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From UV to IR: RG flow and holography

AdS/CFT : Original discovery of duality

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

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

Zgauge = ZAdS >

Strongly Coupled

uantum Gravit
Gauge Theory Q 4

\

AdS/CFT as an RG flow

FIG. 1. AdS/CFT as an RG flow. The left panel repre-
sents an RG fixed point, so that the entire geometry is
scale-invariant (empty AdS). The middle panel shows a
thermal state, where the IR geometry is instead a black
hole with horizon at ry. The third panel represents an
RG flow where the UV fixed point flows to gapped theory
in the IR, ending smoothly at a minimum radius r.,;,.
Only the first geometry is fully scale invariant.

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



Symmetry and symmetry breaking

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

Strong QCD:

agrangian of Quarks & UV:
Gluons at UV SU(N{)r x SU(N¢)r

QM, NJL, SM, HLS,
CHPT,

LQCD, SU(Nc=3)
DSE

Dual superconductor ... I Holographi QCD I

\> color flux tube

mergent world:
Oberservables (IR

IR: chiral symmetry
breaking & confinement



Effective Field Theory joseph poichinski, TASI lecture 1992, hep-th/9210046

A characteristic energy scale Fj ® = o¢on-+ oL
Choose a cutoff A at or slightly below Ejy og: w>A oL w < A.
High frequency low frequency

low energy or Wilsonian effective action:

only a finite number of relevant and marginal terms, . :
/ eoa(¢r) — / Doy oS (¢r,ém) /

/DCbL Do oS (PL,dn) /DCbL eiSA(ﬁbL)j

relevant or marginal operators can be regarded as
effective DOF at E

e.g., Cooper pairing for SC (BCS),
pion for low-energy effective QCD theory (xPT),
Chiral condensate for ciral symmetry breaking(NJL),



RG flow: from UV to IR

FRG Coarse graining spins on a lattice: Kadanoff and Wilson
H=>Y J(x)O(x)
E‘g‘. Tpmp =5 |

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

=g =1 S

Theory space 2a ///‘ 7 H = Z Ji(z,2a) O (z)
€3...Cn,
3 / / / .

Christof Wetterichlan, J. Pawlowski, Yuxin Liu, b,
Weijie Fu, Fei Gao...... uw—.J; I:'I-_, u) = SI(JJ(I u.:}? u.)



Holography Framework: Graviton-dilaton-scalar system

5D field theory

= P
P /JﬂU/V/ _ ?’|a or bulk field theory
uv //j/j/j/j/j/j// /\ 0 A AdS 5
////////////// T
- | l
P A O c—2
s 3 =
wl .~~~ 7 T 1d(2) G C:
S x(2) © =4
IR ] H -‘ '

T].‘{GE} (g2A2> {"—iﬁ'} IR boundary

Dynamical holographic QCD ! l

Deformation of AdS, 6



Bulk field theory or

Principle of holographic Duality 5D field

theory

Boundary QFT Bulk Gravity

A(d—A) = m?L?

Local operator (J; (I) Bulk field ¥;(7,7)

@ Operator/Field correspondence:

4D boundary operator O(x) ~— 5D bulk field
local, gauge invariant, scaling dim. A oz, z = 0) = 22 (x) + 22 < O(x) >
] A .
<Ezfd $¢D($)O(I)>0FT _ EESEDM(I’Z)]|¢(:c,z—>{})—>¢g(x)
t ¢ (x) source field
‘ Zarr|Ji] = Zqa Pl ‘ Zarr[J] = eTerlPW 4D bouduy  bulk to boundary
propagator

6?111 (D e_] -.xz- ulk fie
(O1(x1) ... Op(ay,)) = ST (7 i (g[JEH, e .
1(*1'1) SR ?1-(1--11,) J;=0 UV (2 0) R (s o0

Using bulk field to calculate observables: two-point correlation gives mass spectra,

three-point correlation gives form factor, and so on.



