiv:2309.06156
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H.Ameld, Y.D. Chen, M.H. arXiv:2309.06156
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H.Ameld, Y.D. Chen, M.H.arXiv:2309.06156
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H.Ameld, Y.D. Chen, M.H.arXiv:2309.06156



Hiwa Ameld, Mamiya Kawaguchi, Phys.Rev.D 110 (2024) 4, 046002

Heavy flavor effect on chiral phase transition 

1st order chiral phase transition occurs with 
charm quark enters in.
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EOS for cold QCD matter 

The Einstein-Maxwell-dilaton system at finite baryon density

the components of the vector field AM(z) are zero except 
the t component At(z).
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Lin Zhang,  M.H., 
Phys.Rev.D 106 (2022) 9, 096028
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LIGO/Virgo GW170817
Phys.Rev.Lett. 121 (2018) 16, 161101

Lin Zhang,  M.H., 
Phys.Rev.D 106 (2022) 9, 096028
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Deconfinement phase transition under rotation 

Xun Chen, Lin Zhang, Danning Li,
Defu Hou, M.H. arXiv: 2010.14478

Pure gluon

Opposite results on the effect of rotation on the critical temperature of deconfinement phase transition in 
hQCD and lattice has attracted much attention in recent years! Further studies in progress! 

V.V. Braguta, et.al. Phys.Rev.D 103 (2021) 9, 094515,  
e-Print: 2102.05084

Ji-Chong Yang,Xu-Guang Huang e-Print: 2307.05755 [hep-lat]

Also confirmed by 
other hQCD 
results!
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hQCD:Anisotropic background under rotation

Polarized gluonic background

Yidian Chen,Xun Chen,Danning Li,Mei Huang, e-Print: 2405.06386 [hep-ph]

https://arxiv.org/abs/2405.06386
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Machine learning hQCD from data, 
                                                                                      see Xun Chen’s talk!

Physics-Driven Learning for Solving Inverse Problems towards QCD Physics
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Using Machine learning to extract the deformed metric, 

hQCD:Xun Chen, M.H., Phys.Rev.D 109 (2024) 5, L051902, e-Print:2401.06417
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Strategy of model calculations (rPNJL model, DSE-fRG,fRG,holographic QCD models):

1, Fit model paraters with Lattice QCD EOS and baryon number susceptibility at zero chemical potential;
2,Predictions at finite baryon number chemical potential.

Determine Tc at mu=0 Determine mu dependent Tc 

hQCD:Xun Chen, M.H., Phys.Rev.D 109 (2024) 5, L051902, e-Print:2401.06417



45

hQCD:Xun Chen, M.H., Phys.Rev.D 109 (2024) 5, L051902, e-Print:2401.06417 [hep-ph];e-Print: 2405.06179 [hep-ph]
        J. Grefa, J. Noronha, J. Noronha-Hostler, I. Portillo, C. Ratti, and R. Rougemont, Phys. Rev. D 104, 034002 (2021), 
arXiv:2102.12042 [nucl-th]; M. Hippert, J. Grefa, T. A. Manning, J. Noronha, J. Noronha-Hostler, I. Portillo Vazquez, C. 
Ratti, R. Rougemont, and M. Trujillo (2023) arXiv:2309.00579 [nucl-th], Y.-Q. Zhao, S. He, D. Hou, L. Li, and Z. Li, JHEP 04, 
115 (2023), arXiv:2212.14662 [hep-ph]
rPNJL:Zhibin Li, Kun Xu, Xinyang Wang and MH, arXiv:1801.09215
DSE-fRG: F. Gao and J. M. Pawlowski, Phys. Rev. D 102, 034027 (2020), arXiv:2002.07500 [hep-ph].
fRG:W.-j. Fu, J. M. Pawlowski, and F. Rennecke, Phys. Rev. D 101, 054032 (2020), arXiv:1909.02991 [hep-ph]. 

Locations of CEP from rPNJL model,holographic QCD models, DSE-fRG,fRG converge at around 

(Tc~100MeV, mu_B^c~700 MeV)
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Disappearance of the nonmonotonic structure above 7.7 GeV and EOS independent!

Yifan Shen, Wei Chen, Xiangyu Wu, Kun Xu, MH, 

arXiv:e-Print: 2404.02397 [hep-ph]

Signature washed out through hadronization? Other signals not sensitive to hadronization are needed!



The machine learning hQCD from glueball spectra is different from the that from EOS. 

Learning scalar 
glueball 
spectra

Learning EOS

Jiajie Jiang, … in progress

Xun Chen, M.H., e-Print: 2405.06179 [hep-ph]



The machine learning hQCD from EOS 
cannot get scalar glueball mass 
correct at zero and low temperature !

Missing something between zero 
temperature and finite temperature? 
The way of introducing the BH?

Ruixiang Chen, … in progress
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Conclusion and outlook 

1, 5D DhQCD offers a systematic framework to describe the 
emergent real world from QCD theory, including Linear 
confinement and chiral symmetry breaking; hadron spectra 
(glueball spectra, light-flavor and heavy flavor spectra) and 
form factors, QCD phase transitions, thermodynamical and 
transport propertities, and 
More: 1)Nonequilibrium evolution, inflation,GW
           2) nucleon structure,PDF

Future：Machine learning will accelerate the building of  
               HQCD! we will have a unified hQCD framework 
               within several years!
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Thanks for your attention!


	幻灯片 1
	幻灯片 2
	幻灯片 3
	幻灯片 4
	幻灯片 5
	幻灯片 6
	幻灯片 7
	幻灯片 8
	幻灯片 9
	幻灯片 10
	幻灯片 11
	幻灯片 12
	幻灯片 13
	幻灯片 14
	幻灯片 15
	幻灯片 16
	幻灯片 17
	幻灯片 18
	幻灯片 19
	幻灯片 20
	幻灯片 21
	幻灯片 22
	幻灯片 23
	幻灯片 24
	幻灯片 25
	幻灯片 26
	幻灯片 27
	幻灯片 28
	幻灯片 29
	幻灯片 30
	幻灯片 31
	幻灯片 32
	幻灯片 33
	幻灯片 34
	幻灯片 35
	幻灯片 36
	幻灯片 37
	幻灯片 38
	幻灯片 39
	幻灯片 40
	幻灯片 41
	幻灯片 42
	幻灯片 43
	幻灯片 44
	幻灯片 45
	幻灯片 46
	幻灯片 47
	幻灯片 48
	幻灯片 49
	幻灯片 50

