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Strong QCD

Quarks & Gluons (UV)

Lattice QCD | DSE

Effective field
theories and
models

QM, NJL, SM, HLS,
CHPT, NRQCD......
color flux tube

Dual superconducty

Holographic
QCD (hQCD)




Holographic Duality: Gravity/QFT

AdS/CFT :Original discovery of duality

J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998)

Supersymmetry and conformality are required for AdS/CFT.

In general, supersymmetry and conformality are not necessary

General Gravity/QFT:

Strongly Coupled

Quantum Gravity
Gauge Theory




Holographic QCD or gravity dual of QCD

Build the
connection

between QCD
dynamics and

geometry

A

1Y

String theorists’ business:
whether it can be deduced
from 10D string theory ?

3rd step: gravity dual
systematic framework

2nd step: deformed AdS.
Intelligent guess

1st step: just AdS;
naive try

Real QCD world:

Rich experimental data and lattice data




A systematic framework: Graviton-dilaton system

1 . , .
S¢ =154 / Px\/gse2? (Rs + 49y M & — V(D))
75
N=4 Super YM QCD
conformal nonconformal
AdS. deformed AdS;
2 2 L? 3} |
dSE — 5_2 (dti —|—de —I—fEE’E) dS — {dt2+d:r2 _|_d22)
o 12 Dilaton field breaks conformal symmetry
I”E(‘%D} D E

Input: QCD dynamics at IR
Solve: Metric structure, dilaton potential



The goal is to describe
Hadron spectra
chiral symmetry breaking
& linear confinement

Phase transitions
eguation of state

Transport properties

In the same systematic framework



II. The dynamical hQCD model
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Holographic Duality: (d+1)-Gravity/ (d)-QFT

Holography & Emergent critical phenomena:

When system is strongly coupled, new weakly-coupled degrees
of freedom dynamically emerge.

The emergent fields live in a dynamical spacetime with an extra
spatial dimension.

The extra dimension plays the role of energy scale in QFT, with
motion along the extra dimension representing a change of
scale, or renormalization group (RG) flow.

Allan Adams,! Lincoln D. Carr,?>® Thomas Schiifer,* Peter
Steinberg® and John E. Thomas*

arXiv:1205.5180
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Holographic Duality & RG flow

Coarse graining spins on a lattice: Kadanoff and Wilson

_ E r |- L,
H = ‘}1(‘5)@ (J:) J(x): coupling constant or source for the operator

et it
- 1
a A H=> Ji(z,a) O (x)
S A A A A A ;
i i i i it i

-ua—Ji(-.r, u) = Bi(Ji(z,u), u) arXiv:1205.5180
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Holographic Duality & RG flow

QFT on lattice equivalentto GR problem from Gravity

RG scale -> an extra spatial dimension
Coupling constant -> dynamical filed
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Holographic Duality: Dictionary

Boundary QFT Bulk Gravity
Local operator  (O;(x) Bulk field ®;(x, 1)

A(d—A) = m?L?

Strongly coupled Semi-classical

ZQFT[Ji_] — ZQG[(I)[JIH‘

ZQFT [J] ~ E_IGR[@[J”

0" Igr|P|J;]|

(O1(x1) ... On(xy)) = 0J1(x1) ... 00, ()

J; =0
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Dynamical hQCD & RG

A AdS.
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QCD Dynamics at IR

deformed AdS.
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Pure gluon system:
D.N. Li, M.H., JHEP2013, arXiv:1303.6929

]' i ]
.EPG' — _EG#U[LE)G# ’ (.L'}..

Gluon condensate at IR: Tr(G?)

5D action: graviton-dilaton

1
- 167G

Sc / Pz /gse ** (Rs + 49y M & — Vi (D))

Tr(G*) dualto ¢(z)
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Graviton-dilaton system

Jiluv = ®; s o
T 7 7 7 5
uv ST T T T
R

7 @(z)

/ \
IR / / i I';{G‘?}

deformed AdS.

gin = b3(2)(d2? + mudatde”), by(z) = e
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5D action for scalar glueball:
. 1
Sy = f do 1 gﬁﬁ—ﬂ* 009V G + MG 9]
scalar glueball: @ dual to #(G.G") M2Z,.=0

_ g,l: _l_ V‘f{'ﬁ'l — m%jnﬁlj

_ 34, - @ N (34, — ®)?
B 2 4

Ve



Dilaton field: quartic at UV and quadratic at IR
D.N. Li, M.H., JHEP2013, arXiv:1303.6929

d(z) = ,u%-;zz tanh(,uézzz/ﬂ%:)

0 .
B(2) = jige $(z) "= 22
or o - 4 7,55
F’?’I”/I’I — ‘LIG Lor
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U = 1GeV
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Linear confinement: linear Regge and linear potential
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Glueball spectra:

n(0™) Latl Lat2 Lat3 Lat4 Lath
N.=3 Ne=3 N.—x N.=3 N.=3
1 1475(30)(65)  1580(11) 1480(07)  1730(50)(80)  1710(50)(80)
2 2755(70)(120)  2750(35) 2830(22) 2670(180)(130)
3 3370(100)(150)
4 3990(210)(180)
hep-lat /0508002