Operator/field correspondence

Quark/meson: TABLE I: Operators/fields of the model
4D: O(x) 5D: ¢(x, 2) p A (ms)*
qry"t%qr Cf”u 1 3 0
qrY"t"qr R 1 3 0
T%dr (2/2) X" 0 3 -3
] ] Phys.Rev.Lett. 95 (2005) 261602
S = /d"af; NG, Tr{\DX\Q F3IX2 - e (F? +F§)}
> Measured Model A Model B
1 . q> . g?)“UQ . Observable (MeV) (MeV) (MeV)
laz (;@A#) + A -5 A 0 M 139.640.0004 [8] 139.6" 141
L + m, 775.840.5 [8] 775.8" 832
9. [ Lg o) 4 B (re ey Z o, M,y 123040 [8] 1363 1220
\z 7 23 ’ fr 92.4+0.35 [8] 92.4* 84.0
5 o F,}M? 34548 [15] 329 353
a 5U a 1/2
20,00 + 2 — 0.7 = 0. Fl 433413 [6, 16] 486 440
Z

Gorn 6.03+0.07 [8] 4.48 5.29




Pure gluon sector

1 Danning Li, M.H., JHEP2013, arXiv:1303.6929
Zc = ~1 7 (1) GH (),
: _ 4 4
IR: Gluon condensate D=4  Tr(G?) (2) = pgp?",

. O(2) = pg2” tanh (i 2%/ ugs).
Effective gluon mass D=2 (4242) wmmp @=+u3s

String tension, linear confinement

. . ) . . L @2

Dimension-2 dilaton field Ap(z) = 1Og(;) ~log(oFi(5/4, ?)),
C120F1(1/4, %) 160F1(5/4, % )22
B L2 312 ’




Graviton-Dilaton-Scalar system

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

Total action: S =S+ N—fSHHSS- Gluonic background+matter part

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

1 5. _2® Mgz
S = Tomar /d..i: Gee 2 (R + 40y, 30M® — Vi (@)

Gluonic background

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

. 1
SKKSs = — /&’-JI gse “Tr(|DX|*+Vx (XX, ®) + E(FE + Fg))
’ Matter part

Promote the dilaton field in the soft wall model to a
dynamical field representing gluodynamics

Dynamical hQCD model(DhQCD)

10



Gluodynamics Quark dynamics

DhQCD Dilaton Flavor probe
Background

x‘/\
] | 11

— =

SS:D4-D8  Dp brane: D4, D3 Dq brane: D8, D7 ( } "

D3-D7

T\
\

P

PNJL Polyakov—loop NJL model
potential

11



Gluon background + matter field

S — S+ & IS Gluonic background + matter field
DhQCD model: Gy URESS: (Confinement & chiral symmetry breaking)

(simplest version) S —
Can add any probe actlon

IGWF /d xr\/gse (R+/1()M€[>(') b — Vg (<1>))

V-QCD model: Sv-qecp = Sy + S
4 (ON)*

_ Af3a2 5 2
U. Gursoy, E. Kiritsis, F. Nitti 5 = MEA f 4 v= (R 32 T %(%})

Sy = —M>N;N, /dﬁz Vi(A, T )\/— det (g + £(A)0, 7O, T + wW(A)F)

2

Va
V(M) =12 |1+ VIA + ——— + Vire (A /20)*/log(1 + A/ Xo) | -
14+ A/ Ao

DeWolfe-Gubser-Rosen model: 3

12



Gluon background + matter field

Ny :
] S—-6§.1+-1g : Confinement &
DhQCD mOdeI- “ Ne eSS chiral symmetry breaking
(simplest version) Spr —

Can add any probe action
SKKSS = —/d"flre e \/gj'l’1‘(|DX| + Vx (| X[, ®) +

167r(" /d r\/gse (R+4()M<b() b — Vg (<1>))

