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We show that the nonperturbative light-front dynamics odtigistic hadronic bound states has a dual semiclassicaitgdescription on a higher
dimensional warped AdS space in the limit of zero quark masses.iiapping of AdS gravity theory to the boundary quantum fiedebry, quantized
at fixed light-front time, allows one to establish a precidatien between holographic wave functions in AdS space hadight-front wavefunctions
describing the internal structure of hadrons. The resyidSQCD model gives a remarkably good accounting of the spectrastieland transition
form factors of the light-quark hadrons in terms of one paraméhe QCD gap scale. The light-front holographic approdescribed here thus
provides a frame-independent first approximation to the {fginit Hamiltonian problem for QCD. This article is based entures at the Niccolo
Cabeo International School of Hadronic Physics, Ferréady, IMay 2011.

1. Introduction

One of the most challenging problems in particle physic® isntderstand hadron dynamics and spectroscopy in termsof th
confined quark and gluon quanta of quantum chromodynarhie$uhdamental theory of the strong interactions. A cegiral is
to compute detailed hadronic properties, such as momentstige functions, distribution amplitudes, transvgrdistributions,
elastic and transition form factors, and the excitationadyits of hadron resonances from first principles; directly from the
QCD Lagrangian. The most successful theoretical apprdaghfar has been to quantize QCD on discrete lattices in desti
space-timé. Lattice numerical results follow from the computation airfie-dependent moments of distributions in Euclidean
space; however, dynamical observables in Minkowski spiace; such as the timelike hadronic form factors, are noaiolet
directly from Euclidean-space lattice computations. DySzhwinger methods have led to many important insightsh 15
the infrared fixed-point behavior of the strong coupling stant? however, in practice, these analyses are limited to ladder
approximation in Landau gauge.

In principle, one could calculate hadronic spectroscomaavefunctions by solving for the eigenvalues and eigestfans
of the QCD HamiltonianH|¥) = E|¥), at fixed timet. However, this traditional method — called the “instant foimg Dirac,?
is plagued by complex vacuum and relativistiteets. In contrast, quantization at fixed light-front (LFph&r = t + z/c — the
“front-formO of Dirac® — provides a powerful boost-invariant non-perturbativehud for solving QCD and constitutes the ideal
framework to describe the structure of hadrons in terms @if uark and gluon degrees of freedom. The simple structiure
the light-front vacuum allows an unambiguous definitiontef partonic content of a hadron in QCD and of hadronic ligbitf
wavefunctions (LFWFs), the underlying link between larggtatice hadronic states and the constituent degrees obfreatl
short distances. Thus, one can also solve QCD by diagonglikie light-front QCD Hamiltoniai . The spectrum and light-
front Fock-state wavefunctions are obtained from the eigleies and eigensolutions of the Heisenberg probgaiy) = M?|y),
which becomes an infinite set of coupled integral equationghfe light-front components, = (nly) in the Fock expansion.
This nonperturbative method has the advantage that it iseffilmdependent, operates in physical Minkowski space;tiamd
has no fermion-doubling problefnlt has been applied successfully in lower space-time diiessIn practice, however, the
resulting large matrix diagonalization problem ir-3 space-time has proven to be a daunting task, so altermaétieods and
approximations are necessary.
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The AdSCFT correspondence between gravity or string theory on hemidimensional anti—-de Sitter (AdS) space and
conformal field theories (CFT) in physical space-titrigas led to a semiclassical approximation for strongly-tediguantum
field theories which provides physical insights into its perturbative dynamics. The correspondence is holograpltie sense
that it determines a duality between theories ifiedtent number of space-time dimensions. In practice, thétgyaovides an
effective gravity description in ad(+ 1)-dimensional AdS space-time in terms of a fliadimensional conformally-invariant
quantum field theory defined at the AdS asymptotic bourfdafjus, in principle, one can compute physical observables in
strongly coupled gauge theory in terms of a classical gydkigory.

Anti-de SitterAdSs space is the maximally symmetric space-time with negativeature and a four-dimensional space-time
boundary. The most general group of transformations tlaael¢heAd Sy, differential line element

R?
de = g(q,wdmxv—df), (1)

invariant, the isometry group, has dimensiods-1)(d + 2)/2 (Ris the AdS radius). Five-dimensional anti-de Sitter spad&A
has 15 isometries, in agreement with the number of generafdhe conformal group in four dimensions. Since the AdSimet
(1) is invariant under a dilatation of all coordinat¢s— Ax* andz — Az, it follows that the additional dimension, the holographic
variablez, acts as a scaling variable in Minkowski spacdfetent values of correspond to dierent energy scales at which the
hadron is examined. As a result, a short space-like or tikeethvariant interval near the light-cong,x* — 0 maps to the
conformal AdS boundary near— 0. This also corresponds to tiig — oo ultraviolet (UV) zero separation distance. On the
other hand, a large invariant four-dimensional intervataifinement dimensiong,x* ~ 1/AécD maps to the large infrared (IR)
region of AdS space ~ 1/Aqcp.

QCD is fundamentally dierent from conformal theories since its scale invariandaaken by quantumfects. A gravity
dual to QCD is not known, but the mechanisms of confinementbeamcorporated in the gaufgeavity correspondence by
modifying the AdS geometry in the large IR domain- 1/Aqcp, Which also sets the scale of the strong interactfolmsthis
simplified approach we consider the propagation of hadromwides in a fixed féective gravitational background asymptotic to
AdS space, which encodes salient properties of the QCD tealy, such as the UV conformal limit at the AdS boundary, as
well as modifications of the background geometry in the lar{fe region to describe confinement.

The physical states in AdS space are represented by noabkelimodesbp(x,2) = e'P*®(2), with plane waves along
Minkowski coordinates¢ and a profile functionP(z) along the holographic coordinate The hadronic invariant mass states
P,P* = M? are found by solving the eigenvalue problem for the AdS wapeation. The modified theory generates the point-
like hard behavior expected from QCD, instead of the softali characteristic of extended objetk.is rather remarkable
that the QCD dimensional counting rulé8are also a key feature of nonperturbative matiesed on the gauggravity duality.
Although the mechanisms areffdirent, both the perturbative QCD and the AQED approaches depend on the leading-twist
(dimension minus spin) interpolating operators of the badrand their structure at short distances.

The gauggravity duality leads to a simple analytical and phenomegichlly compelling nonperturbative frame-
independent first approximation to the light-front Hamiitan problem for QCD — “Light-Front Holography™. Incorporating
the AASCFT correspondenéas a useful guide, light-front holographic methods werginoailly introduced?*3by mapping the
Polchinski-Strassler formula for the electromagnetic JEdm factors in AdS spacéto the corresponding Drell-Yan-West ex-
pression at fixed light-front time in physical space-tithé® It was also shown that one obtains identical light-fronidgoaphic
mapping for the gravitational form factdr— the matrix elements of the energy-momentum tensor, byeng the AdS metric
(1) around its static solutiotf.In the usual “bottom-up” approach to the gategavity duality®?°fields in the bulk geometry are
introduced to match the chiral symmetries of QCD and axidhattor currents become the primary entities agfi@otive chiral
theory. In contrast, in light-front holography a direct cestion with the internal constituent structure of hadrisnsstablished
using light-front quantizatiof!-13.17.21

The identification of higher dimensional AdS space with ai physics in physical space-time is specific to the ligbh€:
the Polchinski-Strassler formula for computing transitinatrix elements is a simple overlap of AdS amplitudes, tvimaps
to a convolution of frame-independent light-front wavedtions. This AdS convolution formula cannot be mapped toenir
matrix elements at ordinary fixed tinigsince the instant-time wavefunctions must be boosted &woaythe hadron’s rest frame
— an intractable dynamical problem. In fact, the boost of mpaosite system at fixed tinteis only known at weak binding.
Moreover, the form factors in instant time also require catimg the contributions of currents which arise from thewa#u in
the initial state and which connect to the hadron in the fitetles Thus instant form wavefunctions alone are néligant to
compute covariant current matrix elements in the instambf@ here is no analog of such contributions in AdS. In casttridere
are no vacuum contributions in the light-front formulae ¢arrent matrix elements — in agreement with the AdS formulae

Unlike ordinary instant-time quantization, the Hamiltaniequation of motion in the light-front is frame indepertdamnd
has a structure similar to eigenmode equations in AdS sfdxe.makes a direct connection of QCD with A@ET methods
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possible. In fact, one can also study the AUST duality and its modifications starting from the LF Hailtan equation of
motion for a relativistic bound-state systetiar|y) = M?y) in physical space-tim& where the QCD light-front Hamiltonian
Hir = P,P* = PP~ - P2, P* = PY + P8, is constructed from the QCD Lagrangian using the standathaods of quantum
field theory? To a first semiclassical approximation, where quantum la@ops quark masses are not included, LF holography
leads to a LF Hamiltonian equation which describes the beatatt dynamics of light hadrons in terms of an invariantaoip
kinematical variablg which measures the separation of the partons within theohaatrequal light-front time = x* = x% + x°.

The transverse coordinatas closely related to the invariant mass squared of the itoasts in the LFWF and itsfbshellness

in the LF kinetic energy, and it is thus the natural variabletaracterize the hadronic wavefunction. In faid the only variable

to appear in the relativistic light-front S¢hdinger equations predicted from holographic QCD in theitliof zero quark masses.
The coordinate in AdS space is thus uniquely identified with a Lorentz-ismat coordinate which measures the separation of
the constituents within a hadron at equal light-front tifiee AdSCFT correspondence shows that the holographic coordinate
zin AdS space is related inversely to the internal relativermantum. In fact, light-front holography makes this identfion
precise.

