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Low energy QCD and hQCD

 Mesons and baryons

 (spontaneous) Chiral symmetry breaking
 Condensates

* Various EFTs



Chiral symmetry at low energy
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Chiral symmetry breaking

5L = —m ()
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- Explicit chiral symmtery breaking

m

~ 0.05 - chiral limit: m=0

Aqcp

< qq>"° /Aocp ~ 1 - SSB of chiral symmetry

m ~ (5 —10) MeV, Aqcp ~ 200 MeV, < gg >/~ —240 MeV



Mesons and chiral symmetry

pion-like state: T = 1Ty sigma-like state: o = ¢
rho-like state: p, = V77,9 a,-like state: ai, = VT Y
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* 5D field contents

Operator €= 5D bulk field

Trqy, — scalar @

qry"ar, 9 vector L),

@R’}f”qﬁ ? vector Rﬂ.‘r
[Operator] ——— 5D mass

(A =p)(A +p—4) =m; mg = —3



Linear sigma—model
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Potential of linear sigma-model with explicit symmetry breaking
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chiral symmetry breaking in hQCD

Klebanov and Witten, 1999

zﬂ‘—ﬂ.

oz, z) — do(z) + 22A(z) + ..., 2 — €,

where ¢g(x) is the source term of 4D operator O(x), and

1
tICj (I) } .

Alx) = A 4\

For example, O = qq, ¢(x,2) = v(z):

v(2) = 12 + e92®

f— %
C1 ™ Mg, Ca ~ \qq; .



How about the vector meson?

* Gauged linear sigma model (with sigma) or Massive YM (without sigma) :

1 1 1 1.
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* HLS, etc



Hard—wall model

ShQCD-1 = / d*zdz VaLs ,
1 N N . _
L5 ="Tr {—?(LMNLM"\ + RynRYYN) — Dy ®* — M3
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J. Erlich, E. Katz, D. T. Son and M. A. Stephanov, Phys. Rev. Lett. 95, 261602 (2005)

L. Da Rold and A. Pomarol, Nucl.Phys. B721, 79 (2005)

Ly, Lo, Ly,Ty
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Soft—wall model

1 — i )
Bth[}_u:fd"i.I-‘d:E qﬁa. O = c2-.

A. Karch, E. Katz, D. T. Son and M. A. Stephanov, Phys.Rev.D74:015005,2006

» Mode equation
0 (E_B@zt’n) - -;'11.fLE?_B-t.Jn = 0,

where B = ®(z) — A(z), with e**) = 27! Substitute v,, = /%),

— 1 4+ V(2)hn = miathn, V(z) = é(B”)2 — éB”+
® Withd =22V =22 + ﬁg — 2d harmonic oscillator (radial, m = 1).

my = 4(n+ 1)



QCD : p.qi;:'ﬁ;} (= pgy0t) < Gravity : Vo(z,2) = pg+--+, 2 — 0.

The low-energy dynamics is governed by the
familiar chiral Lagrangian for the pion field £ & SU(2):
= 1/2Ti0,30,3t — 2m2ReS], which contains
the pion decay constant f, and vacuum pion mass m,
as phenomenological parameters. The isospin chemical
potential further breaks SU(2); +x down to U(1);+p. Its
effect can be included to leading order in w; without
additional phenomenological parameters by promoting
SU(2);. X SU(2)g to a local gauge symmetry and viewing
pmy as the zeroth component of a gauge potential [6].
Gauge invariance thus fixes the way w; enters the chiral
Lagrangian:

- i
Lo = frrrm Sy, 3t — zf

where the covariant derivative i1s defined as

~ ReTr> ,
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Dense AdS/QCD

QCD : p.qi'_,.-'ﬁ-*T;;'L! (= pgy0t)) < Gravity : Vo(z,2) =g+ -+, 2 — 0.

4D generating tunctional : Zy|¢o(x)] = fﬁD[tI)] exp{iSy —I—E'/qrin{;r}(i?} ,

5D (classical) effective action : I's[o(x, 2) = ¢o(x)]; do(z) = ¢(x, 2 = 0).

