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AdS/QCD

Higher dimensional dual models, inspired by AdS/CFT
Powerful method for tackling strongly coupled QCD

Reproduce part of the low-lying meson spectrum and decay
constants (within ~15%)

Relatively few tunable parameters®

Naturally incorporate features of existing models (hidden local
symmetry, vector meson dominance, etc.)




Problems with AdS/QCD

Do not consistently include all modes and interactions
relevant to QCD and present in the string dual description
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Problems with AdS/QCD

Do not consistently include all modes and interactions
relevant to QCD and present in the string dual description

C m in MeV
—1/+1 1 140/135
—1 1 775
—1 I =250
+1 1 1230

Rho spectrum matches poorly:

hw.: m{Y = 832 MeV, 1910 MeV, 2994 MeV ...

expt: ™My = 775.49 MeV, 1465 MeV, 1720 MeV ...



Problems with AdS/QCD

In other words: large N, large 4 is not QCD

AdS QCD

AdS 54 Yang-Mills

= 2 —— .
radius of e c9y M = NMtHooft coupling

curvature

gs corrections - 1/Nc corrections

a’ corrections 1/A corrections

Sugra limit: Regge trajectories have zero slope

QCD: Regge trajectories have slope 0.88 GeV-2



Our goals
SKD, J. Harvey, A. Royston [1101.3315;1210.651]
Extend AdS/QCD (hard wall)
to be complete up to al mass (including b1)
to improve matching to higher g excitations

to include all dimension 3 operators

To (boldly) go beyond supergravity:
what can we learn about AdS/QCD (and QCD)
by addressing these issues?
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Approaches to AdS/QCD

“Top-down” models

sugra dual (usually with D-branes) from 10d string theory
[Sakai & Sugimoto; Myers & Thompson; Sonnenschein & Kuperstein; ...]

fewer free parameters; guaranteed field theory dual

”Bottom-up” models [Erlich, Katz, Son, Stephanov 2005; da Rold, Pomarol 2005;
Karch, Katz, Son, Stephanov 2006]

pick confining background
include operators relevant to low-energy phenomena

toy model to go beyond supergravity approximation




Hard-wall Model

[Erlich, Katz, Son, Stephanov; Da Rold, Pomarol]

Bottom-up model

Gravity background: AdS truncated at finite radius

ds® = &

(Nuvdatdx” — sz) with 2z € (e, 29)

2
uv IR

£ : AdS radius
z : (roughly) energy scale with Agep ~ 25 *

Truncated radial coordinate : discrete spectrum




Operator/Field Content

QCD naive AdS
Operator A Field

Jg, = qrY"Tqr Pz
S = qi o Eqr Lz

LI(Ny)
generator
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Operator/Field Content

QCD naive AdS
Operator A Field

Jg, = qrY"Tqr Pz
S = qi o Eqr Lz

LI(Ny)
generator

1 1
..often work in terms of V| = 5 (AC[L,M a5 A%M) and A, = 5 (A%u 7 A%m)

Jv conserved Ja not conserved

q%qg X(1.2) 4

mesons normalizable modes

10



Hard-wall action

Hard wall action:

1 2
Shw == /d4$d2’ \/g 1r |: Y, 5 (F(V)Q 2 F(A>2) 4 ‘DX‘Q ﬂZéX ’X‘2:|
95

mx and scaling dimension related by A(A — 4) = m35£°

Chiral symmetry broken when X takes on a vev:

253/2

1 gB—A

N =D

non-normalizable normalizable

Free parameters: g5, mx, 2o, Mg, O
Original hard wall: fix g5 and myx from perturbative QCD

Nice results for lowest resonances!
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Our goals

Motivated by phenomenology extend the hard wall
b states
better fit for heavier rhos
Include all (naive) dimension 3 QCD operators
Add interactions
break chiral symmetry

break degeneracy of 1~ and 1+




The Missing Mode

[Imoto, Sakai, Sugimoto; Cappiello, Cata, D’ Ambrosio; SKD, J. Harvey, A. Royston]

Naive dimension 3 operators in QCD:
T  qI%y’q¢  @Tq Y'Y T

Ofw = q1%0""q can create both 1~ and 1* resonances [Chizhov;

Shifman; Glozman]:

n Z n o
OO H) = =8 uas ik

(

\/—f(n) (E(pyuky — E(pyvku)

(010, 1p\™ (%))

New type of o” meson in different rep. of flavor group than g
generated by [v: they mix when ysb




How do we realize this operator in (bottom-up)
holography?