/] . .
Eg(f‘f + l‘é))-

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

flexible to extend to pure gluon sector, 2-flavor, 3-flavor, 4-flavor

13



Il. Hadron spectra: glueball, light flavor, heavy flavor

14



Glueballs

JFC 4-dimensional operator: &(x) Alp _-U__Lf
o+t Tr(G2) = Eo.E2 — Bo. Bo 110] 0
-+ Tr(GG) = E*. B® 1lo] o
0t~ T ({(D-Gw) . (D-Go)} (DuGoa)) 9 [0 45
0~ Tr ({(DTG’WJ (D-G )} (ﬂ“ﬁ‘m)) o o] 45
] 7 G [G8] (Gl 100 (G [C8] [G] | 7 [ 1 2
fﬂb{ E}H " ,!.:r,r“ [ ??p] ’V ,ﬁ'f't-‘ fﬂhf ﬂ“ ’V Hi’-‘ ’V_"?.I‘J'-‘ :G:'J'I'I]
1+- dabe (E Eb) B, 6 1] 15
1~ dabe (Eﬂ ~ Eb) E. 6 | 1] 15
27T EPEY — BB} — trace 4 12| 4
2T Efﬂj‘?' + B E;? — trace 412 4
9t doves | i (E—b % ﬁ'{_.)‘r 62| 16
. — — .-i'
2~ as | B (E, x B.) 62| 16
3t- d**S | Bi B] B 6 3] 15
3 d**S | ELE] EF 6 3] 15

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

15



Glueballs

S = —%/daﬂf gse PP (09 0My
+Mg 5(2)97)

Sy = _% f d’z gse_P‘i’(%FMNFMN
+M3 (2)7?),

St = —%/daﬂ? gee PP (VphynVERMY

— VLR MV N hypr + 2V BNV vk
— VarhVYh + ﬂ'f;?,a(z)(h‘uwhﬂm — h?)),

~, + Vo T =m?% T,

Vo

, ,12
T S el

rr 2
_gn + 1l’ffé?{v?ﬁ?:rz = Tnfé’_n%n

¥ r 2
3A, + % —pd [3As —2 —P‘I’]
Va = 2 " 1
1
+Z—252A3e—ﬂr-m-‘l’ﬂff§;,5_

i 2
~V + VeV =my , T,

2
rr fr d 1 !
A, + 2 —p? [As—z_p‘l’
Vv = 2 i 1
1 2A, — P 2
. = Cr.m. Jﬂif P
—|—zge e ¥ 5

Lin Zhang, Chutian Chen, Yidian Chen, M.H.

e

Phys.Rev.D 105 (2022) 2, 026020

16



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

,
My,
20

m- [~ 4l
UGg = 1GeV

15

hep-lat /0508002
[hep-lat /0510074].

[hep-lat /0103027].
[hep-lat /9901004]

10




Glueball spectra; Yidian chen, M.H., 1511.07018

: o
I 2 I
3 Lo 1
i - — [ ”— -
| — [ | o+ - 0
: mam =
L 0 0 -
i o 1% 1
I —
Il —— = —
s —
++ —+ po - —

Agree well with lattice result except
0-and 2* but ...

18



mg/GeV

Glueball/

o

Odd

ball spectra:

1 2
1 1

4.5¢
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I
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1
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I 1 4.0 4
1 =
1 1
1 1
| ] o — =
1 1 — 2
1 1 b
I [T . i
— = 3 | =
| - == b gl
: = : R £ =
i i i i
i i i —1 15 =
[ J—— 1 1 1 L
— — ! . . =
1 [ 1 |
T — i i i fami= i i
1 1 1 1 1 1 1
- 1 1 1 1 . 1 ==
1 | 1 1 ~
| — i i i Lpg= -t
I I ] 1 i L
1 1 1 1
I —_ [ ] ] gtz e
i 1 1 1 .
1 1 1
1 1 1 e &
1 1 1 g
I 1 1
: ey : ,—
! ! — Laco1 3.0t - = —43
i P i Lacoz I = e — Locm
| { Laco3 o LOCD2
i i LaGCD4 LoCoa
=1 i — Model 11 o
= | —— Msdel LI
- i Macdel 1LV
! ! — Mcsded LIV
i | Mesdel 1ILIVIZ) ocie BLVESS
i i e 2.51 — Model ¥
o o= 1= - [ 1 ol - o o 1 .l 3—

