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Studies of QCD Phase Diagram is the main goal of
new facilities
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Holographic QCD phase diagram for light quarks
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Motivation

Purpose: Study of the QCD phase diagram in (u,7") plane for the
fully anisotropic background

Multiplicity M oc 5433  vs M oc 59455

M x 8'%9, v =4.5 L Aref’eva, A.Golubtsova, JHEP 04, 011 (2015)

Strong magnetic field at the early stages of HIC: eB ~ 0.3GeV/?
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QCD Phase Diagram: Lattice
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Main problem with u # 0
Imaginary chemical potential method

-(u3)?

Philipsen, Pinke, PRD (2016)

Pavel Slepov Spatial Wilson Loops in HQCD 4/ 25



“Light” and “Heavy” Quarks from Columbia Plot
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Temperature as function of horizon for different u in
isotropic models for light and heavy quarks
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The main question to discuss is:
what directly measurable quantities indicate
the 1st order phase transition?

e Jet Quenching — L. Y. Aref’eva, A. Hajilou, A. Nikolaev and P. S.,
“Jet quenching in holographic QCD as an indicator of
phase transitions in anisotropic regimes,”
PRD 112 (2025) 126007

@ Energy loss — LY. Aref’eva, A. Hajilou, K. Rannu and P. S.,
"Spatial Wilson Loops and Energy Loss for Heavy
Quarks...,” PRD 113 (2026) 106004

e Direct photons — [.Ya. Aref’eva, A. Ermakov and P. S.,
"Direct photons emission rate ... with first-order phase
transition,” EPJC 82 (2022) 85

o Cross-sections — LYa.Aref’eva, A. Hajilou, P. S. and M. Usova,
“Running coupling for HQCD...: Isotropic case,”
PRD 110 (2024) 126009
[.Ya. Aref’eva, A. Hajilou, A. Nikolaev and P. S.,
“HQCD running coupling ... in strong magnetic field,”
PRD 110 (2024) 086021
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Holographic model of an anisotropic plasma in a
magnetic field at a non-zero chemical potential

I.Aref’eva, K.Rannu’18; I Aref’eva, K. Rannu, P.S.’21

1
5 /dsz = [R_ flf;b) 2, - f2i¢) 72, - fBiqs) Py~ 00100M6 - V(9)

1.2 27% 27% dz2
d2:7b _ dt2 d2 i d2 CB22 f d2 -
58 = —5 b(2) [—g(2) dt* +da® + (L yi +e 7 y3 + e
Ay, = Ar(2)8

Y A0)=p  Foy=qdy' Ady?  Fg)=qp dz Ady"
Giataganas’l3; Aref’eva, Golubtsova’l}; Giirsoy, Jarvinen ’19; Dudal et al.’19

b(z) = e2A(2) & quarks mass “Bottom-up approach”

Heavy quarks (c, b):

A(z) = — c2? /4 Andreev, Zakharov’06

A(z) = — 022/4—(;0 —cpqs)’ Aref’eva, Hajilou, Rannu, P.S.” 23
Light quarks (u, d, s)

A(z) = - aln(bz® + 1) Li, Yang, Yuan’'17

A(z) = —dIn((az?® + 1)(bz* + 1)) Zhu, Chen, Zhou, Zhang, Huang’25
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Boundary condition for dilaton field

Holographic running coupling a(z) = e#(*)

©(z) - dilaton field ©(z) is defined up to a constant: ¢(z) = 0.

