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1 Introduction

e Most challenging problem of strong interaction dynamics: determine the composition of hadrons in

terms of their fundamental QCD quark and gluon degrees of freedom

e Recent developments inspired by the AAS/CFT correspondence [Maldacena (1998)] between string
states in AdS space and conformal field theories in physical space-time have led to analytical insights

into the confining dynamics of QCD
e Description of strongly coupled gauge theory using a dual gravity description!

e Strings describe spin-.J extended objects (no quarks). QCD degrees of freedom are pointlike particles

and hadrons have orbital angular momentum: how can they be related?

e Light-front (LF) quantization is the ideal framework to describe hadronic structure in terms of quarks
and gluons: simple vacuum structure allows unambiguous definition of the partonic content of a

hadron, exact formulae for form factors, physics of angular momentum of constituents ...
e Frame-independent LF Hamiltonian equation P, P*|P) = M?|P) similar structure of AdS EOM
e First semiclassical approximation to the bound-state LF Hamiltonian equation in QCD is equivalent to

equations of motion in AdS and can be systematically improved
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2 Light Front Dynamics

e Different possibilities to parametrize space-time [Dirac (1949)]

e Parametrizations differ by the hypersurface on which the initial conditions are specified. Each evolve

with different “times” and has its own Hamiltonian, but should give the same physical results

It
e Instant form: hypersurface defined by ¢ = 0, the familiar one 1=
e Front form: hypersurface is tangent to the light coneat 7 =t + 2 / c=20 %
ey ;
zt =294 23 light-front time
=20 — 23 longitudinal space variable
kt = kY + k3 longitudinal momentum (kT > 0) A

k— =kY — k3 light-front energy

k'xzé(k+x_+k_$+)—kJ_'XJ_

On shell relation k? = m? leads to dispersion relation k£~ = R
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e QCD Lagrangian

1 y _ _
Lqocp = —4—92Tr (GM"' G ) + i DyyFap + mapy

e LF Momentum Generators P = (P, P~ P ) in terms of dynamical fields 1, A |

(iVL)Zﬂ- m?
10T

1 + interactions

/dafd%q@ At

de~d*x | Yy TioTy

1
2

~
_+_
I
v—\“\

P, = §/d:vd2xL@fy+iVLw

e LF Hamiltonian P~ generates LF time translations

Y(2), PT] =i (@)

ox+

and the generators P and P | are kinematical
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Light-Front Fock Representation P

e Dirac field 1, expanded in terms of ladder operators on the initial surface x* = 20 + 23

dat d? 2 2
Z/ ! qL ql —I;m ) bi(Q)bA(q) + interactions
q

Sum over free quanta ¢ = q¢q+m plus interactions (m2 = ( for gluons)

e Construct light-front invariant Hamiltonian for the composite system: Hyp = P, P! = P_PWL—PzL
2
Hic [Yu) = My |¥n)

e State |¢y(P)) = |[¢g (P, P, J,)) is an expansion in multi-particle Fock eigenstates |n) of the
free LF Hamiltonian:

[Yr) = bnuln)

e Fock components wn/H(azi, k|, )\:f) are independent of P and P| and depend only on relative
partonic coordinates: momentum fraction x; = kj/P”L, transverse momentum k | ; and spin A?

En:xi = 1, i:kJ_Z =0.
=1 =1
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e Compute M? from hadronic matrix element

(Yu (P Hrp|a(P)) =My (Yu(P) [ (P))

Find

p p ki, +mj 2 . .
M3, = Z/[dwz] [d km Z ( ) ‘wn/H(xi, ku)‘ -+ Interactions
n Y Lq

e Phase space normalization of LFWFs

Z/ da;] [d2kﬂ'] ’wn/h(xi7kj_i)}2 =1

e Interms of n—1 independent transverse impact coordinates b ;, j = 1,2,...,n—1,
—Vi,, ™ . |
M3 = Z H /d:zsjd by, (i bi) Z( L; >¢n/H($i, b ;)+interactions
n j=1 q

e Normalization
n—1

> 11 / dzjd®b [P (s, b15) =1
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3 Semiclassical Approximation to QCD 2
(1—x)

e Consider a two-parton hadronic bound state in transverse impact space in the limit m, — 0

= 5

e Separate angular, transverse and longitudinal modes in terms of boost invariant transverse variable:
¢* =x(1 —x)b? - Ink, space key variable is the LF KE k% /z(1 —z) -