Remarkably, the unmodified AdS equations correspond toitiei& energy terms of the partons inside a hadron, whereas
the interaction terms in the QCD Lagrangian build confinenagr correspond to the truncation of AdS space in faectve
dual gravity approximatioft Thus, all the complexities of the strong interaction dyrzsvdre hidden in anfiective potential
U(¢), and the central question — how to derive tiffieetive color-confining potentidl (¢) directly from QCD, remains open. To
circumvent this obstacle, thefective confinement potential can be introduced either wighap cut- in the infrared region
of AdS space, as in the “hard-wall” modebr, more successfully, using a “dilaton” background in tieéographic coordinate
to produce a smooth cuffoat large distances as in the “soft-wall” modélFurthermore, one can impose from the onset a
correct phenomenological confining structure to deterrttieedfective IR warping of AdS space, for example, by adjusting the
dilaton background to reproduce the observed linear Regbavior of the hadronic mass spectrud? as a function of the
excitation quantum numbers> 2 By using light-front holographic mapping techniques, afs® obtains a connection between
the mass parametgR of the AdS theory with the orbital angular momentum of thestibuents in the light-front bound-state
Hamiltonian equatioA! The identification of orbital angular momentum of the canstits is a key element in our description
of the internal structure of hadrons using holographic@pies, since hadrons with the same quark content, itigrdint orbital
angular momenta, haveftiérent masses.

In our approach, the holographic mapping is carried out enstnongly coupled regime where QCD is almost conformal,
corresponding to an infrared fixed-point. A QCD infrared dixaoint arises since the propagators of the confined quardks an
gluons in the loop integrals contributing to tAdunction have a maximal wavelength2® thus an infrared fixed point appears
as a natural consequence of confinement. The decouplingeotam loops in the infrared is analogous to QED dynamics &her
vacuum polarization corrections to the photon propagatopdple at)? — 0. Since there is a window where the QCD coupling
is large and approximately constant, QCD resembles a amalatheory for massless quarks. One then uses the isometries
AdSs to represent scale transformations within the conformabdaiv. We thus begin with a conformal approximation to QCD
to model an ffective dual gravity description in AdS space. The largeéatise non-conformalffects are taken into account with
the introduction of anfective confinement potential as described above.

Early attempts to deriveffective one-body equations in light-front QCD are describedference’® We should also mention
previous work by 't Hooft, who obtained the spectrum of twimdnsional QCD in the largBc limit in terms of a Schrédinger
equation as a function of the partasvariable?’ In the scale-invariant limit, this equation is equivalemthie equation of motion
for a scalar field in Adgspace?® In this case, there is a mapping between the varialaled the radial coordinate in AgS

2. Light-front bound-state Hamiltonian equation of motion and light-front holography

A key step in the analysis of an atomic system such as poaitrois the introduction of the spherical coordinate ¢ which
separates the dynamics of Coulomb binding from the kinaraldifects of the quantized orbital angular momenturithe essen-
tial dynamics of the atom is specified by the radial Schroeliregiuation whose eigensolutiong, (r) determine the bound-state
wavefunction and eigenspectrum. In our recent work, we sheevn that there is an analogous invariant light-front dowte/
which allows one to separate the essential dynamics of quadlgluon binding from the kinematical physics of constituapin
and internal orbital angular momentum. The result is a sivgriable LF Schrodinger equation for QCD which determithe
eigenspectrum and the light-front wavefunctions of hasron general spin and orbital angular momenttrthus providing a
description of the internal dynamics of hadronic stategims of their massless constituents at the same LFtime® + x°,
the time marked by the front of a light wavénstead of the ordinary instant tinte= x°.

aUsing a mean-field mechanism, affieetive harmonic confinement interaction was obtained ir?Rif.a constituent quark model.
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2.1. Light-front quantization of QCD
Our starting point is th& U(3)c invariant Lagrangian of QCD
Loco = ¥ (i¥'D, - m)y - 365G, (2)

whereD, = 3, — igsAST? andG3, = 9,A2 — §,A% + gsC?*°AD AC, with [Ta, Tb] = ic?°T¢ anda, b, c areS U(3)c color indices.

One can express the hadron four-momentum genePato(P*, P~, P,), P* = P° + P3, in terms of the dynamical fields, the
Dirac fieldy,, wherey. = ALy, A, = y%*, and the transverse field, in the A* = 0 gaugé quantized on the light-front at
fixed light-cone timex*, x* = X% + x®

J— i 2
p— % f dx d?x, s y+wlﬁ+ + (interactions) 3)
P= fdx_dzxi.l;+7+ia+‘//+, (4)
PJ_:%de_dZXLI/?+7+iVﬂ//+, ()

where the integrals are over the null plane x* = 0, the hyper-plane tangent to the light cone. This is théaimialue surface
for the fields where the commutation relations are fixed. TRélamiltonianP~ generates LF time translations

9400 P = 20 (3, ©
to evolve the initial conditions to all space-time, whertgasLF longitudinalP* and transverse momentum are kinematical
generators. For simplicity we have omitted from (3-5) thetdbutions from the gluon field | .

According to Dirac’s classification of the forms of relasitic dynamics’ the fundamental generators of the Poincaré group
can be separated into kinematical and dynamical generatbeskinematical generators act along the initial surfaut laave
the light-front plane invariant: they are thus independ#rihe dynamics and therefore contain no interactions. Hmaahical
generators change the light-front position and dependezprently on the interactions. In additionRd andP_, the kinematical
generators in the light-front frame are theomponent of the angular momenturhand the boost operatét. In addition to
the HamiltonianP~, J* and JY are also dynamical generators. The light-front frame hasntlaximal number of kinematical
generators.

2.2. A semiclassical approximation to QCD

A physical hadron in four-dimensional Minkowski space hasrfmomentun®, and invariant hadronic mass stafe$* = M?
determined by the Lorentz-invariant Hamiltonian equafmrthe relativistic bound-state system

Hiely(P)) = M2y (P)), (7)

with H g = P,P* = P~P* — P2, where the hadronic staig) is an expansion in multiparticle Fock eigenstdtesof the free
light-front Hamiltonian:y) = Y, ¥nly). The statey(P*, P, J9)) is an eigenstate of the total momentéhandP, and the total
spinJ?. Quark and gluons appear from the light-front quantizatibtine excitations of the dynamical fields andA | , expanded
in terms of creation and annihilation operators at fixed loketir. The Fock componenig, (X, K.i, 4;) are independent d?*
andP, and depend only on relative partonic coordinates: the mtumefractionx; = k*/P*, the transverse momentukm; and
spin component!. Momentum conservation requirgs.; X = 1 and},;_, k,; = 0. The LFWFsj, provide aframe-independent
representation of a hadron which relates its quark and gllegmees of freedom to their asymptotic hadronic state.eSioic

each constituerit” = ,/k? + m? + k¥ > 0 there are no contributions from the vacuum. Thus, apant fossible zero modes,
the light-front QCD vacuum is the trivial vacuum. The congnt spin and orbital angular momentum properties of thiedres
are also encoded in the LFWFs. Actually, the definition of uard gluon angular momentum is unambiguous in Dirac’s front
form in light-cone gaugé" = 0, and the gluons have physical polarizat®f= +1.

One can also derive light-front holography using a first stgssical approximation to transform the fixed light-fréime
bound-state Hamiltonian equation of motion in QCD (7) to aresponding wave equation in AdS spaédo this end we
expand the initial and final hadronic states in terms of itskkbomponents. The computation is simplified in the frafne
(P*, M2/P*,0,) whereP? = P*P~. We find

k2
M = Zn:f[d)q][dzkii] Zq] (MTT'@) l¥n(X;, K1)l + (interactions) ®)
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plus similar terms for antiquarks and gluoms,;(= 0). The integrals in (8) are over the internal coordinatetheh constituents

for each Fock state
n n n dzkli n
f[d)“] = 1_1[ fd’“ o1~ JZ; ) f[dzkﬂ] = ﬂlfm 1&36‘2{; " ©)

with phase space normalization
[ 1o e s k)P = 1 (10)
n

Each constituent of the light-wavefunctigi(x, ki, 4i) of a hadron is on its respective mass sk@lk k'k~ — k2, = n?,
i=12---n Thusk™ = (kii + miz)/x| P*. However, the light-front wavefunction represents a stettech is df the light-front
energy shellP~ — 3.k, < 0, for a stable hadron. Scaling det = 3! ki’“ the invariant mass of the constituemts, is

Zkf Z )qmz (11)

The functional dependence for a given Fock state is givearimg of the invariant mass, the measure of tfieenergy shell of
the bound state of theparton LFWFM2— M2.