. Identify the dual field with appropriate degrees of freedom,
scaling dimension, transformation properties (e.g. global
symmetry in field theory gives gauge symmetry in dual)

. Write down the Lagrangian (will include some arbitrary
parameters)

. Identify appropriate boundary conditions at IR boundary (issue
specific to hard-wall)

. Add interactions (to implement ysb)

. Make predictions, fix undetermined parameters: how do we do?




Dual Field

Source OT with a two-form field in bifundamental of flavor
symmetry group: bun

Must be complex
Must yield total of 3+3=6 physical degrees of freedom

Naively by has twice the number of d.o.f. we need!
20—

generic complex Proca-like
two-form condition




First order action

NO tensor gauge invariance needed (doesn’t work anyway)

Known solution from IIB sugra on AdSsxS°: first order action

S —  sealiy) /MTr {5/\ (D—ii&)b—b/\ (D+7jﬁ*) E} + Som

20 g2 ( (

Add boundary action for consistent variational principle [c.f.
Arutynov & Frolov, 1998]

1 5
Som = / Tr b bt
4lg7 Jom :

in pure AdSsxS° (i.e. CFT): A —20




First order action

NO tensor gauge invariance needed (doesn’t work anyway)

Known solution from IIB sugra on AdSsxS°: first order action

S —  sealiy) /MTr {5/\ (D—ii&)b—b/\ (D+7jﬁ*> E} + Som

4

to be determined

20g? 14

Add boundary action for consistent variational principle [c.f.
Arutynov & Frolov, 1998]

1 5
Som = / Tr b bt
4lg7 Jom :

in pure AdSsxS° (i.e. CFT): A —20




Free equations of Motion

(d—@%*)b:o

b.- 1s a Lagrange multiplier

Project on (anti) self-dual parts of b: bff,/ —

Independent second order equations for b*

[ZQag — 20, + bl o w(p + 2)} b/:fy —

4d transverse/
longitudinal projectors

0, + 42 - 322 ) [(PL - P1) 8]

But related by

2
g
b = e




Free equations of Motion

(d—@%*)b:o

b.- 1s a Lagrange multiplier

Project on (anti) self-dual parts of b: bff,/ —

Independent second order equations for b*

[ZQag — 20, + bl o w(p + 2)} b/:fy —

4d transverse/
longitudinal projectors

0, + 42 - 322 ) [(PL - P1) 8]

But related by

2
g
b = e

Total of 6 d.o.f.



IR boundary conditions (part I)

No obvious hint from QCD

(z=z0) boundary condition: restrict to having normalizable and
non-normalizable polarizations proportional to each other

any other choice explicitly breaks Lorentz invariance

to be determined
from IR data

zd 1 (kz) SRl T, | 1 (k)
2 pilkz) — (e T, | (k)




Two-point function and
IR Boundary Conditions (part II)

Two-point function: to be determined

from IR data

sgn(u)I'(— — non-in r
SR ok 2o (k022 (nonineser

DAL ez
H(u>0) (k) =

) [log (k202) + mey(k, 20)] (k€)2+2

220—29202 yl(p—1)!

(u integer)

Use k=0 limit to determine physically consistent IR boundary
conditions

Spectrum says: no massless pole!




IR boundary condition

Two options: b*(z9)=0 or b (zo)=0 (neglecting additional IR
boundary terms)

J_u—1(kz0) A
Ju+1(k20(; b™(20) = 0

k2o —

J_pu+1(kz0) — ol
JM_—I_l(k:zoO) b (ZO) =0

Need II'* ~ O(1) to avoid zero-momentum pole
k=0 limit:

lim T (k) ~ cp(k, 20) (k€)™ 7° =




IR boundary condition

Two options: b*(z9)=0 or b (zo)=0 (neglecting additional IR
boundary terms)

J_u—1(kz0) A
Ju+1(k20(; b™(20) = 0

k2o —

J_pu+1(kz0) — ol
JM_—I_l(k:zoO) b (ZO) =0

Need II'* ~ O(1) to avoid zero-momentum pole
k=0 limit:

lim T (k) ~ cp(k, 20) (k€)™ 7° =

...50 b (z9)=0 is the only choice! ,,



Summary so far

Added two-form to hard wall model
two towers of (degenerate) 17 and 1 states
First-order action

Fixed IR boundary conditions with physical considerations

How do we do?
U = Upert = 1 gives my ~ 800 MeV (ouch!)
fixing u with b; mass gives u~ 1.8

No chiral symmetry-breaking effects included yet

u should flow with RG!