AdS/CFT correspondence : 2, = I's.
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Baryon Number-Induced Chern-Simons Couplings of Vector and Axial-Vector Mesons

in Holographic QCD

Sophia K. Domokos and Jeftrey A. Harvey
Enrico Fermi Institute and Department of Physics,
University of Chicago, Chicago Illinois 60637, USA

(Dated: April 2007)

We show that holographic models of QQCD predict the presence of a Chern-Simons coupling
between vector and axial-vector mesons at finite baryon density. In the AdS/CFT dictionary, the
coefficient of this coupling is proportional to the baryon number density, and is fixed uniquely in the
five-dimensional holographic dual by anomalies in the flavor currents. For the lightest mesons, the
coupling mixes transverse p and ay polarization states. At sufficiently large baryon number densities,
it produces an instability, which causes the p and a; mesons to condense in a state breaking both
rotational and translational invariance.



—xamples from bottom—-ups

Dense matter
Heavy quarkonium
Phase transition

Nuclel, form factor, tensor meson,
Skyrme model in hQCD, etc




The Lagrangian is thus

1
S= f dd‘xdzx/ﬂr[lﬂxlz +3]X|* - 1a2

85

: +F%}J + Scs.

The Chern-Simons term is given by

ws(Ag)]

where dm5 = TrF3, N, is the number of colors, and
AL,R—HL,R-‘H‘HE,RF where (4 are the generators of
SU(Ny)p g normalized so that Tr4r? = §9°/2 and 7=
1//2N; is the generator of the U(1) subalgebra of
U(Ny).
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Holographic nuclear matter in the AdS/QCD model

Youngman Kim,"* Chang-Hwan Lee,”" and Ho-Ung Yee'~
'School of Physics, Korea Institute for Advanced Study, Seoul 130-722, Korea

*Department of Physics, Pusan National University, Busan 609-735, Korea
(Received 8 January 2008; published 30 April 2008)

We study the physics at finite nuclear density in the framework of the AdS/QCD model with a
holographic baryon field included. Based on a mean field type approach, we introduce the nucleon density
as a bi-fermion condensate of the lowest mode of the baryon field and calculate the density dependence of
the chiral condensate and the nucleon mass. We observe that the chiral condensate as well as the mass of
nucleon decrease with increasing nuclear density. The resulting density dependence 1s, however, much
weaker than those obtained 1n earlier studies based on other QCD effective theories. We also consider the
mass splitting of charged vector mesons in isospin asymmeitric nuclear matter.



(N(2,2)7"N(z,2)) = > f(2)*((x)0(2)); pp = @(x)T(x))

1. Chiral condensate x, = (x)

3 3

1 g
[07 — ?,} + 3 — X0 = 1—3(sz fir)Ps  where ps = (U(2)0(z)).

1 .
Xo(2) = g Ma? + Er:rz&?

2. In-medium nucleon mass (iteratively)
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mean-field (scalar number density) only
PB = CPo

What about mean—field approach + standard AdS/CFT (number density) ?
Note, however, that the scalar in nuclear matter is not chiral partner of the pion

in mean field approach.

How to build a hQCD model with non—chiral scalar and U(1) vector?



Heavy quarkonium in a holographic QCD model

Youngman Kim,' Jong-Phil Lee,! and Su Houng Lee?

'School of Physics, Korea Institute for Advanced Study, Seoul 130-722, Korea

*Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749, Korea
(Received 1 April 2007; revised manuscript received 3 May 2007; published 20 June 2007)

Encouraged by recent developments in AdS/QCD models for the light quark system, we study heavy
quarkonium in the framework of the AdS/QCD models. We calculate the masses of ¢¢ vector meson states
using the AdS/QCD models at zero and at finite temperature. Among the models adopted in this work, we
find that the soft-wall model describes the low-lying heavy quark meson states at zero temperature
relatively well. At finite temperature, we observe that once the bound state is above T, its mass will
increase with temperature until it dissociates at a temperature of around 494 MeV. It is shown that the
dissociation temperature is fixed by the infrared cutoff of the models. The present model serves as a
unified nonperturbative model to investigate the properties of bound quarkonium states above T,.
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FIG. 1. The mass of the ¢¢ bound state in the vector channel at
finite temperature, obtained in the soft-wall model. Here we
show the first two modes, n = 0, 1.

TH = \Jc/, and so the predicted dissociation temperature
in the soft-wall model is —~494 MeV.