1 /deL ¥ (z, b1 )(— VbL) Y(x, b, ) + interactions
—x

w(x7C790) - ﬁe
e Find (L = |M|)
2 2
M = [aco (Ve (i - 1o+ 5 ) S+ [acor© v o)

where the confining forces from the interaction terms is summed up in the effective potential U ({)
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e Ultra relativistic limit m, — 0 longitudinal modes X(x) decouple and LF eigenvalue equation
Hir|o) = M?|¢) is a LF wave equation for ¢

d*> 1 —4L? 5
(g~ am t UG o0 =M
A ~~ - con finement
kinetic energy of partons

e Effective light-front Schrodinger equation: relativistic, frame-independent and analytically tractable

e Eigenmodes ¢(C) determine the hadronic mass spectrum and represent the probability amplitude to

find n-massless partons at transverse impact separation ( within the hadron at equal light-front time

e LF modes ¢(¢) = ((|¢) are normalized by

(6]¢) = / de [(Clo)? =1

e Semiclassical approximation to light-front QCD does not account for particle creation and absorption

but can be implemented in the LF Hamiltonian EOM
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Hard-Wall Model

e Consider the potential (hard wall)

0 if (<
U(() = | <= facp
oo if (> YeYers

e If L? > 0 the Hamiltonian is positive definite (¢ }HfF‘ ¢) > 0 and thus M? > 0

If L? < 0 the Hamiltonian is not bounded from below ( “Fall-to-the-center” problem in Q.M.)

Critical value of the potential corresponds to L. = 0, the lowest possible stable state

Solutions:

¢1.(¢) = Cr\/CTL (M)

e Mode spectrum from boundary conditions

1
qb(C N AQCD) =Y

M? = BrrAqep

Thus
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e Excitation spectrum hard-wall model:

I ' 1 I ' T y
i 1 f, (2050)
(@) (b) a, (2040
— 4 [ 1
> r, (1670) Py (1690)
8 2 i a, (1450)
S t il a, (1320)
Q b, (1235) b “385)
3 21— — w, (1670)
o (782)
m (140) p (770)
i 1 f, (1270)
a, (1260)
old l . , |
0 2 4 0 2
113629%%16 L L

Light-meson orbital spectrum Agcp = 0.32 GeV

LC 2009, Brazil, July 9, 2009

Page 11



Holographic Mapping

Holographic mapping found originally by matching expressions of EM and gravitational form factors of
hadrons in AdS and LF QCD [Brodsky and GdT (2006, 2008)]
Substitute  ®(¢) ~ ¢3/2¢(¢), ¢ — z in the conformal LFWE

( d>  1—4L?

- ) 90 = M)

Find:
2202 — 320, + 2°M? — (uR)?] ®(2) = 0
with (1 R)? = —4 + L?, the wave equation of string mode in AdS !
Isomorphism of SO(4, 2) group of conformal QCD with generators P*, M*, D, K* with the group
of isometries of AdSs5 space: x* — Az, z — Az

2_R2

ds” = ?(nwdx“da:” — dz?%)

AdS Breitenlohner-Freedman bound (p.R)? > —4 equivalent to LF QM stability condition L? > 0

Conformal dimension A of AdS mode P given in terms of 5-dim mass by (R)? = A(A —4). Thus

A = 2 + L in agreement with the twist scaling dimension of a two parton object in QCD
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[ ] AdS5 metrIC 5-Dimensional Confinement
Antl-de Sitter Radius
Spacetime

ds? = 22 @ wdrtdr” —dz?) - e

J ¥ : e " Boundary

L
AdS LMinkowski

e A distance L pq4g shrinks by a warp factor

as observed in Minkowski space (dz = 0):

; 4-Dimensional
“— Filat Spacetime
{hologram)

Z
L linkowski ~ I Lags

e Different values of z correspond to different scales at which the hadron is examined

e Since zt — Axt, 2 — Az, short distances x,x* — 0 maps to UV conformal AdS5 boundary

z — 0, which corresponds to the () — oo UV zero separation limit

e Large confinement dimensions xﬂx“ ~ l/A%QCD maps to large IR region of AdS5, z ~ l/AQCD,

thus there is a maximum separation of quarks and a maximum value of z at the IR boundary
e Local operators like O and Lqcp defined in terms of quark and gluon fields at the AdS5 boundary
e Use the isometries of AdS to map the local interpolating operators at the UV boundary of AdS into the

modes propagating inside AdS
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4 Higher-Spin Bosonic Modes
Hard-Wall Model
o AdSgy41 metric xf = (zH, 2):

2
ds® = gemdatde™ = R—Q(nﬂydx“daz” — dz?)
2

e Action for gravity coupled to scalar field in AdSg4 1
1
S = / dd+1x\/_ (R 2A) 5 ~(g" 090, ® — p2®?) )
SG §z\r4

e Equations of motion for S,

uR
2z

z3az(%azq>> — 9,0°D — ( ) O =0

Physical AdS modes ®p(x,2) ~ e *I% ®(z) are plane waves along the Poincaré coordinates

with four-momentum PP# and hadronic invariant mass states P, P# = M?