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

[hep-lat /0510074]
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Light flavor system: Graviton-dilaton-scalar

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

Action for pure gluon system: Graviton-dilaton coupling

_ 1 5 — 28 Mg _ 17
S¢ = Tora _/m Goe 22 (R + 40y, 30M & — V(d))

Action for light hadrons: KKSS model

- 1 ‘
SKKss = — /dJI gse *Tr(| DX + Vx (X TX,®) + E(FE + F3))
5

. . N
Total action: S = Su+ ?Tf SKKSS.
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q)”'

Background with gluon condensate ~ ®(z)

X(2)

and quark-antiguark condensate <X >==

N
St:m: — SG.I_?.JEC + %SHHSS,IJ&C
¥

dS% = B2(—dt? + d7 +d2?) B2 =et = L2

—A”+A2+2@”——A iy —EE‘I’X’E =0,

6

L (34, — 280 — 28,23 2430y, (Vo{‘l’) + AT Vo(x, @)) — 0,

16 8"

X + (84, —®)x — e Voy(x, @) = 0.
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A AdS.

ORP

Jiluv
P e

uv

Graviton-dilaton-scalar system

Pl e e
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deformed AdS.
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Dilaton in Mod I :  ®(z) = ,u%—;zZ
Dilaton in Mod IT:  ®(z2) = pz2° ta.nh(,u?_—;gzZ/p?_—;)

Mod TA Mod IB  Mod ITA  Mod IIB

(s /L° 0.75 0.75 0.75 0.75
mg (MeV) 5.8 5.0 8.4 6.2
al/3 (MeV) 180 240 165 226
e 0.43 0.43 0.43 0.43

[ - - 0.43 0.43

Table 7. Two sets of parameters.
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Produced hadron spectra compared with data
D.N. Li, M.H., JHEP2013, arXiv:1303.6929

Tk jPP—
my(GeV™) m(GeV)
iT "' fm

mﬁ/n ~ 4G | He = 0.43GeV

( Mod IA ) ( Mod IB )

Ground states: chiral symmetry breaking

EXxcitation states: linear confinemnt ’e



1. HQCD for

Phase transitions
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Color electric deconfinement
phase transition

5D graviton action:

Ssp = ]dJLEV —g* (R — gapﬁ-’ﬁ”@" - VE(@"))

167Gy

dz?

f(z)

: (—f(:)df?+ +d;{:id;ﬁ):
Metric structure, blackhole, Dilaton field and
Dilaton potential should be solved self-

consistently from the Einstein equations.
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Experiences in constructing holographic QCD model tells us that:

a quadratic correction in the deformed warp factor is responsible for
the linear confinement.

Ay(2) = ck*2?

. . z _24,.(x) 3‘45
6(2) = o + &1 / © T g+ 220
0

2 2
. giz 243(:;:]"" 2, ;As(y)A;(y)ﬂdy i
F(2) = fo+ fu (/Z B 20(@)—34.(2) d;{:) :
‘1*"“ 243(:
Ve(9) = —

(z?f”(z)—alf(z) (339‘4;’(:)— 22%¢" () + 2°¢/(2) +3))

D.N, Li, S. He, M. H.,, Q. S. Yan, arXiv:1103.5389, JHEP2011
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| f'(2n)]

T = Aprea I3 [ A3 ’
dm T T AGsVa  4Gs .
ITI__Gf‘f]
1] S
k3
4
N4
AJSSWBH™ === -
(]| PSS TS TP TP I P T (i)
o0 01 02 03 04 05 06 07

T. = 201MeV

T . 3 .

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
29
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—— = s(T). e=—p+sT.

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
30



Trace anomaly o T .
2 S -

C

* dlogs Tds/dT’

010

0.5

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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Electric screening Heavy quark potential

Vﬂfgq{Ge\J]
044

0.24

0 0.2 0.4 0.6 0.8 1

Polyakov loop: B e
color electric ”
deconfinement

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
14
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Magnetic screening and magnetic confinement

Vjg_(GeV) —
0.8+

0.6+
0.4+

3.0Tc

spatial Wilson loop spatial string tension

D.N. Li, S. He, M.H., Q. S. Yan, arXiv:1103.5389, JHEP2011
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EOS from dynamical hQCD

e Danning Li, Jinfeng Liao, M.H. arXiv:1401.2035

+
+
,f / ++ - .
B =o

'f” {I}(Z) — ,LL::Z;:ZQ t-ﬁ-]flh(ﬁﬂéﬂzz/ﬂ?})

! +
I
i }+ e s = 043GEV
i e-3p
I +++  SUi3) Lattice
: r
! '
; 33 N =T MeEe
1 !
i

; '
|

I

o

15 :-i . 'JG_ 143 GV

"-._.---._. S " M * kel T Flalet™ ™ i
-

‘ ++ + S5 Lartce

— e —

+ 3
1] ‘-\
j et = 043GV 10 \
L1
Dish i "'j\t +
+ + + SU(3) Lattice - hY
) 03 * Wt
o] Yy, +
"'"Jr..‘- e t T
003 f 0.0 csr PP PP o L 11 =1 S, — P07 8
. 1 ? 3 4 T
010 . -
]