The LFWFynh(x;, K i, 4i) can be expanded in termsmof 1 independent position coordinates;, j = 1,2, ..., n-1, conjugate
to the relative coordinatds, i, with [ ; b,i = 0. We can also express Eq. (8) in terms of the internal impaatdinates | |
with the result

Zl—[fdxjd bl,wn(x,,b“)Z[ b“‘ )zpn(xj,b“)+(interactions) (12)

n j=1
The normalization is defined by

andx,d b, [yn(x;, by = 1. (13)

n j=1
If we want to simplify further the description of the multgpparton system and reduce its dynamics to a single variable
problem, we must take the limit of quark masses to zero. lkihdbe underlying classical QCD Lagrangian with masslessiau
is scale and conformal invariafitand consequently only in this limit it is possible to map tgeations of motion and transition
matrix elements to their correspondent conformal AdS esgions.
To simplify the discussion we will consider a two-parton fadc bound state. In the limit of zero quark magg— 0

1
M ‘ﬁ XA - x) debLW (% b.) (=V5, )w(x b.) + (interactions) (14)

Forn = 2, the invariant mass iMf]:z = x(l 5" Similarly, in impact space the relevant variable for a {warton state ig? =
X(1-X)b2. Thus, to first approximation LF dynamics depend only on thasbinvariant variablé, or £, and hadronic properties

are encoded in the hadronic maglg) from the relation

w(x.2.g) = dox( 28 (15)

varg

thus factoring out the angular dependegand the longitudinalX(x), and transverse modg/). This is a natural factorization
in the light front since the corresponding canonical getoesa the longitudinal and transverse genera®rsand P, and the

z-component of the orbital angular momentJdfrare kinematical generators which commute with the LF Hami#n generator
P~. We choose the normalizatidep|¢) = fd{ [|p))? = Pqg WherePgg is the probability of finding theq component in the pion

light-front wavefunction. The longitudinal mode is thusmalized asfl XM _ g

x(1-x) —
We can write the Laplacian operator in (14) in circular cgthical coordinates, ¢)
1d/(_ d 1 92
V2 = - —_ _—— 1
N, (§d£)+ 2o (19

and factor out the angular dependence of the modes in terthe Q(2) Casimir representatidr? of orbital angular momentum
in the transverse plane. Using (15) we fihd
1d L?%\¢

2
- [aco Ve (-gz- g+ ) n+ [we@u@wo, an
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whereL = |L?. In writing the above equation we have summed the complexithe interaction terms in the QCD Lagrangian
by the introduction of theféective potentiall (), which is modeled to enforce confinement at some IR scale LHeigenvalue
equationP, P#|¢) = M?|g) is thus a light-front wave equation for
d2  1-4L2 2

(-~ S U@ o0) = o0 18)
a relativistic single-variable LF Schrodinger equatias. digenmodeg(¢) determine the hadronic mass spectrum and repre-
sent the probability amplitude to fingtpartons at transverse impact separatjothe invariant separation between pointlike
constituents within the hadréhat equal LF time. Thus theffective interaction potential is instantaneous in LF timeot in-
stantaneous in ordinary timeThe LF potential thus satisfies causality, unlike the imstacous Coulomb interaction. Extension
of the results to arbitrany follows from thex-weighted definition of the transverse impact variable efrth 1 spectator systeth

&= 73] > xibuil (19)
1

wherex = X, is the longitudinal momentum fraction of the active quarke@an also generalize the equations to allow for the
kinetic energy of massive quarks using Egs. (8) or {2 this case, however, the longitudinal modéx) does not decouple
from the dfective LF bound-state equations.

2.3. Higher spin hadronic modes in AdS space

We now turn to the formulation of bound state equations fosone of arbitrary spid in AdS spacé. As we shall show in
the next section, there is a remarkable correspondenceebptthie equations of motion in AdS space and the equatioreghwhi
govern bound state wavefunctions for the correspondinglanghomentum in light-front theory.

The description of higher spin modes in AdS space is a natslyadifficult problem31-33 A spin-J field in AdSy,1 is rep-
resented by a ran tensor field®(x*)y,..m,, Which is totally symmetric in all its indices. Such a tensontains also lower
spins, which can be eliminated by imposing gauge conditidhe action for a spird-field in AdS;,; space-time in presence of
a dilaton background field(2) (the string frame) is given by

1 y , ,
S = é fddX dZ\/§ e“’(z)(gNN ngMl cee gMJMJ DNq')|\/|1...|\/|J DNr(DMi..AMg
- ,unglMi cee gMJMﬁ(DMl..AMJ(DM'l.A.Ms + - ), (20)

where 1/ = (R/2%1 and Dy, is the covariant derivative which includes parallel traospThe omitted terms in (20) refer
to terms with diterent contractions. The coordinates of AdS are the Minkows&rdinates and the holographic variable
labeledx™ = (x*,2). The d+ 1 dimensional masg is not a physical observable andaspriory an arbitrary parameter. The
dilaton background fielg(2) in (20) introduces an energy scale in the five-dimensiord® Action, thus breaking its conformal
invariance. It is a function of the holographic coordinatghich vanishes in the conformal ultraviolet linsit— 0. In the hard
wall modely = 0 and the conformality is broken by the IR boundary condgiatz = z, ~ 1/Aqcp.

A physical hadron has plane-wave solutions and polari@atidicesM along the 3+ 1 physical coordinates

Op(X, Dyyooty = “P'ch(z)m...m, (21)

with four-momentunP, and invariant hadronic mas% P = M?. All other components vanish identicaly,,..., = Oz, =
- = ®,,.2 = 0. One can then construct affextive action in terms of high spin modés = ®,,,,...,, With only physical
degrees of freedort. In this case the system of coupledfdrential equations which follow from (20) reduce to a honregris
equation in terms of the physical fiedal.

In terms of fields with tangent indices

J
& M M M a
®A1A2“'AJ = eAlleAz2 e eAJJ ®M1M2"'MJ = (ﬁ) (I)A1A2“'AJ’ (22)

we find the ective actiod* (d; = @,,..,,,)

S = % f d'x dz vg &@(g"N andsdn d; — 12d3), (23)

aThis section is based on our collaboration with Hans Guebtesch. A detailed discussion of higher integer and halget spin wave equations in modified
AdS spaces will be given in Réf. See also the discussion in FEf.
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upon rescaling the fifth dimensional mass he vielbeineﬁ,, is defined bygun = e{\*ﬂeﬁnAB, whereA,B=1,--- ,d+1 are tangent
AdS space indices angg has diagonal components (1, - - - , —1). In AdS the vielbein i:ze/,\*,I = (R/z)df,\*,l.
In terms of the AdS field; = ®,,,..,,, we can express thefective action (23)

S= % f d?x dzvG; &@(g"N InDy0n D, — 12 D3), (24)
where we have defined affective metric determinant
V33 = (R/Z d+1-2), (25)
and rescaled the AdS magss$n (23). Variation of the higher-dimensional action (24ya&g the AdS wave equation for the spin-
moded;
[- zde:(: J ﬁz(zfplej 6z) +£) ]cb(z)J = M20(2),, (26)
where the eigenmodg; is normalized according to
R ZJf del 2J (Z)CDZ(Z) = (27)
The AdS mass ig obeys the relation
WR? = (r - -d+J), (28)

which follows from the scaling behavior of the tangent Ad&dfieearz — 0, o, ~ 7.

We can also derive (26) by shifting dimensions fad-apin mode!3¢ To this end, we start with the scalar wave equation
which follows from the variation of (20) fod = 0. This case is particularly simple as the covariant dexigaif a scalar field is
the usual derivative. We obtain the eigenvalue equation

A1 (@ \ R
—waz(ﬁaz) + ( ) ]q) M2 (29)

A physical spind mode®,,..,,, with all indices along 31 is constructed by shifting dimensiofs(z) = (z/R)~®(2). Itis simple
to show that the shifted field,,,,..,, obeys the wave equation (26) which follows from (29) upon sn@scaling gR)*> —
1R)? - J(d - J) + Iz¢'(2).

2.3.1. Non-conformal warped metrics

In the Einstein frame conformal invariance is broken by titeoduction of an additional warp factor in the AdS metrioider
to include confinement forces

ds = (ge)mndxMdx" (30)
- ;—Rjeﬂ@ (madxdx - dZ).

The action is

M M MM
S== fddxdz\/ Vg -0z DO, M; DN Oz

MM M;M’,
i SRRy Kl IVRRVL JVIRVAR ) (31)
whereg¥™ = (ge)MN and @g)un = geﬂ(z)nMN. The flat metricpyn has diagonal components @1, - - - , —1).

The use of warped metrics is useful to visualize the oveaadfioement behavior as we follow an object in warped AdS space
as it falls to the infrared region by thdfects of gravity. The gravitational potential energy for djeat of massnin general
relativity is given in terms of the time-time component o tmetric tensoggo

el@/2
V =mc /(ge)oo = mC»ZR

thus we may expect a potential that has a minimum at the hmdsnalezo and grows fast for larger values ofto confine
effectively a particle in a hadron within distances z. In fact, according to Sonnenschéfa background dual to a confining
theory should satisfy the conditions for the metric compigg,

(92(900)'1:20 =0, gOO|z:zo # 0, (33)

(32)
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to display the Wilson loop area law for confinement of strings
To relate the results in the Einstein frame where hadronidea@ropagate in the non-conformal warped metrics (30) to
the results in the String-Jordan frame (20), we scale awaydilaton profile by a redefinition of the fields in the actiois’

o . . d+1 _
corresponds to the multiplication of the metric determtriany/ge = (5;) " dd+DA@/2 py the contravariant tensogg)MN. Thus
the resuft* ¢(2) —» $LA(2), orp — 31 for AdSs.