There are 3 choices: a) zo=0 b) zo = f(zn) c) zp = z(;L
Light Quark Model: zg = 10exp(—zx/4) + 0.1
I Aref’eva, K.Rannu, P.S., JHEP’21
With this boundary condition the temperature dependence of o, fits the known
lattice data Cordaso, Bicudo 1111.1317

a(T)ay
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Heavy Quark Model: zy = exp(—zp/4) + 0.1
I.Ya.Aref’eva, A. Hajilou, P. S. and M. Usova, PRD’24
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1-st order phase transition for “light” and “heavy”
quarks in Holography

Light quarks Heavy quarks
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Pavel Slepov Spatial Wilson Loops in HQCD 11 / 25



1-st order phase transition for “light” and “heavy”
quarks in Holography
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@ QCD Phase Diagram from Lattice = *

Columbia plot / :

Brown et al.’90 Philipsen, Pinke’16
@ Main problem on Lattice: u # 0 i -

Crossover
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3 types of Wilson loops in quantum gauge

e Time-like loop C =1t x «,

t,x >> locp

lgop ~ 1€ ~ 1fm, Wp[C] ~ e oste

@ Space-like loop C = 1 X xo,

1

in
i

e Light-like loop C = z_ X x4,

un
-

Pavel Slepov

t—o0
T —>00

T; >> éQCD

Wr[C] ~ e opraw
1 —00
T —>00

opr drag force parameter,

related with energy loss

r_ >> X9
WaalC]  ~

T_ —o0
x9—0

q - jet quenching
parameter

2
e 4T

the average transverse momentum
squared transferred from the parton to

the medium per unit path length
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3 types of Wilson loops in quantum gauge theories!

@ Wil L i
e Time-like loop C =t x z, t,x >>{lgcp ilson Loops in

holographic QCD
-~ he ~ ~ —ositx
locp A 1fm, WF[C] o0 © J. Maldacena’98

€T —r o0

e Space-like loop C = z1 X z2, x; >> locp

] ¢
¢ Wp[C] ~ e oproe RILZ7
SE&=4
e &z
T
! opr drag force parameter,
related with energy loss ) .
@ String action

"on a barn"

o Light-like loop C =z_ X x9, x_ >> x9 Sne = /deE M(=(E)

) ] e
. w20 F(2(8) + ((6))?
q - jet quenching

T3 parameter
H.Liu, K.Rajagopal,

U.Wiedemann’06 Conf.
case: g ~ T3

the average transverse momentum

squared transferred from the parton to

the medium per unit path length
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Jet quenching for non-zero magnetic field
and initial anisotropy.
Analytical formula & Numerical results

L? 1 )
Q’L'(Zhuu':chV): 7 ~ —, 122,3
o' a; a;
_/ e—2As(2) i)Q/V B /Zh e—2As(2)—cp2? (%)2@
asz = dz
9(z)(1 —g(z 0 9(2)(1 — g(2))

g(Z,Zh,li-,CByV) — 60322 |:1 _ Il(z) + //‘2 (207 CB)IQ(Z) (1 _ II(Z)IQ(Zh))]

Li(zn) o2 (1 _6<2HB>2§/2>2 I (2)I2(2)
z 142 z 1+2
= 2)8a X ¥ - 2380 _ X v
I (2) —/0 (1+bx?) oo dx,  I2(2) —/O (1+bx%) etz X
1+2 2 —3a
’ L v ecBZp/2 (1 b2 zn zp
-9l s= (2 ¢ (1+623) F:/ 2sdT:/ ?sTdz
47 lz=z2y, Zh 4 zp Zp
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Jet quenching for cg = —0.05 and v =1 for LQ
model. Numerical results for ay; and as
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String tension for SWLs vs drag forces

String tension o can be calculated on z = 2, or z = zpw (if the DW exists). The
connection between drag forces and string tensions for metric with g; = 1:

\/X Pz \/X bs(zh)
M| T 2w 2m < )\/5
\/X Py \/X bs(zh)
Sl T om0 2m (Tg ) Ve,
VA p VA (by(zn)
ol = e () vee

I. Aref’eva Phys.Part.Nucl. 51 4, 489-496 (2020)
O. Andreev, Mod. Phys. Lett. A 33, 06 (2018),
S. J. Sin and I. Zahed, Phys.Lett. B 648, 318 (2007).
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Phase transitions of V; for v =1, 4.5 in magnetic
catalysis model with modified warp-factor

Modified Warp-factor: A(z) = —cz?/4 —(p — cp q3)2"
Aref’eva, Hajilou, Rannu and P. S., Eur. Phys. J. C 83, 12, 1143 (2023)