Glueball

Odd ball

Lin Zhang, Chutian Chen, Yidian Chen, M.H.
Phys.Rev.D 105 (2022) 2, 026020 19



gluon background

. _ 2 . :
P(z) = 127, Agree well with scaled lattice results on EQS for pure gluon system
st 14f
14 12f
afk 10f
T o3t [ | —  input (z)
" & o} parameters |
2t o} — Input (¢}
't o.z}f == Input ¢{z)
| P A S perameters i |
1.0 I 1.0 ljﬁ 2.0 2.5
T,
' =
st 20} — input V)
E T:E 15} = Inputeiz)
- 32
3 1.0f
1} a5k
u.-—--l-*h . 0of====* . . " M
1.0 1.0 1.5 2.0 2.5

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

Quardratic dilaton field describes pure gluon system reasonably wellb



2-flavor system

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

Action for pure gluon system: Graviton-dilaton coupling

1

S~ =
7 161G

[ d*z\/gse 2 (R + 40 20M & — V(D))
Gluonic background

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

. 1 :
SKKss = — fdJI gse PTr(|DX >+ Vx (X TX, ) + E(FE + F3))
5

5D linear sigma model

. N
Total action: S=58+ %S}{KSS.

21



Two-point correlator gives the spectra:

—5; + Vi(z)s, = misﬂ,

- 2 Ay
—T, + V?r wlin = 'mn(wn — € -XLP”)"

2 A, Ag
_‘f*‘n + Vﬂ‘ffn = g5€ X(Wn — € X‘f-*n)-;

—v 4+ V(2)vn = m2 v,

n,u

rr
2
—a,, + Vaa, = m; ay,,

Three-point correlator gives form factor:

. N .
f2F Q) = =~ f‘izﬁﬂ”’_@v(quz){(ﬁzw) + ggx’e* s (m—p)?},

95 Ne

34" (3A. — ¢')?

Vg 2 —|— 4 + EBASVC,XX?
3A7 — ¢ +2x /x —2x 2 /x?
V’Tf._[,‘:' — 2
(B3A, — ¢ +2x /x)?
4 ,
4
Al’f o ¢.ff (Auf o ¢II)2
V — 5 5
¥ 2 * 4 ’
A!f o {;5:1 (A . )2
V?..-' — s 5
9 + 4
A - (A, -9
Vo= =25 +( i )’ + gze*ex,

22



Produced hadron spectra and pion form factor comparing with data

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

iy, Sy
-y -
- Y
L T -
- -
L T LT
el L T Iy
-

m>/n~ 4ug | Hc=0.43GeV e U ¢ "

( Mod IA ) ( Mod IB ) ( Mod IA ) ( Mod IiA )

Ground states: chiral symmetry breaking SPGCTra and plion fo;m fa:jc'torcannot be
o _ | t .
Excitation states: linear confinement =~ o) PR