2.3.2. Effective confining potentials in AdS

For some applications it is convenient to scale away theatiléactor in the action by a field redefinitiéh For example, for a
scalar field we can shifb — e ¥/?®, and the bilinear component in the action is transformeal hé equivalent problem of a
free kinetic part plus anfeective confining potential (z) which breaks the conformal invarianée-or the spind effective action
(24) we find upon the field redefinitioh; — e ¢/2d;

1 ,
S= é fddX dZ@(gNN OND 30N D —/qu)g - V(Z)q)g)

1. g R d-1-2J 5[
- zl'f‘of x(3)  v@e. @9

with effective metric determinany/gs = (R/2*1-?’ and dfective potentiaV/(2) = % U(2), where

U@ = 3¢ @ + 20 @+ 22 L) (35)
The action (24) is thus equivalent, modulo a surface ternthéoaction (34) written in terms of the rotated fiells —
e¥/2d;. The result (35) is identical to the result obtained in FeAs we will show in the following section, theffective
potential (35), fod = 4, is precisely theféective light-front potential which appears in Eq. (18), wthe LF transverse impact
variable is identified with the holographic variabke
A different approach is discussed in Refvhere the infrared physics is introduced by a back-reactiodel to the AdS
metric. See also Ref§-43

2.4. Light-front holographic mapping

The structure of the QCD light-front Hamiltonian equatid@i for the statéy(P)) is similar to the structure of the wave equation
(26) for theJ-moded,,...,, in AdS space; they are both frame-independent and haveddeeigenvalues\1?, the mass spectrum

of the color-singlet states of QCD. This provides the basisafprofound connection between physical QCD formulatetthén
light-front and the physics of hadronic modes in AdS spaavéVer, important dierences are also apparent: Eq. (7) is a linear
guantum-mechanical equation of states in Hilbert spacereds Eq. (26) is a classical gravity equation; its solstidescribe
spin-J modes propagating in a higher dimensional warped spacesidthynadrons are composite and thus inexorably endowed
of orbital angular momentum. Thus, the identification ofi@bangular momentum is of primary interest in establighin
connection between both approaches. In fact, to a first $&ssical approximation, light-front QCD is formally eqalent to the
equations of motion on a fixed gravitational backgrodrasymptotic to Ad§, where the prominent properties of confinement
are encoded in a dilaton profigz).

As shown in Sect. 2.2, one can indeed systematically redigceR Hamiltonian eigenvalue Eq. (7) to affieetive relativistic
wave equation (18), analogous to the AdS equations, by abgethat eacin-particle Fock state has an essential dependence
on the invariant mass of the system and thus, to a first appation, LF dynamics depend only owZ. In impact space the
relevant variable is the boost invariant variabjlevhich measures the separation of quarks and gluons, archwalgo allows
one to separate the bound state dynamics of the constititentgshe kinematics of their internal angular momentum.

Upon the substitutiog— ¢ and

$a(0) = ((/R)IH €@20y(0), (36)
in (26), we find ford = 4 the QCD light-front wave equation (18) witlffective potentiaf
1, 1, ., 2J-3,
U(Q) = 5¢"(0) + 3¢/ (07 + == (). (37)

an fact, for fermions the conformality cannot be broken by thiedduction of a dilaton background or by explicitly defongithe AdS metric as discussed
above, since the additional warp factor is scaled away byl fgglefinition. In this case the breaking of the conformahimance and the generation of the
fermion spectrum can only be accomplished by the introdudifan dfective potential. This is further discussed in Sec. 5.2.
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provided that the fifth dimensional masss related to the internal orbital angular momentra maxL? and the total angular
momentumJ? = L% + S? of the hadron. Light-front holographic mapping thus imgltbat the fifth dimensional AdS magss
not a free parameter but scales as

uR? = -(2- )%+ L2 (38)

The angular momentum projections in the light-frardifection L% S* and J* are kinematical generators in the front form, so
they are the natural quantum numbers to label the eigerstétayht-front physics. In general, a hadronic eigenstetd spin
J?in the front form corresponds to an eigenstatad®t j(j + 1) in the rest frame in the conventional instant form. It thas

2j + 1 degenerate states wilh = —j,—j + 1,--- j — 1, +j,* thusJ represents the maximum value|df, J = maxJ?.

If L2 < 0, the LF Hamiltonian defined in Eq. (7) is unbounded from be{@|H_r|¢) < 0 and the spectrum contains an
infinite number of unphysical negative values ®f> which can be arbitrarily large. A34? increases in absolute value, the
particle becomes localized within a very small region ngat 0, since the fiective potential is conformal at smajl For
M? — —oo the particle is localized af = 0, the particle “falls towards the centeé¥ The critical valueL = 0 corresponds to
the lowest possible stable solution, the ground state ofigiv-front Hamiltonian. ForJ = 0 the five dimensional magsis
related to the orbital momentum of the hadronic bound stai@R)? = —4 + L? and thus g¢R)?> > —4. The quantum mechanical
stability conditionL? > 0 is thus equivalent to the Breitenlohner-Freedman statibund in AdS*® The scaling dimensions are
2 + L independent ofl, in agreement with the twist-scaling dimension of a twotgabound state in QCD. It is important to
notice that in the light-front th& Q(2) Casimir for orbital angular momentuin? is a kinematical quantity, in contrast to the usual
SQ3) CasimirL(L + 1) from non-relativistic physics which is rotational, buitrboost invariant. Th& Q(2) Casimir formL?
corresponds to the group of rotations in the transverse afeplindeed, the Casimir operator ®QN) ~ SN-1is L(L + N - 2).

3. Mesons in light-front holography

Considerable progress has recently been achieved in tthe stuhe meson excitation spectrum in QCD from discreteckest
which is a first-principles method. In practice, lattice gauheory computations of eigenvalues beyond the grouwatd-stre
very challenging. Furthermore, states at rest are notifiesccording to total angular momentuinand J,, but according

to the irreducible representation of the lattice, and thlarge basis of interpolating operators is required for thieagtion

of meaningful datd® In contrast, the semiclassical light-front holographiocze@quation (18) obtained in the previous section
describes relativistic bound states at equal light-fronetwith a simplicity comparable to the Schrédinger equatbatomic
physics at equal instant time. It thus provides a frameworlaffirst-order analytical exploration of the spectrum ofores. In
the limit of zero-quark masses, the light-front wave equratias a geometrical equivalent to the equation of motionared
AdS space-time.

3.1. A hard-wall model for mesons

As the simplest example we consider a truncated model whends| propagate freely in the hadronic interior up to theioen
ment scale AAqcp. The interaction terms in the QCD Lagrangidieetively build confinement, here depicted by a hard wall

potential
0 if (<X,
— - QCD

This provides an analog of the MIT bag motlekhere quarks are permanently confined inside a finite redispace. In contrast
to bag models, boundary conditions are imposed on the boestant variable’, not on the bag radius at fixed time. The wave
functions have support for longitudinal momentum fractibr x < 1. The resulting model is a manifestly Lorentz invariant
model with confinement at large distances, while incorpogatonformal behavior at small physical separation.

The eigenvalues of the LF wave equation (18) for the pote(3@) directly are determined by the boundary conditions
#(z = 1/Aqcp) = 0 and are given in terms of the roots of the Bessel functidrigi = 8. kAgcp. Light-front eigenmodes(?)
are normalized according to

AQCD
f dZ ¢%(¢) = 1, (40)

0
and are given by

‘/EAQCD

T VZIL(ZBLrAacD) - (41)

LK) =



March 9, 2012 15:52 Page Size: 20.0 x 28.5cm  main

52 G. F. de Teramond

Individual hadron states can be identified by their intesfinf operators which are defined at the 0 asymptotic boundary
of AdS space and couple to the AdS fid?mjx, 2) (22) at the boundary limit (See Appendix 9). The shortatise behavior of a
hadronic state is characterized by its twist (canonicakdision minus spiny = A — o, whereo is the sum over the constituent’s
spino = YL, . The twist of a hadron is also equal to the number of its caresti partons. @ Pion interpolating operators are
constructed by examining the behavior of bilinear covasiay under charge conjugation and parity transformation. Tfars,
example, a pion interpolating operatprtys( creates a state with quantum numbé?s = 0~*, and a vector meson interpolating
operatorqy,q a state 1~. Likewise the operatoyy,ysq creates a state with*1 quantum numbers, for example thg1260)
positive parity meson. If we include orbital excitationise tpion interpolating operator &,.. = qy*ysDy, - - - Dg,)0. This is
an operator with total internal orbital momentum= ", ¢, twist 7 = 2 + L and canonical dimensiof = 3 + L. Similarly
tpe vector-meson interpolating operator is givendy, = q*Dy, - - - Dy,,q. The scaling of the AdS field (22) nearz — 0,
®(2) ~ 7, is precisely the scaling required to match the scaling dsimn of the local meson interpolating operators.