T4
500

450

400

300

250

Pavel Slepov Spatial Wilson Loops in HQCD 16 / 25



Phase diagrams for SWL in (u,T)-plane
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Spatial string tension o, dependence on temperature
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Experimental observables and drag forces

The nuclear modification factor, specifies the modification of the production
yield in nucleus—nucleus collisions relative to pp collisions due to hard partonic
scattering processes

1 dNaa/dpr
<Ncoll> dNPP/de ’

Raa(pr) =

The elliptic flow v which is a measure of the anisotropy in the azimuthal
distribution of particle production:

dN

PP 1+2Zvlcos (¢ — W),

where ¢ is the azimuthal angle of a particle, ¥, is the orientation of the i-th
harmonic symmetry plane, and vs corresponds to i = 2. A positive vy indicates a
preference for emission in the plane perpendicular to the beam direction (the
reaction plane), reflecting the almond-shaped overlap region in non-central
collisions.
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Experimental observables and drag forces

~\ n—2 ~
Raa(pr,¢) = <1 - W) + nn+1 iz K(¢),
pr 2 7
n(¢) = mnjcos®p+nLsin®¢,
k(@) = K cos? ¢ + k. sin? &.

The first term represents suppression due to anisotropic drag force, and the second term
represents momentum broadening from anisotropic diffusion. Here ¢ is the angle in the
transverse plane (the plane perpendicular to the beam axis) between pr and the impact vector.
The elliptic flow va, is also related to the drag force and momentum broadening

n—2)CL n(n+1)L
%(nn o)+ PO DE (g ).

va(pr) ~ —
8p7

The Einstein relations
_Pu _ I =Py AL
M= T o ™M T W T 2ET
M. Gyulassy, P. Levai and 1. Vitev, PRL 85 (2000), 5535-5538
Y. L. Dokshitzer, D. E. Kharzeev, PLB 519 (2001) 199-206

L. Vitev, PLB 639 (2006), 38-45
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Machine Learning in Holographic QCD:
Recent Studies

Motivation

Holographic QCD models contain bulk fields and potentials with many free
parameters. Machine learning (ML) offers systematic, data-driven ways to fix
these parameters and extract physical observables.

K. Hashimoto, et al., PRD 98
(2018) 046019

Y. K. Yan, et al., PRD 102
(2020) 101902

C. Park, et al., PRD 106 (2022)
106017

X. Chen and M. Huang, JHEP
02 (2025), 123

Focus

Learning bulk metric from boundary
correlators using deep neural network
Deep learning black hole metrics from
shear viscosity

Dual geometry of entanglement entropy
via deep learning

QCD phase diagram in EMD model &
CEP with Ny flavors via deep learning
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Framework: EMD Model + Machine Learning

Einstein-Maxwell-Dilaton (EMD) Holographic Model
A 5D bottom-up holographic model with action (Einstein frame):

1
a 167TG5

Sh

/d5x\/jg [R— @Fz - % PO D — V() + ...

Analytical solutions are obtained via the potential reconstruction method,
using the ansatz:

A(z) = dln(az2 +1)+ dln(bz4 +1)+ m22/4 +pz4/4 + ...

f(Z) — e(cz2+nz+ka(z)+..‘)

with free parameters {L, a, b, ¢, d, k, n, m, p, G5, ...}.

Common Themes
@ ML used to reconstruct bulk geometry from boundary QFT data.

o Goal: reliable equation of state, transport coefficients, and phase
structure of strongly coupled QCD matter.
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Holographic Models: Conventional vs. ML

Conventional Holographic model ML Holographic model

Model: metric Experiment /lattice
Y Y ML
Prediction Model: metric
0 Compare Compare
Y Y
Experiment /lattice Prediction

X. Chen and M. Huang, JHEP 02 (2025), 123

Flavor-Dependent CEP Locations in the T—up Plane
ug (GeV)  T€ (GeV)

