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A schematic view of QCD Phase diagram
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2+1 flavor QCD Data Set of QGP: EoS & Hydro

Equation of state in ( 2+1 )-flavor QCD
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- Published in: Phys.Rev.D 90 (2014) 094503 « e-Print: 1407.6387 [hep-lat]
B pdf & DOI [4 cite [ reference search %) 1,769 citations
3t Magnetic EoS
B = | 1 1 1 I 1 1 1 1 I 1 1 T I I I I I LI
i S E
27T C ]
stout HISQ . F .
(e-3p)T4 W mm < YF\ .
4mm W ~ . F ]
1 p/T & 3 F
C o\
s/4T4 W . o
T MoV 4 4 2 F Il eB=0.4 Gev?
[MeV] - g ) X eB=0.2 GeV2 7
| N I N I N A A A (NN N N (N (N [N N N N _, L _
0 1 B 4 77 eB=0 -
130 170 210 250 290 330 370 E .
C_1 PRI T N T S N T S N S T N
18N rlalal 2EN
The QCD equation of state in background magnetic fields
G.S. Bali (Regensburg U. and Tata Inst.), F. Bruckmann (Regensburg U.), G. Endrédi (Regensburg U.), S.D.
Katz (Eotvos U.), A. Schafer (Regensburg U.) (Jun 2, 2014)
Published in: JHEP 08 (2014) 177 « e-Print: 1406.0269 [hep-lat]
BMA RN ) .
0.4 ¢/ = Grad " pdf & DOI [4 cite [@ reference search ) 305 citations
JETICRIPE —_CE N

0.00 +

| ——— e

nts

0.15 0.20

025 030 0.35

T [GeV]

0.1 1

0.0 +

———
— - '-q_-
-

Phenomenological constraints on the transport properties of QCD matter with data-
driven model averaging

JETSCAPE Collaboration « D. Everett (Ohio State U.) et al. (Oct 8, 2020)

Published in: Phys.Rev.Lett. 126 (2021) 24, 242301 » e-Print: 2010.03928 [hep-ph]

020 025 0.30

T [GeV]

0.15

pdf & DOl [ cite Ed reference search 2) 256 citations

0.35



Motivations
Low energy QCD Is strong coupled system

P. Braun-Munzinger and J. Wambach, Rev. Mod. Phys. 81 (2009), 1031-1050
[arXiv:0801.4256 [hep-ph]].

S. Gupta, X. Luo, B. Mohanty, H. G. Ritter and N. Xu, Science 332 (2011), 1525-1528
[arXiv:1105.3934[hep-ph]].

Finite density QCD v.s. sign Problem
O. Philipsen, Prog. Part. Nucl. Phys. 70 (2013), 55-107 [arXiv:1207.5999 [hep-lat]].
Non-perbative Theoretical Approaches

Schwinger-Dyson equation (DSE)
Nambu-Jona-Lasinio models (NJL, PNJL)
Functional renormalization group (FRG)



From AdS/CFT to AdS/QCD

High-energy UV regime Theory space Low-energy IR regime

Large-N QCD Real-world QCD
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We choose all the non-trival RG flow and non pertubative effectively
captured by Model parameters for simplicity.

Typically, investigate QCD phase diagram via holography (Many original hQCD references from top-down and bottom up.):
O. DeWolfe, S. S. Gubser and C. Rosen, Phys. Rev. D 84 (2011), 126014 [arXiv:1108.2029 [hep-th]].

R. G. Cai, S. He and D. Li, JHEP 03 (2012), 033 [arXiv:1201.0820 [hep-th]].

U. Gursoy, M. Jarvinen and G. Nijs, Phys. Rev. Lett. 120 (2018) no0.24,242002 [arXiv:1707.00872 [hep-th]].

J. Grefa, J. Noronha, J. Noronha-Hostler, I. Portillo,C. Ratti and R. Rougemont,Phys. Rev. D 104 (2021) no.3, 034002
[arXiv:2102.12042[nucl-th]]. ......



2+1 flavor EoS data
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EoS data-driven hQCD model

To capture the characteristic properties of Thermal (BH)
and dense (U(1) gauge field) QCD matter.
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EoS data-driven hQCD model

Finding a needle in the ocean
From 2011 to 2022
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Al: Transformer helps us!
Rong-Gen Cai, SH, Li Li, Hongan Zeng, 2406.12772