e Factoring out dependence of string mode ® p(x, z) along z*-coordinates

[zz(?g —(d—1)20, + 2*M?* — (,uR)ﬂ P(z) =0
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e Spin J-field on AdS represented by rank-J totally symmetric tensor field CID(x, Z)gl...gJ [Fronsdal;

Fradkin and Vasiliev]

e Action in AdS; for spin-J field

1

Su =3 /dd+1x\/§ (a@gl...@aﬁ@@l”% — 20y, O 4 )

e Each hadronic state of total spin J is dual to a normalizable string mode
—iP-
Pp(z,2)pyp, =€ 7 T P(2) gy

with four-momentum P/u spin polarization indices along the 3+1 physical coordinates and hadronic
invariant mass P, PH = M?

e For string modes with all indices along Poincaré coordinates, ®,,,....; = @y z.n, = - =0
and appropriate subsidiary conditions system of coupled differential equations from S reduce to a

homogeneous wave equation for ®(2) ;...
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Obtain spin-J mode ®,,, ..., , with all indices along 3+1 coordinates from ® by shifting dimensions

2,(:)= (%) a(2)

e Normalization [Hong, Yoon and Strassler (2006)]

Zmax dz
d—2J—
R 1/0 izt 27(z) = 1

Substituting in the AdS scalar wave equation for ¢
[z%f —(d—1-2J)20, + 2*M?*— (,uR)2] d; =0

upon fifth-dimensional mass rescaling (uR)? — (uR)? — J(d — J)

Conformal dimension of J-mode

A= % (d+ J(d—27)2 1 4u2R2>

and thus (uR)? = (A — J)(A —d +J)
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e Upon substitution z— ( and

$.(Q)~ ¢T3 B 4(¢)

we recover the QCD LF wave equation (d = 4)

d2

1 —4L2

(_ch -

4(2

) Puureopy = M2¢u1~-w

with (uR)? = —(2 — J)? + L?

e .J-decoupling in the HW model

X

e For L2 > 0 the LF Hamiltonian is positive definite (¢ ;| H7,7z|¢;) > 0 and we find the stability bound

(uR)? > —(2—J)?

e The scaling dimensions are A = 2 + L independent of .J in agreement with the twist scaling dimen-

sion of a two parton bound state in QCD
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Soft-Wall Model

e Soft-wall model [Karch, Katz, Son and Stephanov (2006)] retain conformal AdS metrics but introduce

smooth cutoff wich depends on the profile of a dilaton background field ¢(z) = + K222
S = /ddx dz \/§e¢(z)£,

e Equation of motion for scalar field £ = % (g""0,®0,,® — p*®?)
[z283 —(d—1F 2/1222) 20, + 2 M? — (,uR)ﬂ ®(z) =0
with (uR)? > —4.

e LH holography requires ‘plus dilaton’ ¢ = +k222. Lowest possible state (1 R)? = —4

2,2

M2 =0, ®(z)~z%e "%, )~

A chiral symmetric bound state of two massless quarks with scaling dimension 2: the pion
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e Action in AdS41 for spin J-field
1
Sy = 5 /ddx dz \/§6K222 (65@51...gj(‘9£<1>£1"'£J — /L2(I)gl...gjq)£1m£‘7 4 .. )
e Obtain spin-J mode P, ...,,, with all indices along 3+1 coordinates from ® by shifting dimensions

zZ

2,(:) = (%) @)

e Normalization

d—2J—1 > dz k222 2
R . W € (I)J(Z) = 1.

Substituting in the AdS scalar wave equation for ®
[z28§ — (d—1—2J - 2/4:2,22) 20, + 22 M* — (,uR)z} ®;=0

upon mass rescaling (uR)? — (uR)? — J(d — J) and M? — M? — 2Jk?
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e Upon substitution z—( (J, = L, + S,) wefindford = 4

()~ R D, (0),  (pR)? = —(2— ) + L7

d?2 1 -—4L2

e Eigenfunctions

2n!

g e ()

anL (C) — KH_L

e Eigenvalues 6

S
M2 ps=4k2(n+ L+ )

2
D(z)
4k2 for An = 1
42 for AL = 1
2/12 for AS = ]. 20007 O | 4 | 8 22007 ©

8721A20 z 8721A21 z

Orbital and radial states: (() increase with L and n.
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as (2040)

£:(2050)
3L
2L
a>(1320)
It £(1270)
p(770)
0F w(782)
o i 2 3 4

L

Parent and daughter Regge trajectories for the I = 1 p-meson family (red)

and the I = 0 w-meson family (black) for k = 0.54 GeV
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5 Higher-Spin Fermionic Modes
Hard-Wall Model

e Action for massive fermionic modes on AdS 1: From Nick Evans

S[W, U] = /ddx dz\/g¥(z, 2) (iFEDg — ,u) U(x,z)