Ny=2 0.46 0.147
Ny=2+1 0.74 0.094
Ny=2+1+1 0.87 0.108

I. Ya. Aref’eva’s talk
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Conclusion

e String tensions (TWL, SWL) and the JQ parameter are calculated for
models incorporating two types of anisotropy. Under variations of
thermodynamic parameters — temperature 7', chemical potential y, and
magnetic field — the string tensions and JQ parameter undergo phase
transitions.
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models incorporating two types of anisotropy. Under variations of
thermodynamic parameters — temperature 7', chemical potential y, and
magnetic field — the string tensions and JQ parameter undergo phase
transitions.

o The JQ parameter can serve as an indicator of first-order phase transitions,
while the temporal Wilson loop signals the confinement/deconfinement
transition, and the SWL reveals an additional phase transition.
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e Machine learning represents a powerful method for AdS/QCD models. It
would therefore be of significant interest to incorporate the behavior of
different Wilson loops into a unified framework using machine learning.
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anisotropic effects, and describing diverse datasets within a single realistic model
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Conclusion

e String tensions (TWL, SWL) and the JQ parameter are calculated for
models incorporating two types of anisotropy. Under variations of
thermodynamic parameters — temperature 7', chemical potential y, and
magnetic field — the string tensions and JQ parameter undergo phase
transitions.

o The JQ parameter can serve as an indicator of first-order phase transitions,
while the temporal Wilson loop signals the confinement/deconfinement
transition, and the SWL reveals an additional phase transition.

e Machine learning represents a powerful method for AdS/QCD models. It
would therefore be of significant interest to incorporate the behavior of
different Wilson loops into a unified framework using machine learning.

What’s next?
The following steps involve the selection of training data, accounting for
anisotropic effects, and describing diverse datasets within a single realistic model

Thank you for your attention!
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Backup. Light-like Wilson loops

[262As 2N2-2/v 2 dz?
2 _ _ 2 2 el 2 cpz 2
ds = ( g(z)dt* + dx] + (L) (da:2 +e dm3> + g(z))

_dzq +dz— _dzy —dz_

Y V2

The contour C : “short sides” with length ¢ along the z3(or x2) direction and the “long sides”
with length L_ along the x_ direction

T_=T; x3(orza) =&

L2L_ [5  e24s(2) 1—g(2) 2 (2\2-2/v 22
SNG,3 = o /0 dg s 5 (ech <Z) +g(z))

The integral of motion —£/2
24:C)(g() ~ 1)

dt , dxp

P= 2
VB (1 - g2 (e (£)7F + 2)

and we get for 2’

2A5+CBZ2(%)_2/V
7 = ew\/g(l —g) — 2gL2P2z2 (%) e—4As—cp=?
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Light-like Wilson loops

"Returning point":
2
9(2) ((1 —g(z))etAstenzl _op2p2.2 (%) /”) =0 ()

z

Equation (*) has two possible solutions:
a) g(z+«) =0, this hold for z. = zp,

b) Z =0,in our case is unstable

@ a) z, = zp.

dz + ...

_ _ 2 1 2\2/v

= PL? /Zh Vae i en® (3)Y
0 9(1—g)

2z e—2As(2)—cpz? (%)Q/U dz

= So+ L2P2/
0 V29(1—g)

I. Y. Aref’eva, A. Hajilou, A. Nikolaev and P. S.;, PRD 112 (2025) 126007

N0 v~
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Arbitrary orientation for JQ

L2b,(2 dz?
ds® = Z( ) — 9(2)dt* + gida® + gady; + gady; + ——|
z 9(z)
. L? L?L~ /Zh dz
= — a= .
q ma'a 2/2ral Jo  F(2)M(z)
xT =T, x; =&sind, x = &cosb, " = const, z = z(§),
1,7,k are distinct and 4,75,k =1,2,3
Eh 22dz
Qg :/ N
0 (g;(2)sin?0 + gi(2)cos?0)b(2)\/(9i(2) — 9(2))g(2)

P.S., Mosc. Univ. Phys. Bull.’25
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Spatial Wilson loops. Parametrization