34



EOS from dynamical hQCD
Non-conformal around Tc
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V. Transport properties

Jet quenching parameter,
shear viscosity and bulk viscosity
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What do we know about jet

guenching parameter?

p+p Au+Au

77
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Parton energy loss in QGP

"""‘.‘.l, The dominant effect of

N 4 | 1 the medium on a high
hard l - 1-X)k energy parton is
production Elil U medium_induced

e .o o 00 Bremsstrahlung.

medium
as ~ 2 . .
AE ~ —— NC g | Baier, Dokshitzer, Mueller,
27T Peigne, Schiff (1996):

ﬁ . reflects the ability of the medium to “quench” jets.
(k7) 4

éi — ~ [ : Debye mass A : mean free path

L l 38




Fundamental question: What's the property of éi ?

6 B | 1 L | | | | | 1 ] ] 1 | | L I | L | |
5[ =
. , .
af- RHIC o ~ 1 GeV™/fm -
Lo 1 |
= 'i i
Ml perturbative oy = 0.3 i
1 g fromDIS
= iy = 0.2 GeVz/fm :

e X TR B %I Y B

T [GeV]

Chen, Greiner, Wang, XNW, Xu, PRC 81 (2010) 064988



Assumptions:
Temperature dependence of jet qguenching parameter
[Jet Collaboration] arXiv:1312.5003

? _IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_
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Can jet quenching characterizing phase
transition?

22 T3
??4.-1’1 877 T Majumder,Muller,Wang, PRL 2007

S 03 ¢

—— He

—— N3z

—@— H0

P rHE

3+ _.‘éi_ QGFP
—7— Meson gas

0 E

-1.0 0.5 0.0 0.5 1.0

Lacey et al., PRL 98:092301,2007

Naively extend to general case:

n/s~ T7/q
One can expect a peak of ;4 /T

around phase transition 1?

g

T3
1

dp

1ip

+++++

[-\“\...._________-___—

S S SRS

m——— = T5GeV

—— = 060 GeV

m—— = )5 GeV
=TT g = 043 0V

T Pume AdS




How can we calculate jet quenching parameter?

A 4WCH&5 — 1ai+ rat L — itpty~
Ir= N7 fdy (FUT(0)FFT (y7)) e ¥

1, pQCD: cannot go to phase transition region;

2, LQCD: waiting for temperature dependent result
Majumder, arXiv:1202.5295, Panero et.al., arXiv:1307.5850

3, Effective Models: how ??7?

4, AdS/CFT: conformal, constant value

5, hQCD model: this work

42
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WAL €] ~ exp(—

GL™L?) Liu et.al. PRL2006

(T=x",0=x7) (T=x .0=27)
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| S» = - fdrdcr. g
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Jet quenching from dynamical hQCD
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Jet quenching from dynamical hQCD

Danning Li, Jinfeng Liao, M.H. arXiv:1401.2035
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Jet quenching characterizing phase transition!

Danning Li, Jinfeng Liao, M.H. arXiv:1401.2035
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Jet quenching characterizing phase transition!

Danning Li, Jinfeng Liao, M.H. arXiv:1401.2035
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Jet quenching characterizing phase transition!

Danning Li, Jinfeng Liao, M.H. arXiv:1401.2035
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shear viscosity and bulk viscosity
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Shear viscosity over entropy density: LQCD + Model

minimum near phase transition

4 ®
L —— He
H_0 - t I
40 r — T T T T T T L —@— H0 |
B —— P=10 MPa d . @ rHE |.
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C O = +
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2o F ] I
s 22|
10 -
5 . ol
0 | | | |
200 400 800 a0’ 1000 1200
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0
1.0 -0.5 0.0 0.5 1.0
(T-T )T,
Csernai et.al. Phys.Rev.Lett.97:152303,2006 Lacey et al., PRL 98:092301,2007
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Bulk viscosity over entropy density: LQCD
sharply rising near phase transition

Lfs

: . . 0.30 F
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; 04f
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- 3 ' 10 1.2 14 1.6 18 2.0
Pure gluodynamics 2_flavor case
| = O (e — 3pT) .
(= — T3P | 16]e,|
Q wo I /

Dmitri Kharzeev, Kirill Tuchin arXiv:0705.4280 [hep-ph],
F.Karsch, Dmitri Kharzeev, Kirill Tuchin arXiv:0711.0914 [hep-ph],
Harvey Meyer arXiv:0710.3717 [hep-ph],
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Bulk viscosity from dynamical hQCD

Danning Li, Song He, M.H. work in progress
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# TypelBH
a Type IIBH

m Type IIEH

I lattice, pure glue

N cum rule, 241 flavors
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Shear viscosity from dynamical hQCD
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V. Conclusion and discussion
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The ambitious goal is to build a standard
hQCD model, which can describe hadron
spectra, EOS as well as transport
properties.
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deformed AdS.
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Glueball and meson spectra
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Thanks for your attention!
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