EoMs:
forward propagation

In hQCD: Deriving action: Koji Hashimoto, Keisuke Ohashi, Takayuki Sumimoto, Phys.Rev.D 105 (2022) 10, 106008; PTEP 2023(2023)3,033B01,,.....
Learning metric: Tetsuya Akutagawa, Koji Hashimoto, Takayuki Sumimoto, Phys.Rev.D 102 (2020) 2, 026020; Koji Hashimoto, Sotaro Sugishita,
Akinori Tanaka, Akio Tomiya, Phys.Rev.D 98 (2018) 10, 106014, Hong-Ye Hu, Shuo-Hui Li, Lei Wang, and Yi-Zhuang You, Physical Review
Research, 2(2):023369, 2020.[12] Yu-Kun Yan, Shao-Feng Wu, Xian-Hui Ge, and Yu Tian. Physical Review D, 102(10):101902, 2020; Mugeon Song,
Maverick SH Oh, Yongjun Ahn, and Keun-Young Kim ,Chinese Physics C, 45(7):073111, 2021.Zhuo-Fan Gu, Yu-Kun Yan, and Shao-Fehg Wu,
2401.09946, 2024; Xun Chen and Mei Huang, Physical Review D, 109(5):L.051902, 2024. Byoungjoon Ahn, Hyun-Sik Jeong, Keun-Young Kim, and

Kwan Yun, 2406.07395, 2024; Xun Chen, Mei Huang, Kai Zhou, .......



2+1-flavor QCD data-driven HQCD model
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model 1 9 C3 Cy cs H-‘f\r 0s(GeV) b
pure SU(S) 0.735 0 27r(4.88) 1.523 -0.36458
2 flavor 0.710 0.0002 0.530 0.085 30 27r(3.72) 1.227 -0.25707
2-+1 flavor 0.710 0.0037 1.935 0.085 30 27r(1.68) 1.085 -0.27341

Rong-Gen Cai. SH. Li Li. Yuan-Xu Wang, 2201.02004 12

Yangin Zhao, SH, Defu Hou, Li Li, Zhibin Li, 2310.13432



https://inspirehep.net/authors/1014768
https://inspirehep.net/authors/1928794
https://arxiv.org/abs/2201.02004

Fix model parameters by Equation of States By hand tuning

Rong-Gen Cai, Song He, Li Li, Yuan-Xu Wang, 2201.02004
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Higher precision checking EOS, Vanishing Mu_B
Generalized higher-order baryon susceptibility.
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Higher precision checking EQS, finite Mu_B 5 anP/Tfl

Higher-order baryon susceptibility. X, = -
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QCD phase diagram from our holographic model
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Human Learning versus Machine Learning
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Rong-Gen Cai, Song He, Li Li, Yuan-Xu Wang, 2201.02004
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Magnetic EoS driven hQGP
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Data Fitting to Fix Model > "ém%;;jfj
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Neural Network >
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Magnetic Phase diagram

F. Cuteri, “QCD thermodynamics: an overview of recent
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EoS & Hydro data-driven
HL & ML



Shear & Bulk Viscosity of Real QCD
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data-driven hQCD model

To capture the characteristic properties of Thermal (BH)
and dense (U(1) gauge field) QCD matter.
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https://inspirehep.net/authors/1014768
https://inspirehep.net/authors/1928794

Fix model parameters by E0S
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Shear & Bulk Viscosity of hQCD + -
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Fix model parameters by E0S
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Shear & Bulk Viscosity of hQCD + [ (¢) ¢
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Human Learning versus Machine Learning
Next: learn the higher-derivative coupling too

loH (9)Rap

LATTICE + NEURAL PREDICTION
JETSCAPE ODE S
EoS and transport Learn H(@) through T—uB phase map
constraints the bulk evolution and n/s, {/s

The magnetic study supplies the method; the transport study
supplies the next function to infer.
We have to do global fitting.
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A newer candidate is calibrated against EoS and
transport bands

Equation of state

Equation of state f—art e oo
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. v g ,_--"' =
the supplied HotQCD L ™
thermodynamic bands " 7 7 Em % Ty
across all plotted femperaure T V]
O bse rvab I eS . Bands: HotQCD continuum EOS, Phys. Rev. D 90, 094503 (2014), arXiv:1407.6387. Lines: this work

Working in Progress

30



The shear candidate fits the band — with an

Important caveat

Within the supplied
JETSCAPE 90% region

Caveat

The high-T arm is near-flat.
This is not a strict U-shape.

Shear viscosity

= This work
--- KSS bound: 4apfs=1

(%)
T

47n/s [dimensionless]
(=]

JETSCAPE 90% credible region

.....

-
~~o
~—a
=<

150

Band: JETSCAPE Bayesian 90% credible regi

200 250 300 350
Temperature T [MeV]

on, Phys. Rev. Lett. 126, 242301 (2021), arXiv:2010.03928

WorKing in Progress
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The bulk candidate retains a pronounced peak

Bulk viscosity

P k th | __________l_ | JETSCAPE 90% cecible egon
eakK near tne |

200 = This work
a”,
crossover
I’I
,"—" b
1.50F .