To describe the nesting of the 2-dimensional world sheet in 5-dimensional spacetime we
use

X% = const,
X'€) = D aa(d0,9)¢, =123,

4 1
X = z2(8),
x' are spatial coordinates and a;;(¢,6,) are entries of the rotation matrix. Here ¢ is
the angle between ¢'-axis and the node line (N), 6 is the angle between ¢* and z*-axes,
1 is the angle between the node line N and z!-axis.

a11(¢,0,) = cos ¢ cos 1) — cos O sin ¢ sin 1p,
a12(¢,0,1) = — cos 1 sin ¢ — cos ¢ cos O sin 1,
a13(¢,0,1) = sinfsin 1,
a21(¢,0,1) = cos 0 cosp sin ¢ + cos @ sin,
a22(¢,0,1) = cos ¢ cos  cos ) — sin @ sin,

. az3(¢,0,1) = —cossin b,

= as1(¢,0,1) = sin ¢psin b,
asz2(¢,0,1) = cos ¢sin 6.
ass(¢,0,1) = cos .
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Nambu-Goto action for Spatial Wilson Loop

Spatial Wilson loop (SWL):

L?bs 2 2 2 22 1702
Sswr = " g192a33 + g193a5;5 + g2g3aiz + I g22 | d§°d§

22

L?b
Vswr(z) = ( 228

Holographic entanglement entropy (HEE):
L2b 3/2 22
supe = [ (F57) \/ (weem+ == @ngn - 33 ) actactae,
P

) \/919211%3 + g193a2; + 920302

22

L2b,\ /2
VHEE(Z):( 2 ) V019293,

g, 91, g2, g3 are functions of z and go2, g33, g23 are functions of z and the Euler angles:

G22(2,¢,0,9) = gialy + 92035 + gsads,
933(2,6,0,%) = giafs + 92033 + g3a3;,
g23(2,0,0,¢%) = giai2a13 + g2a22a23 + g3a32a33

I. Y. Aref’eva, A. Patrushev, P.S. JHEP 07, 043 (2020)
Born-Infeld type action (1-dim dynamic model):
/2

§= [ MEEVFEO) + F@2 s VEO) = MEOVTEE)

‘We have two options to have £ — oo I. Aref’eva, EPJ Web. Conf. 191, 05010 (2018)
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Born-Infeld type action. First option.

1) The existence of a stationary point of V(z) for 0 < z < zp, : V' =0.
ZDW
L2 (/2
1
¢ ;),/(ZDW) log(z — zpw),
______________ Zs z_)ZDW ZDW ZD
Zdw
V(pr)
z S ~ M — =] — .
e (zpw) Vi Cow) og(z — zpw)

S ~ UDW'&

OpDW = M(ZDV[/) F(pr)
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Born-Infeld type action. Second option.

2) There is no stationary point of V(z) in the region 0 < z < z, and we suppose
it to be near horizon

F(z) = §(zn)(zn — 2) + O((zn — 2)*),

it M(z) — oo as

Z—Zn

M(zn)
M(Z) Z:-"Zh ma
—t/2 02

~ % = Zh),
z—z 2V (z
______________ . —an /3 (zn) \/— .

s M LI
. S M) —s log(z = ).
V(zn)

O’hZM(Zh) S(Zh)ZM(Zh) \/F(Z )

Pavel Slepov Spatial Wilson Loops in HQCD 25 / 25



DW equations for SWLs

The equations for the DW for SWL in particular cases for different orientations:

2W,(2) | oi(2) | ghlz) 4
Y) and Xy : ==+ + — = =0,
. G T we) ek 2|
Z=ZpwW
W,(2) | oh(x) | ghlz) 4
Y5 : S+ + - = =0,
? bs(2)  g1(2)  @3(2) 2 P
2W,(z) | ohlz) | ghlz) 4
Yy : =4 + - = =0.
PTG T we) s s

I Aref’eva, K. Rannu, P.S., TMPh, 206:3 (2021) [arXiv:2012.05758]
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