L S n J¢ MesonState
0 0 0 0° (140
0 0 1 0+  =(1300)
0 0 2 0+  =(1800)
0 1 0 I~  p(770)
0 1 1 I~  p(1450)
0 1 2 T~  p(1700)
1 0 0 I b,(1235)
1 1 o0 1 ap(980)
1 1 1 1 ap(1450)
1 1 o0 1 a1(1260)
1 1 o0 2 a2(1320)
2 0 0 2* 1,(1670)
2 0 1 2% ,(1880)
2 1 0 3 ps(1690)
3 1 0 4%  a,(2040)

We list in Table 1 the confirmed (4-star and 3-star) iso$pinl mesons states from the updated Particle Data Group (FDG),
with their assigned internal spin, orbital angular momenand radial quantum numbers. The 1 mesons have quark content
|ud>, ‘fluu — dd) and|duy. Thel = 1 mesons are the, b, p anda mesons. We have not listed in Table 1 the 0 mesons

which are a mix ofut, dd and ss, thus more complex entities. The light= 0 mesons arg, 7, h, ¥ w, ¢, f and f’. This list
comprises the puzzling scalar mesons, which may be intexghess a superposition of tetra-quark states witfj,d. = 0,S = 1,
configuration which couple to &= 0 state?® 2

The lightl = 1 orbital meson spectrum is compared in Fig. 1 with the trtettapace model fan = 0. The data is from
PDG28 The predictions for the lower mass mesons are in better agneewith data as compared with R&f.where naive
conformal dimensions were used instead. However the madsltb account for the pion as a chitsd, = 0 state. The hard-
wall model for mesons is degenerate with respect to theadrpitantum numbel, and thus fails to account for the important
L = |L? = 1 triplet splitting shown in Fig. 1 (b), thay(980),a;(1260) anda,(1320) states, which correspondsite: |J4 = 0,1, 2
respectively. Using the asymptotic expansion of the Bessetion for large arguments we find th&d ~ 2n + L, in contrast to
the usual Regge dependent€ ~ n + L found experimentally® As a consequence, the radial modes are not well described in
the truncated-space model. For example the first radial AgiSealue has a mass 1.77 GeV, which is too high comparedtto th
mass of the observed first radial excitation of the mesonr{h800). The shortcomings of the hard-wall model describatis
section are evaded in the soft wall model discussed beloerewtne sharp cutbis modified.

aTo include orbitalL.-dependence we make the substitutior n+ L.
aThe interpretation of the1(1400) is not very cledP and is not included in Table 1. Likewise we do not includezth€600) in the present analysis.
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41 - 41+ -
a4(2040)
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% > 2(1320)
0} S a1(1260)
L 4 o 2- 980 -
NE 2 = ao(. )
r b " p(770) T
0 Py 1 1 I 0 | 1 | I
0 2 0 2
2-2012 2-2012
8820A19 L 8820A23 L
Fig. 1. | =1 light-meson orbital states in the hard wall modelfgcp = 0.32 GeV: pseudoscalar mesons (left) and vector mesons (right).

3.2. A soft-wall model for mesons

As we discussed in Sec. 2.4, the conformal metric of AdS spanée modified within the gaufggavity framework to include
confinement by the introduction of an additional warp factigrequivalently, with a dilaton backgrourdz), which breaks the
conformal invariance of the theory. A particularly intetieg case is a dilaton profile e{mkzzz) of either sign, since it leads to
linear Regge trajectoriésand avoids the ambiguities in the choice of boundary camaitat the infrared wall. The corresponding
modified metric can be interpreted in the higher dimensiorzaped AdS space as a gravitational potential in the fifthegision

322 /4

V(2 = m¢& /oo = MR (42)

z
In the case of the negative solution, the potential decesasmotonically, and thus an object located in the boundakyl8 space
will fall to infinitely large values ofz. This is illustrated in detail by Klebanov and Maldacena &f.R For the positive solution,
the potential is nonmonotonic and has an absolute minimury at 1/«. Furthermore, for large values afthe gravitational
potential increases exponentially, thus confining anycilifedistancesz) ~ 1/«.5>53

From (37) we obtain for the positive sign confining solutios eXp<K222) the dfective potentiaf

U@Q) = ¢® + 233 - 1), (43)
which corresponds to a transverse oscillator in the lightif For the &ective potential (43) equation (18) has eigenfunctions

2n!

(n+L)! 51/2+Le—K2{2/2Lr|;(K2§2)’ (44)

¢n,L(§) =kt

and eigenvalue’$

Mﬁ"lL=4K2(n+ J+L). (45)

The meson spectrum (45) has a string-theory Regge #ttn~ n + L: the square of the eigenmasses are linear in both
the angular momenturh and radial quantum number wheren counts the number of nodes of the wavefunction in the radial
variableZ. The LFWFs (44) for dterent orbital and radial excitations are depicted in FigC@nstituent quark and antiquark
separate from each other as the orbital and radial quantarbens increase. The number of nodes in the light-front wanetfon
depicted in Fig. 2 (b) correspond to the radial excitatioargum numben.

For theJ = L + S meson families Eq. (45) becomes
S
M s =42 (n+L+2). (46)

The lowest possible solution for= J = 0 has eigenvalua? = 0. This is a chiral symmetric bound state of two masslesskguar
with scaling dimension 2 and sizé&?) ~ 1/«?, which we identify with the lowest state, the pion. Thus oaa compute the

aSjimilar results are found in Ré&F.



March 9, 2012 15:52 Page Size: 20.0 x 28.5cm  main

54 G. F. de Teramond
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Fig. 2. Light-front wavefunctiongn (¢) in physical spacetime corresponding to a dilaton profile €23 (left) orbital modesif = 0) and
(right) radial modesl( = 0).

T T T T T T T I
n=2 n=1 n=0
41 N 41 .
o+ 4 | |
> >
) )
S S
Y 21 -4 o L _
s s 2
0 0
2-2012 2-2012
8820A20 8820A24
Fig. 3. | =1 parent and daughter Regge trajectories forrttmeson family (left) withk = 0.59 GeV; and the-meson family (right) with
k = 0.54 GeV.

corresponding Regge families by simply adding #r a unit change in the radial quantum numbe? #r a change in one unit
in the orbital quantum number and?Xor a change of one unit of spin to the ground state valud6f The spectral predictions
fortheJ = L + S light pseudoscalar and vector meson states listed in Taldee compared with experimental data in Fig. 3 for
the for the positive sign dilaton model discussed here. Hia i$ from PDG'®

It is important to notice that in contrast to the hard-walldab the soft-wall model with positive dilaton accounts foe
mass hierarchy observed in radial excitations as well aghitriplet splitting for thel = 1, J = 0,1, 2, vector mesoia-states.
Using the spectral formula (45) we find

May(1320) > May1260) > Mag(980)- 47)

The predicted values are 0.76, 1.08 and 1.32 GeV for the ma$siecay(980),a;(1260) anda,(1320) vector mesons, compared
with the experimental values 0.98, 1.23 and 1.32 GeV reedetThe prediction for the mass of the= 1, n = 1 stateag(1450)

is 1.53 GeV, compared with the observed value 1.47 GeV. Faratalculations of the hadronic spectrum in the framewdrk o
AdS/QCD, see Ref8-71 2

4. Meson form factors

A form factor in QCD is defined by the transition matrix elemheha local quark current between hadronic states. The great
advantage of the front form — as emphasized by Dirac — is thastoperators are kinematic. Unlike the instant form, thesh

aFor recent reviews see, for example, R&$3



March 9, 2012 15:52 Page Size: 20.0 x 28.5cm  main

Hadronic form factor models and spectroscopy within theggravity correspondence 55

operators in the front form have no interaction terms. THeutation of a current matrix elemef® + g|J#|P) requires boosting
the hadronic eigenstate frofR) to |P + q), a task which becomes hopelessly complicated in the infbamt In addition, the
virtual photon couples to connected currents which arise fihe instant form vacuum.

In AdS space form factors are computed from the overlap rategf normalizable modes with boundary currents which
propagate in AdS space. The AGFT duality incorporates the connection between the tvaatirsg dimension of the QCD
boundary interpolating operators to the féillof the normalizable modes in AdS near its conformal boundabpth quantities
represent the same physical observable for any value ofahneferred momentum squargtl a precise correspondence can
be established between the string modem AdS space and the light front wavefunctions of hadrgqnsn physical four
dimensional space-timé.In fact, Light-Front Holography was originally derived bypserving the correspondence between
matrix elements obtained in AASFT with the corresponding formula using the light-fronpresentatiot? The same results
follow from comparing the relativistic light-front Hamihian equation describing bound states in QCD with the wguations
describing the propagation of modes in a warped AdS spachosen in the previous sectidh.

4.1. Meson electromagnetic form factor

In the higher dimensional gravity theory, the hadronic $faon matrix element corresponds to the coupling of an raste
electromagnetic field\M(x, z), for a photon propagating in AdS space, with the extendéd @e(x, 2) describing a meson in
AdS ist

fd“x dzyg AM(x, 2@, (x, z)?,v.(bp(x, 2) ~ (21)** (P~ P - q) &,(P + P")'Frm(d?). (48)

To simplify the discussion we will first describe a model wéthwall atz ~ 1/Agcp — the hard wall model — which limits the
propagation of the string modes in AdS space beyond the IRraipnz ~ 1/Aqcp and also sets the gap scéleVe recall from
Sec. 2.3 that the coordinates of Ag&e the Minkowski coordinates andz labeledx™ = (¥, 2), with M,N = 1,---5, andg

is the determinant of the metric tensor. The pion has indral final four momentun® and P’ respectively andj is the four-
momentum transferred to the pion by the photon with poléiore:,. The expression on the right-hand side of (48) represents
the space-like QCD electromagnetic transition amplitudiehysical space-time

(P'|3*(O)P) = (P + P'Y Fm(cP). (49)

It is the EM matrix element of the quark curreltt= e;0y*q, and represents a local coupling to pointlike constitueiithiough
the expressions for the transition amplitudes look veffedent, one can show that a precise mapping of the matrix elesnoan
be carried out at fixed light-front tim:*3

The form factor is computed in the light front from the matebements of the plus-component of the curr&hin order to
avoid coupling to Fock states withfierent numbers of constituents. Expanding the initial anal fimeson statelg/y (P*, P.))
in terms of Fock componentigiy) = 3, ¥nmIn), we obtain the DYW expressién'® upon the phase space integration over the
intermediate variables in thgg = 0 frame:

Fu(e) = ) f [ ] [Pk ui] > €m0, K Awmm (i, K, ), (50)
n i

where the phase space factdi] [d2kli] is given by (9) and the variables of the light cone Fock congmisin the final-state
are given by’ ; = ki +(1-x) q. for a struck constituent quark aid; = k_; — x; g, for each spectator. The formula is exact if
the sum is over all Fock statesThe form factor can also be conveniently written in impaetce as a sum of overlap of LFWFs
ofthej =12 ---,n—- 1 spectator constituerits

FM(qZ)_Z]_[de,d byj eXF("h ijbu |‘/’n/M(XJ’bu)| (51)
n j=1

corresponding to a change of transverse momengam for each of then — 1 spectators witL, b, = 0.
For definiteness we shall consider ttievalence Fock stateid) with charges, = % andeg = % Forn = 2, there are two
terms which contribute to Eq. (51). Exchangixg> 1-x in the second integral we find

Fe@=2n [ o | é“d{\]o[(q\/ ]|wud,n<x oF. (52)

where? = x(1 - X)b? andF,(q=0) =
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We now compare this result with the electromagnetic forntdiam AdS space-time. The incoming electromagnetic field
propagates in AdS according #,(¥,2) = eﬂ(q)e‘iq'XV(qZ,z) in the gaugeA, = 0 (no physical polarizations along the AdS
variablez). The bulk-to-boundary propagat@(g?, 2) is the solution of the AdS wave equation given 6} (= —¢ > 0)

V(Q%2) = 2QKy(zQ. (53)
with boundary conditior'$
V(Q*=0,2 =V(Q*z=0)=1. (54)

The propagation of the pion in AdS space is described by a alirable modedp(x4,2) = e P*d(2) with invariant mass
PPt = M? and plane waves along Minkowski coordinatésExtracting the overall factor @*5* (P’ — P — g) from momentum
conservation at the vertex which arises from integraticer dfinkowski variables in (48), we firt

F@) =R [ SV, (59

whereF (Q?= 0) = 1. Using the integral representation\tfQ?, 2)

X

1 —
V(Q.2) = fo dXJo[ZQ = X], (56)

we write the AdS electromagnetic form-factor as

F(Q) = R fo dx f j—ngo[zQ,ll%x '(I)Z(z). 57)

To compare with the light-front QCD form factor expressié) we use the expression of the LFWF (15) in the transverse
LF plane, where we factor out the longitudinal and transvensdess(¢) and X(x) respectively. If both expressions for the form
factor are to be identical for arbitrary values@f we obtaing(¢) = (£/R)¥?®(¢) andX(x) = VX(I = X),*? where we identify
the transverse impact LF variakfewith the holographic variable, z — ¢ = v/X(1 - X)|b_|.  Thus, in addition of recovering
the expression found in Sec. 2.4 which relates the transvaosleg(?) in physical space-time to the fiettlin AdS space, we
find a definite expression for the longitudinal LF maxgx). Identical results follow from mapping the matrix elen®nof the
energy-momentum tenséf.

4.2. Elastic form factor with a dressed current

The results for the elastic form factor described aboveespond to a OfreeO current propagating on AdS space. It istaua
the electromagnetic point-like current in the Drell-Yares¥light-front formul&®1¢for the pion form factor. The DYW formula

is an exact expression for the form factor. It is written asrdimite sum of an overlap of LF Fock components with an aslpjtr
number of constituents. This allows one to map state-higstethe éective gravity theory in AdS space. However, this mapping
has the shortcoming that the multiple pole structure ofitheike form factor cannot be obtained in the time-likeicggunless

an infinite number of Fock states is included. Furthermdre,mhoments of the form factor & = 0 diverge term-by-term;
for example one obtains an infinite charge radiu$his could have been expected, as we are dealing with a rsasgigrk
approximation. In fact, infinite slopes also occur in chtheories when coupling to a massless pion.

Alternatively, one can use a truncated basis of states ihFrfeock expansion with a limited number of constituents dred t
non-perturbative pole structure can be generated with ssdteEM current as in the Heisenberg pictivee, the EM current
becomes modified as it propagates in an IR deformed AdS spasientilate confinement. The dressed current is dual to a
hadronic EM current which includes any number of virtggtomponents. The confined EM current also leads to finite mé&snen
atQ? = 0, as illustrated in Fig. 4 for the EM pion form factor.

We describe briefly below how to compute a form factor for afit@d current in AdS space using a soft wall example.
However, the actual computation of a form factor in AdS hags# caveats which we will discuss in Sec. 4.4.

The dfective potential corresponding to a dilaton profile exq3¢?) has the form of a harmonic oscillator confining potential
«*Z?. The normalizable solution for a meson of twisthe number of constituents for a given Fock component)esponding
to the lowest radiah = 0 and orbitalL = O state is given by

T _ 2P, 17 K222 )2
D(2) = ’/F(T—l)K Ze , (58)

aextension of the results to arbitranfollows from thex-weighted definition of the transverse impact variable ofrthel spectator system given by Eq. (19).
In general the mapping relates the AdS denit{z) to an dfective LF single particle transverse dengfy.
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Fig. 4. Spacelike electromagnetic pion form fac&y(q?). Continuous line: confined current, dashed line free current. Tiéarage the data
compilation from Baldini’® boxes are JLAB dat&’

with normalization

(D7|D7) = f %Ze‘KQZZCDT(z)Z =P, (59)
whereP; is the probability for the twist mode (58). This agrees with the fact that the fi@fdcouples to a local hadronic inter-
polating operator of twist defined at the asymptotic boundary of AdS space (See App&dand thus the scaling dimension

of ®7 isT.
In the case of a soft-wall potential the EM bulk-to-boundargpagator i&>"8
2 2
2 5 = LV (2 o2
V(Q,z)_F(1+4K2)U(4K2,0,K22), (60)

whereU (a, b, ¢) is the Tricomi confluent hypergeometric function
I'@uU(ab,2) = f e 24311 + t)>21dt. (61)
0

The modified currenV(Q?, 2), Eq. (60), has the same boundary conditions (54) as thectngent (53), and reduces to (53) in
the limit Q2 — . Eq. (60) can be conveniently written in terms of the integepresentatiof?

1
dx [ 2 _
V(Q%,2) = KZZZL a2 XaZ @K ZX/(1-X) (62)

Substituting in (55) the expression for the hadronic sta8) ith twistr and the bulk-to-boundary propagator (62) we find
that the corresponding elastic form factor for a twigtock componenk.(Q?) (Q? = —¢? > 0)13

P:

(L)) (L w8s)

T2

F(Q) = (63)

which is expressed asra- 1 product of poles along the vector meson Regge radial taajed-or a pion, for example, the lowest
Fock state — the valence state — is a twist-2 state, and teusit factor is the well known monopole forkh Thus the mean
square charge radius of the pigg) = 6/M§ in the valence approximation. Fibt, ~ 770 MeV we finkr,) ~ 0.63 fm, compared
with the experimental valug,) = 0.672+ 0.008 fm2 In contrast, the computation with a free current gives tigatithmically

divergent result.
3, (4
2
@=3n(3)

The remarkable analytical form of (63), expressed in terfitsap vector meson mass and its radial excitations, incorpothées
correct scaling behavior from the constituent’s hard scatt) with the photon and the mass gap from confinement.

o (64)

aThe logarithmically divergent result does not appear in telfwall model if one uses Neumann boundary conditions. Bxdase the EM current is confined

and(r2y ~ 1/A(230D. A discussion of the pion form factor including chiral symmyetreaking &ects in the hard-wall model is given in Réfsand®°
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4.3. Effective wave function from holographic mapping of a confinedrcent

It is also possible to find a precise mapping of a confined EMetuipropagating in a warped AdS space to the light-front QCD
Drell-Yan-West expression for the form factor. In this casewe find an &ective LFWF, which corresponds to a superposition
of an infinite number of Fock states generated by the “dréssmtfined current. For the soft-wall model this mapping can b
done analytically.

The form factor in light-front QCD can be expressed in termaroefective single-particle density

1
2\ _
F(Q) = fo dxp(x. Q). (65)
where
p(x Q) = 2r fo b db B(bQL - X)) (x B, (66)

for a two-parton stateb(= |b, ).
We can also compute afffective density on the gravity side corresponding to a twisadronic modeb, in a modified AdS
space. For the soft-wall model the expressidf is

2
p(% Q) = (1-1) (L- )72 x5 (67)
To compare (67) with the QCD expression (66) for twist two se the integral
0 2 1 2
f udu pleu) e = — e @ /%, (68)
0 2B

and the relation?” = e'"®_ We find the &ective two-parton LFWF

1

l,lI(X, bJ_) =k (1 - X) e_ikzbi(l_x)z/ln(%(), (69)
Jrin()

in impact space. The momentum space expression followstherfourier transform of (69) and it is given by

(x.k.) =4 —In(%) KL /2% (70)
VKD = A d T
In(;l()
_ k2 /22(1-%)2In(1)
4 T © : (72)

The dfective LFWF encodes non-perturbative dynamical aspectc#mmnot be learned from a term-by-term holographic map-
ping, unless one adds an infinite number of terms. Furthexniidnas the right analytical properties to reproduce thenbdastate
vector meson pole in the time-like EM form factor. Unlike ttreie” valence LFWF, the #ective LFWF, which represents a sum
of an infinite number of Fock components, is not symmetrihqalongitudinal variablez and 1— x for the active and spectator
guarks, respectively.