Effect of the gluon condensate on the holographic heavy quark potential

Youngman Kim™*
Asia Pacific Center for Theoretical Physics and Department of Physics,
Pohang University of Science and Technology, Pohang, Gyeongbuk 790-784, Korea
and School of Physics, Korea Institute for Advanced Study, Seoul 130-722, Korea

Bum-Hoon Lee’
Department of Physics, Sogang University, Seoul 121-742, Korea and CQUeST, Sogang University, Seoul 121-742, Korea

Chanyong Park”
CQUeST, Sogang University, Seoul 121-742, Korea and Division of Interdisciplinary Mathematics,
National Institute for Mathematical Sciences, Daejeon 305-340, Korea

Sang-Jin Sin®
Department of Physics, BK21 Program Division, Hanyang University, Seoul 133-791, Korea
(Received 25 August 2008; published 16 November 2009)

The gluon condensate is very sensitive to the QCD deconfinement transition since its value changes
drastically with the deconfinement transition. We calculate the gluon condensate dependence of the heavy
quark potential in AdS/CFT to study how the property of the heavy quarkonium is affected by a relic of the
deconfinement transition. We observe that the heavy quark potential becomes deeper as the value of the
gluon condensate decreases. We interpret this as a dropping of the heavy quarkonium mass just above the
deconfinement transition. We finally argue that dropping of the gluon condensate and the pure thermal
effect are competing with each other in the physics of heavy quarkonium at high temperature.



Towards the gravity dual of quarkonium in the strongly coupled QCD plasma

Hovhannes R. Grigoryan
Physics Division, Argonne National Laboratory, Argonne, Illlinois 60439-4843, USA

Paul M. Hohler and Mikhail A. Stephanov
Department of Physics, University of lllinois, Chicago, lllinois 60607-7059, USA
(Received 2 April 2010; published 13 July 2010)

We build a “bottom-up™ holographic model of charmonium by matching the essential spectral data. We
argue that these data must include not only the masses but also the decay constants of the J/« and '
mesons. Relative to the “soft-wall” models for light mesons, such a matching requires two new features in
the holographic potential: an overall upward shift as well as a narrow “dip” near the holographic
boundary. We calculate the spectral function as well as the position of the complex singularities
(quasinormal frequencies) of the retarded correlator of the charm current at finite temperatures. We
further extend this analysis by showing that the residue associated with such a singularity is given by the
boundary derivative of the appropriately normalized quasinormal mode. We find that the “melting™ of the
J /i spectral peak occurs at a temperature T = 540 MeV, or 2.87 ., in good agreement with lattice results.



Upe) = U + & =3/(4z2%) + (a*2)* + ¢°.

EKPEI'ifHE‘:['I[ U[ﬂ]‘ l.--"Ir[ a,c)
Observable (MeV) (MeV) (MeV)
My, 3096 3096# 3096*
M 3685 4378 3685*
fiw 416 348 145
fu 296 348 173
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FIG. 3. Rescaled spectral function, Eq. (32), at T = 200 (solid

curve), 400 (dashed curve), and 600 MeV (dotted curve) in the
holographic model of this paper.

Finally, we find that the new features of the holographic
potential, such as the dip, which we introduce to model
quarkonium more realistically, strengthen the robustness of
the J/ i peak, allowing it to persist out to temperatures of
about 540 MeV, 1.e., 2.87,., according to our criterion.



Heavy quarkonium states with the holographic
potential

Defu Hou® and Hai-cang Ren®”

* Institute of Particle Physics, Huazhong Normal University,
Wuhan 430079, China
E-mail: hdf@iopp.ccnu.edu.cn

b Physics Department, The Rockefeller University,
1230 York Avenue, New York, NY 10021-6399, [J.5.A.
E-mail: ren@mnail .rockefeller.edy

ABSTRACT: The quarkonium states in a gquark-gluon plasma is examined with the heavy
quark potential implied by the holographic principle. Both the vanila AdS-Schwarzschild
metric and the one with an infrared cutoff are considered. The dissociation temperature is
calculated by solving the Schrodinger equation of the potential model. In the case of the
AdS-Schwarzschild metric with a IR cutoff, the ratios of the dissociation temperatures for
J/ip and T with the U-ansatz of the potential to the deconfinement temperature are found

to agree with the lattice results within a factor of two.



ansatz | J/v(holographic) | J/u(lattice) | T(holographic) | T (lattice)
F NA 1.1 1.3-2.1 2.3
U 1.2-1.7 2.0 2.5-4.2 4.5

Table 3: The ratio T4/T. for the 1S state from the holographic potential and that from the lattice
QCD



Deconfinement phase transition in holographic QCD with matter

Youngman Kim™*
School of Physics, Korea Institute for Advanced Study, Seoul 130-722, Korea

Bum-Hoon Lee’

Department of Physics, Sogang University, Seoul, Korea 121-742
and CQUeST, Sogang University, Seoul, Korea 121-742

Siyoung Nam' and Chanyong Park®
CQUeST, Sogang University, Seoul, Korea 121-742

Sang-Jin Sin/!