23



Quenched Unquenched
background background

A0
bs(z) 20 |

Lif

10

05

(] —— 2
0 1 2 3 4 ’ 0 5 10 15 2

r I 2 r 4 ! ! A !
—AS +AS2—|_§¢) — gASf[) —EE¢X2 — U_._

rr ! ! I :_))A r 3 m
D"+ (34, —20))8 — e\ % - ée%—%%@ (Vg((]?) A3 Vo(x, @)) — 0,

X 4+ (3A, —®)\ — e* Vo (x, @) = 0.
D.N. Li, M.H., JHEP2013, arXiv:1303.6929 24



4-flavor system

(Z+a+7 P ke D-¢
V = -i_:rltu o L P _.5_24__""‘_) T :Li_’ Ilf_ﬁ . D--
_ V2 K- K —/3w S DI
J o —a A 4y ] 21 v |2 \ i D= D" —
Su=- [ dxy=ge ¢ T {(DVX)" (D X) + M2|X) )
e S+ e+ 2 a} K; il
1 M N MN A pry 2| ry|2 aga _ 1 ay —:E'-+17‘-+ ‘ Ky Dy
— | LT "Ly + R Ryw DV H) (DyH M \H , A=A = — BoovEovE :
1 ( MN T M)+ ) (D H)+ M3 |H|™ 5, 7 K: ks i m D
\ m Dy D — 7z Xe1
(F+h+ 7 w k= b
ﬂ'—ﬂ'ufn—i T _55-'_\;:1-'-% Iﬁ-:l D-
V2 K- K* _\f@:? - % D3
\ ne n+ s —;‘“;J—?u,_
Solving background with chiral condensate:
1 [ . [e®=) L ,
g0 — _ _-f d”x {F — (2uy(z)vj(z) + v (2)vi(2) + vi(z)vi(2)) - YiDian Chen, M.H.arXiv: 2110.08215,
. - Phys.Rev.D 105 (2022) 2, 026021

E_I:::] (3 {2‘4_:”:;']? - -f_lx{:}:‘a - 4_:1:{::]2] — ; {_‘2““:;}" - 4.:#{_3]'1' - r;ﬁ[_g]'l'}) -+ Hiwa AmE|d, Y.D. Chen, M.H.aI’XiV22308.14975,
Phys.Rev.D 108 (2023) 8, 086034) arXiv:2309.06156

t:_.—-e:ﬂ.’:] HE—E".’:J )
o (M) — o hee)?
= Z 25

5

Lo



Two-point correlation function gives mass

—g(z)
(2 5 MNE oy N h
..r'.:' :I _— fd. I {TJ‘ :..‘I- ({dﬂ.f nu - ..4.?1'.] [nl'-_-u'_-'\ 4k - ..4._Il|.':| J.ilf_u
— &
_|_‘? =) MP_ NG { ra b Az, . Ab }
4—2?? ) MNVPg T AyyApg
52
Gratdm o
Vector field N o —St&Et
Yol R0
Dsil D*+
ay i =1 +
AT
Axial vector field A Anpe — L “ : + v
V2 Ky KY -
DY DY
_.l- + 5— + = g]? T
. o1 —Em ot = +
Pseudoscalar field T=wt=— -~ v E'JE' =
2 K K

1’ r My

<J,!T,ﬂ"r;;,b> = 5ab(@;1@p

P+ VEMV, *-.J”VH]'
F2

2 [
—q gu.l!) X qg N ﬂlg 3

Dy a=12..15

_mrl'rr
26



EOM for hadrons: eigenvalues give hadron spectra

I’
2
—5 [f Z)Ss = M., 54. g " b ] p
nt+ Va(2)sn non: (T2 T)P) ~ 6°(quq0 — ¢ Gpw) X pp— -,

I 2 As
_ﬂ_ﬂ —I_ Vﬂ',tpﬂﬂ — -r”*n(ﬂ_ﬂ — € ]l/‘ijﬂ)

— @+ Vioon = gies x(my — e xipn).

rr
. i — 2 i
—v, + Vo(2)vn = my, ,vn,

—a, + Vaan = mZan, poosAs - B4, -0 ® Ay,
' 2 4 XX
3A, —@" +2x" /x —2xX%/x?  (BA, — @ + 2y /x)?
V?r,-:p — + :
2 4
A-"f o (I,ff (AF o 'q)f)E
V — = 5 i
@ 5 =+ 1 :
AH’ o (I).”' (Af o (I).F)Q
1/;, _ 8 s .,
' 2 * 4
A —d (A —d)?
Va - 8 5 + ( s 1 ) + ﬂ%ﬁZASXZ*

27



4-flavor hadron spectra: ground state and excitation states

H.Ameld, Y.D. Chen, M.H.arXiv:2308.14975 Phys RevD 108 (2023) 8, 086034) arXiv: 2309 06156

1= 0.43
My = 0.0032
me = 0.1423
m, = 1.5971
Mhe = 1.985

o, = (0.2962)"
s = (0.2598)3

o. = (0. 302)3
Zm = 10
k= 30

The values of the free parameters with the unit of GeV

20

e p(Model) P (Exp.)
) « K*(Model) -~ K= (Exp.)
15k ) v s+ w(Model) - w(Exp)
_ ’ v + D*(Model) - D*(Exp)
E v D.* (Model) - D.* (Exp.)
@ 10r v
< | v Jiy (Model) v J/y (Exp.)
5t .
- L]
L L
I & ¥
I I
L
0 ' ' ' '
0 2 4 e |