125F

4xl/s [dimensionless]

10090

reported band coverage

-
Seea
______________
.........

0.00

The candidate rises, peaks 150 0 TeriljpﬂeratureT[MeV] 0 50 0
and decreases within the
Su pplIEd CrEdible region_ Band: JETSCAPE Bayesian 90% credible region, Phys. Rev. Lett. 126, 242301 (2021), arXiv:2010.03928.

Working in Progress




TAKE-HOME

Data learn the bulk action.
Gravity connects the observables.

» Neural ODEs infer holographic coupling functions from
lattice trajectories.

 The calibrated model predicts magnetic phase structure
and critical behavior.

» Gauss—Bonnet corrections preserve the EoS while
generating structured n/s and {/s

More data and More Physics constrains.

Song He
If you are interested in the associated code, please @Ningbo University

contact us by hesong@nbu.edu.cn.




Thank You!



Physics-constrained inference in EMD-GB

Einstein—Maxwell-dilaton—Gauss—Bonnet (garn, Aar, @)

1 [ - L, . . i_,. it ]
5 = L2 /(i“:c\/—g [R— 2(6@)2—&(45)— 4Z(GJ}FMNFMN+aH(qb)g} + Shay
N
G = RyunpoRMVFR — 4Ry NnRYN 4+ R2, U(p) =  Vi¢) + 2o

i |

Built into the ansatz Learnable coordinates only
V(0) = —12, V/(0) = 0, V"(0) = —3 Oy = (v,gn,v3) finite solutions; one T(r‘);,) branch
H(0) = 1, H'(0) = H"(0) = 0 O = (o, kp, Hocy D3 oas) tempera.tuie-d{?cl)nalu coverage
H(oo) = Hoo finite 6 € R° ¢ € E° ;g§x¢|a¢ HYW = Myax
g = pp = 0 V., H families fixed during a run sereen, not a validity proof

Numerical admissibility

— —

One action » one shared background and its fluctuations

EEMD-GB = 0, By ir = 0 (regular horizon / asymptotic UV)
- s p ng
O(1;0,c = FEN :p(0,.c = I, o L
(1:0.c) EMD-GB(0. ) ( ST A 5

| ;

Data constraints Dros, Dy, ¢ Additional assumptions

Lanta : X2 residuals / band distances / coverage

I
i

HotQCD lattice + JETSCAPE credible regions . U-shape preference + regularization
: soft priors, not EMD-GB identities
I

Iéliél [ﬁda.ta (-FF:.MD ar(@, c)}'D) + wir Lo + 'R]

O(T) e {-FEI\-'ID—CB (9‘ C) E =0, BU\’/'IR =0, (@, (2) E‘ld'l"l‘]iSSib]C}

Fit model parameters, not independent observable curves. Numerical EOM / boundary conditions use the retained approximation




LLM / Agent layer: human-supervised research orchestration

'
'
'
'
'
!
'
! Configure the next experiment
'
1
1
'
1
|
1

revise plan Interpret numerical evidence
Bounds, loss settings, R Review plots / physics;
budget; request checks choose report results
T
1
1
1
,,,,,,,,,,,,,,,,, TN SB—=HW

[
1
1
1
'
- Project code: automatic within a configured run L

(a) Surrogate-guided proposals (b) Full numerical evaluation (¢) Numerical checks

Solve ODE at
Isolated worker; time limit

Response archive A,
Historical 4 new evaluations

More batches
scheduled? Rank + write
checkpoints
Computed losses / margins
Strict status, not

interpretation
Save search state T
Vo e

Solid: numerical code / data flow. Dashed purple: external configuration and evidence review.

augment A, ; refit

;ic

Fit ExtraTrees Finite, valid ___ _Ne .| TRecord failure / timeout %
m m m solution? No regression label Z
o~ £ ]

w(O) > (B.8) : £

T [=}

b} Continue with remaining batch f;

l g g

= ]

= (=}

a —

Generate candidate pool E Calibrate against data D =)
i p T ¢ = argmin £(0, ¢ =

Local / bridge / global % s < ( ) Fine checks enabled No §
. * e ® o ® o - .« * Powell: reuse the and coarse candidate '
.- - . raw ODE solution hard-feasible? '
Npool = 200000 ,

1

1

inner fit :

Yes 1

v 1

1

Select a batch: B = 16 Store measured outcomes 1
Scores + diversity Losses, margins, Indep;ndﬁgt :‘inet ODE :
regional quotas status; checkpoint ccallbrate a 1

i - P higher fidelity H

1

'

'

1

1

1

1

1

'

'

1

1

'

'

'

Loss and acceptance metrics are computed by code, not judged by an LLM. No LLM call inside the search loop.
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