Depariment of Physics, BK21 Program Division, Hanyang University, Seoul 133-791, Korea
(Received 4 July 2007; published 22 October 2007)

In the framework of a holographic QCD approach we study the influence of matter on the deconfine-
ment temperature T,.. We first consider the quark flavor number (Ny) dependence of T,.. We observe that
T, decreases with Ny, which is consistent with a lattice QCD result. We also delve into how the quark
number density p, affects the value of 7. We find that T, drops with increasing p,. In both cases, we
confirm that the contributions from quarks are suppressed by 1/N_, as it should be, compared to the ones
from a gravitational action (pure Yang-Mills theory).
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Isospin and strangeness matter: K—I. Kim, Y. Kim, S. H. Lee
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FIG. 2: The critical temperature at finite strange density. The solid line is for ¢; # 0 while the

dashed line 1s for ¢, = 0. where ¢, = cszfn and cp = C{;.Z,}'L.
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FIG. 4: The critical temperature at finite isospin. The dashed line is for ¢; = 0 while the solid

line is for ¢; £ 0 (EI = c;zfn).



Quark number susceptibility with finite chemical
potential in holographic QCD

Youngman Kim,*? Yoshinori Matsuo,” Woojoo Sim,” Shingo Takeuchi® and
Takuya Tsukioka”
* Asia Pacific Center for Theoretical Physics,
Pohang, Gyeongbuk 790-784, Korea
b Department of Physics, Pohang University of Science and Technology,
Pohang, Gyeongbuk 790-7584, Korea
¢ Harish-Chandra Research Institute,
Chhatnag Road, Jhusi, Allahabad 211019, India
E-mail: ykim@apctp.org, ymatsuo@hri.res.in, space@apctp.org,
shingo@apctp.org, tsukioka@apctp.org

ABSTRACT: We study the gquark number susceptibility in holographic QCD with a finite
chemical potential or under an external magnetic field at finite temperature. We first
consider the guark number susceptibility with the chemical potential. We observe that
approaching 7, from high temperature regime, yq /T? develops a peak as we increase the
chemical potential, which confirms recent lattice QQCD results. We discuss this behavior in
connection with the existence of the critical end point in the QCD phase diagram. We also
consider the quark number susceptibility under the external magnetic field. We predict
that the quark number susceptibility exhibits a blow-up behavior at low temperature as
we raise the value of the magnetic field. We finally spell out some limitations of our study.
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Figure 1. x,/(N.N;T?) in the hard wall model for varying p(GeV) with N, =3 and Ny = 2.
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Self-bound dense objects in holographic QCD

Kyung Kiu Kim,* Youngman Kim®“ and Yumi Ko”
@ Institute for the Early Universe, Fwha Womans Uniwersity,
Seoul 120-750, Korea

b Asia Pacific Center for Theoretical Physics,
Pohang, Gyeongbuk 790-784, Korea

©Department of Physics, Pohang University of Science and Technology,
Pohang, Gyeongbuk 790-784, Korea

E-mail: kimkyungkiu@gmail .com, ykim@apctp.org, koyumi@apctp.org

ABSTRACT: We study a self-bound dense object in the hard wall model. We consider a
spherically symmetric dense object which is characterized by its radial density distribution
and non-uniform but spherically symmetric chiral condensate. For this we analytically
solve the partial differential equations in the hard wall model and read off the radial
coordinate dependence of the density and chiral condensate according to the AdS/CFT
correspondence. We then attempt to describe mucleon density profiles of a few nuclei
within our framework and observe that the confinement scale changes from a free nucleon
to a nucleus. We briefly discuss how to include the effect of higher dimensional operator
into our study. We finally comment on possible extensions of our work.
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Figure 5. Nucleon density as a function of the distance to the center of the nucleus obtained
from holographic QCD: 1/z, ~ 7T2.8MeV for A = 20, and 1/2,, ~ 79.0MeV for A = 50, and
1/2m ~ T8.5MeV for A = 70.