2{]: ® 3y {Model} :11 {Exp]
i . Ky (Model) -~ K, (Exp)
[ ' « f; (Model) - f; (Exp)
151 . D;(Model) - Dy (Exp)
NE : v Det (Model) Dy (Exp)
"EE 1[]: v Xo (Model) v xo (Exp.)
r -
5_ =
I a ¢ ;
i N w
[]- 1 1 1
0 2 4 6
n
L o 17 (Model) m(Exp.)
- L
o] . K (Model) - K2 (Exp)
« 1 (Model) n(Exp.)
- + D (Model) - D" (Exp.)
a 1{]_ =
E i . . D.* (Model) . Ds* (Exp.)
EE v 1 (Model) + n. (Exp.)
i L |
5: . . .
I . :
- &
R
ﬂﬂ 1 2 3 4 5 6




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

ce~ %) ,
S = — /u{ﬁ;{: {r,l‘”‘ﬂ" ——(2( A}y — dum") Vamtg™e + Vi (On [?r T°) — EA?”T:"]I habe
!'i_':l-"l:'[_] ) ) )

. UUPUNQU’ MN Ve pVo + Vir \’Ab o+ fj‘irn“’“}gﬂb +J‘1§fm’filﬁ"ﬁ}fbm}

- .F:a L,rf.lr?_-r:kuh-r: +
M¥nA :I EHE;E

53 8(Vrm)
Aﬂa (x)sv b {y}é.ﬂ.”ﬁ(w}

(o|T {555 @ at" @G @} o) = -

538 (VVV)
EVEi(m}EVEE}(y]éVE’;(w) '

<U T{JILLJ_( )JVJ_(U)JVJ_{W}HD> = —

5 L 53 s(vaa)
|7 {751 @757 w5 w)}fo) = - 5492 (2)sv PP (y)649% (w)

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

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

1.2

1.2 : ]
10} — Ni=4, hacD
l}\ @ Data 1
D.E-;I.\ . LacD Laco)
'E"; [ \ = LQCD (ETMC) ]
F 06T MWL TN LQCD (LHP) ]
L
4 *liﬁ N 1
oab e ]
I i? & Sy~ - ]
: . T
0.2 é ]
D,'J- 1 L 1 L 1 1 " ]
0 1 2 3 4 5
Q* (GeVv?)
1.2
i — Ns=4, hQCD
1.08
o8}
T pel
Qo L
L |
0.4}
0.2}
0.0~ SE S S -
0.0 0.5 1.0 15 20
Q? (GeV?)

0.2f
B e S e e e
000 002 004 006 008 010 012 0.14
@ (GeV?)
1.2- T T T LI T T T
[ — N¢=4, hQCD

(1) [ —

0.0

02 04 06 08 10 1.2
@ (GeV?)

14

30

Data(+)(G. M. Huber et al., prc{2008)), LQCD({JLQCD)(T. Kaneko et al., pos (2008)), LQCD(ETMC)(R. Frezzotti et al., prd(2009)), LQCD(LHP)(F. D. R.

| 7 T — |

el I AR T3 =L AT T A mvmed e m md omll smllefd iy ) AT 1l e =3 =1 DO iamsdmiy ) Sy vk 1

YOl YA, DA fTAam4d =Yy



Vector mesons
H.Ameld, Y.D. Chen, M.H.arXiv:2308.14975, arXiv:2309.06156

— FE(TP)
— FMQ)

Fie(Q%)

0.0 02 0.4 06 0.8 1.0

Q* (GeV?)
E'D; — FE.(@%) 1
15} — @) = LQCD
E _FQ.DE} :
1.0} 0 .
— : 1 ~
S o5} 1<
T ; Ty
0.0} ]
_1DEI 1 1 1 I_: 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 15 2.0 0.0 0.2 04 06 08 1.0 1.2 14

Q@ (Gev?) @ (Gev?) 31



H.Ameld, Y.D. Chen, M.H. arXiv:2309.06156

The semileptonic form factor £ (¢?) for D — =l T 1.