Chiral Symmetry Breaking

Most experimental data from quadratic order in fields
Include terms leading order in 5d dimension

cubic interaction that gives quadratic contributions
when ysb

mix o and ¢V
produce observed decay b1 — 7+ w

Organizing principles: flavor C, P-invariant; leading in 5d
dimension

For consistency in dimension counting, add other terms
as well




Chiral symmetry-breaking

Roughly of the form bVX

when X=X, mixes b and V modes at quadratic order

gives interaction between pion, b, V at cubic order

Unique dimension 11/2 term P, C, U(Nprx U(Npr invariant
S¢1 = 919695 /d5az\/§ Tr {IA)MNF]]%WNXT s XTFI{WNIA?MN + XF%N%N + ?A)}LWN}?%WNX}

When X=Xo:

S = 201095 [ /G Xo(2) Te [+ Baun B




Chiral symmetry-breaking

Roughly of the form bVX

when X=X, mixes b and V modes at quadratic order

gives interaction between pion, b, V at cubic order

Unique dimension 11/2 term P, C, U(Nprx U(Npr invariant
S¢1 = 919695 /d5az\/§ Tr {IA)MNF%NXT s XTFI{WNISMN + XF%N%N + IA)}LWN}?%WNX}

When X=Xo:

S = 201095 [ /G Xo(2) Te [+ Baun B

...mixes 0" and p!!




Complete model™* (1n 5d dimension)

Dimension 11/2: contribution to b decay
Sg3 == 7;939295 / \/§ TT(EMNF(JX{)[?% 2 bMNF(Jl\él)DBj\D/[)

Dimension 6: contribution to b quadratic action

5.3 = gagit / V5 Tr {baw XTOMN Xt 1 5], XBHMN x |

mass splitting for parity 1 and -1 towers in b
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Free Parameters and How to Fit Them

hard wall extension

Zo g5 Mg o A | S

Common approach: fix parameters by matching to perturbative
QCD (correlators, scaling dimensions, etc)

fewer free parameters, more predictive models

Erlich, Katz, Son, Stephanov (in original hard wall)
only 3 free parameters, good results

Alvarez, Hoyos, Karch (in extended hard wall)

no new free parameters, correlators produce expected

large Q behavior




Free Parameters and How to Fit Them

UV of hard wall is not UV of QCD (or IR is not IR)
everything not protected by symmetry should flow with RG
Alvarez, Hoyos, Karch: 1~ states heavier than 1 or 1+

or ok spectrum but tiny pion decay constant




Free Parameters and How to Fit Them

UV of hard wall is not UV of QCD (or IR is not IR)
everything not protected by symmetry should flow with RG
Alvarez, Hoyos, Karch: 1~ states heavier than 1 or 1+

or ok spectrum but tiny pion decay constant

Our approach: forget predictive model, do global fit: does it work?




Fit Parameters

hard wall extension

m, I g19bg5 G297

E0zg  108g-7 Oim, =10 1 1A 23 0.3 —3.0

original hard wall rms error: ~0.09 rms error: ~0.28

7 observables 13 observables
3 free parameters 8 free parameters




Comparison to hadronic data
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Possible problems?

Large N counting problems

coupling N. order result
)
91995 ao 0.3

Jaligs s AN 80
gogi Nt 3

Wrong gravity background?
Alvarez et al: better spectrum by changing effective zg
5d dimension counting?

Inconsistent o = ()

other a1/2 states? o’ corrections to background?



Summary and Conclusions

Summary:
developed consistent (basically) unique way to include b;,
correlators match expected large Q behavior [Alvarez, Hoyos,Karch]
5d dimension counting doesn’t work very well

The future:
check other backgrounds, o’ effects
Original hard wall: unreasonably good!

some quantities flow very little from the UV: WHY?