THE PION FORM FACTOR IN AdS/QCD

HERRY J. KWEE* and RICHARD F. LEBED'

Department of Physics, Arizona State University,
Tempe, AZ 85287-1504, USA
* E-mail: Herry. Kwee@asu. edu
t E-mail: Richard. Lebed@asu. edu

http://phy. asu.edu

Holographic QCD provides a unique framework in which to compute QCD
observables. In this talk we summarize recent numerical work on computing
the pion electromagnetic form factor using an AdS/QCD action that includes
both spontaneous and explicit chiral symmetry breaking. We consider both
hard- and soft-wall model results and develop an intermediate background
that supports the best features of both. We also begin to see possible evidence
in the fit for the presence of 1/N. corrections.



Baryon physics in holographic QCD

Alex Pomarol ®, Andrea Wulzer ®*

4 [FAE, Universitat Autonoma de Barcelona, 08193 Bellaterra, Barcelona, Spain
® Institut de Théorie des Phénoménes Physiques, EPFL, CH-1015 Lausanne, Switzerland

Received 25 July 2008; received in revised form 9 September 2008; accepted 7 October 2008
Available online 11 October 2008

Abstract

In a simple holographic model for QCD in which the Chern—Simons term is incorporated to take into
account the QCD chiral anomaly, we show that baryons arise as stable solitons which are the 5D analogs of
4D skyrmions. Contrary to 4D skyrmions and previously considered holographic scenarios, these solitons
have sizes larger than the inverse cut-off of the model, and therefore they are predictable within our effective
field theory approach. We perform a numerical determination of several static properties of the nucleons
and find a satisfactory agreement with data. We also calculate the amplitudes of “anomalous™ processes
induced by the Chern—Simons term in the meson sector, such as @ — 7y and @ — 37. A combined fit to
baryonic and mesonic observables leads to an agreement with experiments within 16%.



Table 1

Predictions for the baryon static quantities where Ms. L
and « have been determined from the experimental values
of Fr =87MeV.m,=7T75MeV and F,,/F, =0.88.

Experiment AdSs
My (MeV) 940 1140
J ) (fm) 0.79 0.94
gA 1.25 1.0

Kp — Mn =2y 4.7 3.9




Table 2
Prediction of the anomalous partial decay widths in MeV where

Ms. L and « have been determined from the experimental val-
ues of Fr =87 MeV.m, =775MeV and F,,/F, =0.88.

Experiment AdSs
I'lw— my) 0.75 0.86
I'iw — 3m) 7.6 6.1
I'lp—my) 0.068 0.072
IMw— T 8.2 x 107 7.9 x 1074

Iw— mee) 6.5 x 10~ 78 %1077




Table 3

Global fit of mesonic and baryonic physical quantities. Masses. decay constants
and widths are given in MeV. The RMS error of the fit is 16%. Physical masses
have been used in the kinematic factors of the partial decay widths.

Experiment AdSs Deviation
mp 775 850 +10%
Ma, 1230 1390 +13%
My, 782 850 +9%
F, 153 175 +14%
F,/F, 0.88 0.90 +2%
Fr 87 91 +5%
Spmn 6.0 5.4 —10%
Lo 6.9 x 1072 6.2 x 1073 —10%
Lo ~5.5%x 1073 —6.2% 1073 +12%
My 940 1180 +25%
N (rf g) (fm) 0.79 0.87 +21%
gA 1.25 0.98 —21%
Ip — [n 4.7 3.7 —22%
MNw—1y) 0.75 0.82 +10%
I'w— 3m) 7.5 7.1 —6%
I'p—my) 0.068 0.072 +5%
Mo — 7w 82x 1074 74 %1074 —9%
I — mee) 6.5 x 1073 7.4 %1073 +14%




Completing the framework of AdS/QCD: h,/b;
mesons and excited w/p’s

S. K. Domokos,” J. A. Han.-'ey,b A. B. Royston®

@ Department of Particle Physics and Astrophysics
Weizmann Institute of Science, Rehovot 76100, Israel
b Enrico Fermi Institute and Department of Physics
5640 Ellis Ave., Chicago IL 60637, USA
“NHETC and Department of Physics and Astronomy, Rutgers University
126 Frelinghuysen Rd., Piscataway NJ 08855, USA
E-mail: sophia.domokos@weizmann.ac.il, j-harvey@uchicago.edu,
aroyston@physics.rutgers.edu

ABSTRACT: We extend the *hard wall” gravity dual of QCD by including tensor fields by
that correspond to the QCD guark bilinear operators go*g. These fields give rise to a
spectrum of states which include the hy and b; mesons, as well as a tower of excited w/p
meson states. We also identify the lowest-dimension term which leads to mixing between
the new p states and the usual tower of p mesons when chiral symmetry is broken.