4.4. Some caveats computing matrix elements in X@&€D

The positive dilaton background expz?) used in Sec. 3.2 leads to a successful description of themsgsectrum in terms of
the internal quantum numbensL andS, and has been preferred for computations in the framewoliglaif-front holography,
where the internal structure of hadrons is encoded in thei@avction. The positive dilaton background has been dgaisn
the literaturé®>25381.8%jnce it has the expected behavior of a model dual to a cogfihieory3”-5! This solution was studied
in Ref?? but discarded in the same paper, as it leads to a spuriousessmssalar mode in the two-point correlation function
for vector meson& and a dilaton field with opposite sign, exafz?), was adopted inste&d.However, using the results of
Sec. 2.3.2, one can readily show that th@edlence in the fective potential (2) corresponding to positive and negative dilaton
factors expg«?z%) simply amounts to a-independent shift in the light-fronfiiective potential, which in fact vanishes in the
vector meson) = 1 channel. From (35)

AU@ = U0 - U@ = '@+ 20 (g 72

For the dilatony = k> we find ford = 4
AU = 4(J - 1)&%. (73)
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Therefore, from the point of view of light-front physics,thasolutions are equivalent upon a redefinition of the eigkras for
J # 1. ForJ = 1 the dfective potential id) = x*Z, identical for the plus and minus dilaton soft-wall solug# and thus the
five-dimensional ffective AdS action for a conserved EM curréfyt in presence of a confining potential

fera

S= fd“x dz\/g(%FMNFMN - ﬁvaM , (74)

whereFyn = duVn — dnVM. Suppose now, that one starts from the five-dimensionabmg#4). Upon the field redefinition
Vi — e*Z/2yy one obtains the five-dimensional actions correspondindu® @ minus dilaton solutions, whichftir from
(74) only by a surface term. Consequently, essential physionot dependent on the particular choice of the dilatm si

Another dificulty found in the holographic approach to QCD is that thetmemeson masses obtained from the spin-1
equation of motion does not match the poles of the dressedriiwhen computing a form factor. The discrepancy, in tfse cd
the pion, is an overall factor of/2 between the value of the gap scale which follows from thetspe or from the computation
of the pion form factor in the valence state approximatfomhis is quite puzzling, since the same discrepancy is alsodp
for example, when computing a spacelike form factor usirmgRiell-Yan-West expression, which is an exact expresgiafi i
Fock states are included. In AdS conserved currents areenotmalized and correspond to five dimensional masslests fiel
propagating in AdS according to the relatigiRj? = (A — p)(A + p— 4) for ap form. In the usual AdSCD framework®2°this
corresponds ta = 3 or 1, the canonical dimensions of an EM current and the msssgjauge field respectively. Normally, one
uses a hadronic interpolating operator with minimum twist identify a hadron and to predict the power-law fdii-behavior
of its form factors and other hard scattering amplitu8lesy, for a two-parton bound state = 2. However, in the case of a
current, one needs to use dfieetive field operator with dimensiaf = 3. The apparent inconsistency between twist (28) and
canonical dimension is removed by noticing that in the hiybht one chooses to calculate the matrix element of thsti@/plus
component of the “good” curremt',1213in order to avoid coupling to Fock states withffdrent numbers of constituerts!®

As described in Sec. 2.4, light front holography providesexise relation of the fifth-dimensional maswith the total and
orbital angular momentum of a hadron in the transverse LRepfaR)? = —(2 - J)? + L2 (38). Thus the poles computed from the
AdS wave equations for a conserved curpgRt= 0, correspond to d = L = 1 twist-3 state. Following this, we can compute the
mass of the radial excitations of the twist-3 vector fandily L = 1 using Eq. (45). The result is

My, =4*(n+1), (75)

which is identical with the results obtained in R& since, as explained above, the meson spectrum computegagitive or
negative dilaton solutions is indistinguishable for 1.

The twist-3 computation of the space-like form factor, ines the currend*, and the poles given by (75) do not correspond
to the physical poles of the twist-2 transverse curdnpresent in the annihilation channel, namely the 1,L = O state. In
this case Eq. (45) gives for the twist-2= 1, L = 0 vector family the result

M2y o0 = 4° (n + %) (76)

Thus, to compare with physical data one must shift the t@iptles given by (75) to their physical positions (76). Whea th
vector meson masses are shifted to their physical valuesgifement of the predictions with observed data is very §oude
can presume that the problem arises because of the spasifaation used.

4.5. Meson transition form factor

The photon-to-meson transition form fact8(dFFs)Fu,(Q%) measured iry* — M reactions have been of intense experimen-
tal and theoretical interest. The pion transition form dadtetween a photon and pion measured inetes — e e 7° process,
with one tagged electron, is the simplest bound-state psoiceQCD. It can be predicted from first principles in the agiotic
Q? — o limit.8” More generally, the pion TFF at largg’ can be calculated at leading twist as a convolution of a petu
tive hard scattering amplitudg,(yy* — qq) and a gauge-invariant meson distribution amplitude (DA)ol incorporates the
nonperturbative dynamics of the QCD bound-st4te.

The BaBar Collaboration has reported measurements of a@insition form factors from*y — M process for ther®,28
1, andr’8% pseudoscalar mesons for a momentum transfer range mueh them previous measuremeft$? Surprisingly,

aThis discrepancy is also present in the gap scale if one casphe spectrum and form factors without recourse to hoptgeanethods, for example using
the semi-classical approximation of Réfln this case a discrepancy of a factor fact® is also found between the spectrum and the computation oédjike
form factors.

aThjs section is based on our collaboration with Fu-Guang Eatther details are given .86
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the BaBar data for the®-y TFF exhibit a rapid growth foQ?> > 15 Ge\?, which is unexpected from QCD predictions. In
contrast, the data for they andn’-y TFFs are in agreement with previous experiments and closegreement with theoretical
predictions. Many theoretical studies have been devotesitaining BaBar’s experimental resutfs106

The pion transition form factoF,,(Q?) can be computed from first principles in QCD. To leading iergdrder inas(Q?)
and leading twist the result§§(Q? = —g? > 0)

4 1 X, X m
Q¢m@6=251;wf(iQW1+o@&6J} 77)

wherex is the longitudinal momentum fraction of the quark strucktbg virtual photon in the hard scattering process and
X = 1 - xis the longitudinal momentum fraction of the spectator gu@he pion distribution amplitudg(x, Q) in the light-front
formalisn?’ is the integral of the valenagg LFWF in light-cone gaugé* = 0

< d?k,
00 Q) = [ Tasvaantxko) (79

and has the asymptotic foffg(x, Q — o) = V3, x(1 — X); thus the leading order QCD result for the TFF at the asytigpto
limit is obtained®’

QZFﬂy(QZ - Oo) = 2f7r (79)

To describe two-photon processes — M, using light-front holographic methods similar to thosedatéed in Sec. 4, we
need to explore the mathematical structure of higher-d#iogmal forms in the five dimensional action, since the amgét(48)
can only account for the elastic form factey; (Q?).28 For example, in the five-dimensional AdS action there is atitamohal
Chern-Simons (CS) term in addition to the usual Yang-MéisttF2.” In the case of &)(1) gauge theory the CS action is of the
form e-MNPRA 5y AndpAg. The CS action is not gauge invariant: under a gauge transtion it changes by a total derivative
which gives a surface term. The CS form is the product of tliedds at the same point in five-dimensional space correspgnd
to a local interaction. Indeed the five-dimensional CS adsaesponsible for the anomalous coupling of mesons togpiscdnd
has been used to describe, for exampleihe 7y%” decay as well as thgy* — 7°10810%andy*p° — 2919 processes

The hadronic matrix element for the anomalous electromiégoeupling to mesons in the higher gravity theory is given b
the five-dimensional CS amplitude

f d4X f deLMNPQALaM ANapAQ
~ (27)*W (P + g - K) Frp ()" €,(Q)P,6,(K)dr,  (80)

which includes the pion field as well as the external photdddiby identifying the fifth component & with the meson mode
in AdS spacé?? In the right-hand side of (8@) andk are the momenta of the virtual and on-shell incoming photespectively
with corresponding polarization vectasg(q) ande, (K) for the amplitudeyy* — #° The momentum of the outgoing pionRs

We now compare the QCD expression on the right-hand side®fw@h the AdS transition amplitude on the left-hand
side. As for the elastic form factor discussed in Sec. 44 jriboming d¢f-shell photon is represented by the propagation of the
non-normalizable electromagnetic solution in AdS spagéx,z) = eﬂ(q)e“q'XV(qz, 2), whereV(d?, 2) is the bulk-to-boundary
propagator with boundary conditioM{g? = 0,2) = V(¢?,z = 0) = 1. Since the incoming photon with momentiknis on its
mass shellk? = 0, its wave function i, (¥, 2) = eﬂ(k)ék‘x. Likewise, the propagation of the pion in AdS space is dbscri
by a normalizable mod®p(x,2) = e'P*®,(2) with invariant mas,P* = M2 = 0 in the chiral limit for massless quarks.
The normalizable mod®(2) scales a®(z) — Z=2 in the limit z — 0, since the leading interpolating operator for the pion has
twist two. A simple dimensional analysis implies tigt~ ®,(2)/z, matching the twist scaling dimensions: two for the pion and
one for the EM field. Substituting in (80) the expression giadove for the the pion and the EM fields propagating in Ad8, an
extracting the overall factor *5* (P’ — q — k) upon integration over Minkowski variables in (80) we fir@P& —¢?> 0)

Fol@ =5 [ F 0@V, @1)

where and the normalization is fixed by the asymptotic QCRiptmn (79). We have defined our units such that the AdS sdiu
R=1.