5

=7 (0)
o

Cals

FE‘—? T
M

HLXPT
LCSR 2000

4 LFQM2011
LQCD

= BESII

- — Ne=4,h@CD

HL~PT: S. Fajfer and J. F. Kamenik,
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Results of F (¢?) for the decays D — KIiT1y; and D, — Kl 1.
H.Ameglg, Y.D. Chen, M.H.arXiv:2309.06156
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Form factor F;.(¢°) for D) — 7
H.Ameld, Y.D. Chen, M.H.arXiv:2309.06156
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EOS for cold QCD matter

The Einstein-Maxwell-dilaton system at finite baryon density

S =5S5,+ S.
Y 1 5 —20[ s - [ T h(;’:’) i¢ v
Sy, = T d*zy/—g%e“?|R* 4 40,00" ¢ — Vi(¢) — 1 €° F F*],

S = — f d°2\/— g7 Tr[V XTVEX + Vyx (|X|. EW ™).

the components of the vector field AM(z) are zero except
the t component At(z). iw=A,(z=0),
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Deconfinement phase transition under rotation

Pure gluon 1 h(¢) o 1., .., |
8 S = d°x\/—g[R — ( )Fz — =0, 00" — V()]
167Gy 4 2
1 | 1 w — e e
- ——(t+wlLd),d = —————( + —1t). s NPT <30 312 1
Ve A AL e e
[ £ smix:i:a:? T 10x30x512 |
T oosl 1t I b
0.25f (a) = % E
= 096 =
0.20 S § i
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- Na/Ne > )% i No/Nyw 3 e,
0.10p S 0.02}
0.05p == =01 Also confirmed by 01000 2000 3000 4000 5000 6000 7000 8000
— p=015 other hQCD o o)

* * * w
0.2 0.4 0.6 08 1.0 results!

V.V. Braguta, et.al. Phys.Rev.D 103 (2021) 9, 094515,
Xun Chen, Lin Zhang, Danning Li, e-Print: 2102.05084

Defu Hou, M.H. arXiv: 2010.14478 Ji-Chong Yang,Xu-Guang Huang e-Print: 2307.05755 [hep-lat]

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!
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hQCD:Anisotropic background under rotation
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https://arxiv.org/abs/2405.06386

Machine learning hQCD from data,
see Xun Chen’s talk!

Physics-Driven Learning for Solving Inverse Problems towards QCD Physics

Symmetry

Principles

Inputs <

Physics Equations



Using Machine learning to extract the deformed metric,

To get the analytical solutions, we have two assumptions:

A(z) = din(az? + 1) + din(bz* + 1)

Black hole entropy: Sgy =

f(Z) — eczz—A(Z)-l—k

33‘4(2.’1)

4G52§

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

a

b

C

d

k

G

1.

Ny =0 0 10.072| O ([-0.984| O |1.326(0.265
Ny=2 10.067[0.023|-0.377|-0.382| 0 [0.885]0.189
Ny =2+4+1]0.204(0.013]-0.264|-0.173-0.824{0.400 [ 0.128
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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.

Xz
sl 241 flavor(u=0) u_3ut
3
A ST o.2sb
10} _ e 0.20f
E!T“ 0.15F
5t D E-E"l".:'.lll}Iq4 0.10¢ B 2 tavor lamion
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= k. d L . L T o N " i i i . T
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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
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Locations of CEP from rPNJL model,holographic QCD models, DSE-fRG,fRG CONVEIZE at around
(Tc~¥100MeV, mu_B~c~700 MeV)
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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].



Disappearance of the nonmonotonic structure above 7.7 GeV and EOS independent!

Signature washed out through hadronization? Other signals not sensitive to hadronization are needed!
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The machine learning hQCD from glueball spectra is different from the that from EOS.
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The machine learning hQCD from EOS
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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!

49



Thanks for your attention!
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