Equation of motion: (iFng — ,u) U(xr,z) =0

[i (zngmrg(?m + ng) + ,uR] T(zt) =0

Solution (uR=v+1/2, d=4)
U(z) = C2%2 [J,(zM)uy + Jy i1 (zM)u_]
e Hadronic mass spectrum determined from IR boundary conditions ¢+ (¢ = 1/Aqcp) =0

MT =B,k Agcp, M = But1x Aqep

with scale independent mass ratio

Obtain spin-J mode ® J > % with all indices along 3+1 from W by shifting dimensions

H1-fg—1/27
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SU(6) S L Baryon State
1 1+
56 1 0 N3 (939)
_|_
3 0 A37(1232)
70 1 A N1 (1535) N2 (1520)
31 N3 (1650) N2 (1700) N3 (1675)
1 Az (1620) A3 (1700)
+ +
56 1 2 N27(1720) N27(1680)
3 2 ALT(1910) A3T(1920) A3T(1905) AZT(1950)
70 1 3 N5~ NI
3 3 N3~ N3 NI (2190) N§ (2250)
13 A27(1930) AL~
7+ 9+
56 : 4 N3 N3 (2220)
+ 7+ 9+ 11+t
70 L1 5 N% N4 (2600)
3 7 9 11— 13—
5 5 N3 N3 N5 N5
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0

e Excitation spectrum for baryons in the hard-wall model: M ~ L + 2n
| | ' | '
N (2600)/'
~ () y (b)
// + A (2420) .
Vs 7
N (2250) //
N (2190) o~ — A (1950) //
N (1700) Pid A (1920) e
N (1675) }’ A (1910) s,
N (1650) s, A (1905) s
— N(1535) o N (2220) - o,
N (1520) //
t/,’ A (1232)
o
— N (1720) B —— 56
N (1680) A (1700) - 70
. A (1620)
N (939)
1 1 | | | |
0 2 4 0 2 4
L L

1-2006
8694A14

Light baryon orbital spectrum for AQC p = 0.25 GeV in the HW model. The 56 trajectory corresponds to L even

P = + states, and the 70 to L odd P = — states: (a) [ = 1/2and (b) [ = 3/2
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Soft-Wall Model
e Equivalent to Dirac equation in presence of a holographic linear confining potential

d
[z’ (znemfg(‘?m + §Fz) + uR + /<a2z] W (zh) =0.

e Solution (uR=v+1/2,d=4)
Uy(z) ~ z%+”6_”222/2LZ(ﬁ2z2)
U_(2) ~ Z%+1/€—f~c2z2/2LTyz—|—1(/€2z2)
e Eigenvalues
M =4k (n+v+1)

e Obtain spin-J mode (I)/u---/u_l/z’ J > % with all indices along 3+1 from W by shifting dimensions
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4Kk2 for An = 1

N(1710)

N(1680)
N(1720)

A(1920)
- A(1600) A(1910)
A(1232)
0 I 2 3 4

42 for AL = 1
262 for AS = 1
=3 n=2 n=1 n=0

A(2420)

A(1950)
A(1905)

Parent and daughter 56 Regge trajectories for the /N and A baryon families for k = 0.5 GeV
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6 Other Applications of Gauge/Gravity Duality to QCD

e Chiral symmetry breaking [Erlich, Katz, Son and Stephanov, Da Rold and Pomarol .. .]
e Hadronic spectrum [Boschi-Filho, Braga, Frederico, Forkel, Beyer, Vega, Schmidt ...]

e Electromagnetic, gravitational and transition form-factors of composite hadrons
[Abidin and Carlson, Grigoryan and Radyushkin, Kwee and Lebed, Brodsky and GdT ...]

e DIS and Pomeron Physics [Polchinski, Strassler, Brower, Tan, Ballon Bayona, Boschi-Filho, Braga ...]

e Quark and gluon matter at extreme conditions in heavy ion physics (RHIC, LHC)

[Policastro, Son, Starinets, Kovtun, Gubser, Kim, Sin, Zahed, Caceres, Giijosa, Edelstein, ...]

e Condensed matter physics [Herzog, Kovtun, Son .. .]

Future Applications of Light-Front Holography
e Introduction of massive quarks (heavy and heavy-light quark systems)

e Systematic improvement (QCD Coulomb forces, higher Fock states (HFS) ...)
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Example: Space- and Time Like Pion Form-Factor (HFS) PRELIMINARY

06

FEe) Ve s Q)]

05

T) = Yegq/x107) + Vegqq/~19997)

M,? — 4k2(n +1/2)

k = 0.54 GeV

I, =130, 'y = 400, T'y» = 300 MeV

Pyags = 13%
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