Since the LF mapping of (81) to the asymptotic QCD predic{(ie®) only depends on the asymptotic behavior near the
boundary of AdS space, the result is independent of thecpdatimodel used to modify the largdR region of AdS space. At

aThe anomalous EM couplings to mesons in the Sakai and Sugimotelisatescribed in Reft!
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large enougt®, the important contribution to (79) only comes from the cegheaz ~ 1/Q where®d(2) = 2rf, 22 + O(Z*). Using
the integral [~ dx 'Ky (x) = 2% [1"(%)]2 Re@) > 1, we recover the asymptotic result (79)

Q2 m,(Q2 — o0) = 2f; + O(Qz) (82)
with the pion decay constarfit®®
1 8,97(2)
fp=——"——> .
T 4r oz =0 (83)
0.3 T T T T T T T T
0.3 —
; = BaBar i
= e CLEO = ;F .
S 0.2 N e Free Current; Twist 2 | E
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Fig.5. Theyy* — n° transition form factof ., (Q?) (left) andQ?F,,(Q?) (right). The dotted curve is the asymptotic result. The dashed and
solid curves include thefiects of using a confined EM current for twist-two and twist-two plus twist-feapectively. The data are froff91:92

A simple analytical expression for the pion TFF can be oletaiftom the “soft-wall” holographic model described in Sec.

4.2
1- )P Q?
Fr(@) = 5 [ xf[1-eup(- 00T (@4)

whereg(x) = V3f,x(1 - X) is the asymptotic QCD distribution witfy the pion decay constant amdg is the probability for the
valence state. Remarkably, the holographic result for the PFF factor given by (84) foPqg = 1 is identical to the results for
the pion TFF obtained with the exponential light-front wdmaction model of Musatov and Radyushkificonsistent with the
leading order QCD resuf. Since the pion field is identified as the fifth componensgf, the CS forme-MNPRA oy AndpAq
is similar in form to an axial current; this correspondenae explain why the resulting pion distribution amplitudes lihe
asymptotic form?

Taking Pgg = 0.5 in (84) one obtains a result in agreement with the Adler] Betl Jackiw anomaly result which agrees
within a few percent with the observed value obtained fromttie decay®® — yy. This suggests that the contribution from
higher Fock states vanishes@t= 0 in this simple holographic confining model. Thus (84) représ a description of the pion
TFF which encompasses the low-energy non-perturbativetantligh-energy hard domains, but includes only the asytiepto
DA of the gq component of the pion wave function at all scales. The redudim (84) forPqg = 0.5 are shown in Fig. 5. Also
shown in Fig. 5 are the results for the free current approtiongwhich corresponds to the asymptotic result) Wiy = 0.5
and a twist-two plus twist-four mod@lwith Pgg = 0.915, andPqgqg = 0.085. The calculatior¥§ agree reasonably well with the
experimental data at low- and mediu@t-regions Q? < 10 Ge\?), but disagree with BaBar's larg@’ data.

Then andry’ mesons result from the mixing of the neutral stajgandn; of the SU(3} quark model. The TFFs for thpand

n’ mesons have the same expression as the pion transition &ator,fexcept for an overall multiplying factos = 1, \f, and

an Ref1%8 the pion TFF was studied in the framework of a CS extended WattAdS/QCD model withA, ~ 8,®(2). The expression for the TFF which follows
from (80) then vanishes &2 = 0, and has to be corrected by the introduction of a surface &the IR walll°® However, this procedure is only possible for a
model with a sharp cufd
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Fig. 6. Theyy* — ntransition form factoQZF,,y(QZ) (left). The dotted curve is the asymptotic result. The dashed and solidsimclude
the dfects of using a confined EM current for twist two plus twist two plus twist fegpectively. Same for the/* — »’ transition form factor
Q?F,,(Q?) (right). The data are frorf:91.92

% for then®, g andn;, respectivel\?® The results for thg ands’ transitions form factors are shown in Fig. 6. The calcutaio
agree very well with available experimental data over adaange ofQ?. The rapid growth of the larg@? data for the pion-
photon transition form factor reported by the BaBar Collation is dificult to explain within the current framework of QCD.
The analysis presented here thus indicates the importdramtidional measurements of the pion-photon transitiomféactor
at largeQ?.

5. Baryons in light-front holography

The study of the excitation spectrum of baryons is one of tlestrhallenging aspects of particle physics. In fact, dedit
experimental programs are in place to determine the speafuucleon excitations and its internal structure. Imgorcompu-
tational dforts in lattice QCD aim to the reliable extraction of the éadinucleon eigenstates. Lattice calculations of the gtoun
state light hadron masses agree with experimental valubivi %. However, the excitation spectrum of the nucleomesgnts
a formidable challenge to lattice QCD due to the enormouspeational complexity required beyond the leading grouatkes
configuration'* As we shall discuss below, the analytical exploration oftiheyon spectrum and nucleon form factors, using
light-front gaugggravity duality ideas, leads, in contrast, to simple forasudnd rules which describe quite well the systemat-
ics of the established light-baryon resonances and elastidransition nucleon form factors, which can be testeéhajaew
experimental findings.

The gaugggravity duality can give us important insights into the sty coupled dynamics of nucleons using simple ana-
lytical methods. We can extended the holographic ideasim%padrons by considering the propagation of séibirac modes
in AdS spacé? The action for a Dirac field in Ad§1 is

Sr = fddx dzyg (Ié‘feXFADM‘P - lZ(DM\F)eXrAT —#\Fky), (85)

d+1 . . . . . . . . .
where vg = ()" ande}! is the inverse vielbeirg)! = (2)s¥. The covariant derivative of the spinor field Dy = du -

izw{\*ABEAB whereZ g are the generators of the Lorentz group in the spinor reptatsen,Zag = j—l [Ca,Tg], and the tangent space
Dirac matrices obey the usual anti-commutation rela{lb‘h FB} = n”B. Ford even we can choose the set of gamma matrices

Ta = (Fﬂ,rz) with T, = —=T% = Tol'y - - Tq_1. Ford = 4 we havel = (yﬂ, —iy5), wherey, andys are the usual 4-dimensional
Dirac matrices withys = iyoy1y2ys andy2 = +1. The spin connection in AdS e = (%58, - %%;) /z, thus the equation of
motion(ieﬁ\"FADM - ;1) ¥ = 0 leads to the Dirac equation in AdS space

. d

[| (anNrMaN + Erz) - ,uR] ¥ =0, (86)
where thed + 1 dimensional masg is a priory an arbitrary parametér.

aThe spinor action (85) is often complemented by an additiomdhse term in the UV boundaty® IimHofddx w/gell’_‘{‘ wherege is the metric induced in the
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One can also take as starting point the construction of-figint wave equations in physical space-time for baryons by
studying the LF transformation properties of spji2 states:!’ The light-front wave equation describing baryons is a matri
eigenvalue equatioD| ) = M|y) with H ¢ = DEF. In a 2x 2 spinor component representation

_¢ + %w _M‘/,

Tt 2 + = -
-— +V %zﬁ = My (87)
_ \ _ = ‘- /

As shown below, we can identifywith the orbital angular momentuin v = L + 1.
Upon the substitutioa — ¢ and

Y(x,2) = e P*2y(u(P), (88)

in (86) we recover fod = 4 its LF expression (87), provided thaR = v + % The baryon invariant mass B,P* = M? and
the spinoru(P) is a four-dimensional spinor which obeys the Dirac equelo- M)u(P) = 0. Thus the eigenvalue equation
Hirw. = M2y, for the upper and lower components leads to the wave equation

(—dd—; - %)m@) — Moy.(2). (89)
and
(—dd—; - %ﬂ”y)w@) = M2y_(Q), (90)
with solutions
Ui ~ NELEM), e~ VM), (91)

The solution of the spirg— Rarita-Schwinger equation for the fie¥, in AdS space is more involved, but considerable
simplification occurs in th&, = 0 gauge for physical polarization along Minkowski coorde@s¥,, where it becomes similar
to the spin3 solution!18:119

5.1. A hard-wall model for baryons

The hermiticity of the LF Dirac operatod g in the eigenvalue equatioB rly) = M|y) implies that the surface term
V(- (0) — v (v () should vanish at the boundary. Thus in a truncated spacgiaghic model, the light front modes
¥, ory_ should vanish at the boundafy= 0 and/ = . This condition fixes the boundary conditions and deterrttieebaryon
spectrum in the truncated hard-wall model. A similar susfsgerm arises when one computes the equation of motion frem th
action (85). In fact, integrating by parts (85) and usingetjgation of motion we find

5=t [ SX(#w - ¥w)

A
e—0 22d € ’ (92)
where?., = % (1 + y5) ¥, andR has unitsR = 1. The baryon mass spectrum thus follows from the LF “bag'haauy conditions
Y. (L) = 0 or the AdS boundary condition, (z) = 0 at the IR valuezy = 1/Aqcp, Where the LF invariant impact variahfe

(19) is identified with the AdS holographic coordinaie — ¢. We find
M* =B,k Agcp. M™ =Bk Ageps (93)

with a scale-independent mass ratio determined by the péBassel functiong, k.

In the usual AdBZCFT correspondence the baryon isabi(Nc) singlet bound state dflc quarks in the larg@&lc limit. Since
there are no quarks in this theory, quarks are introducegtasnal sources at the AdS asymptotic bounda?y?' The baryon is
constructed as aN¢c baryon vertex located in the interior of AdS. In this top-chostring approach baryons are usually described
as solitons or Skyrmion-like object$?1%3In contrast, the bottom-up light-front holographic apmioaescribed here is based
on the precise mapping of AdS expressions to light-front QCBbnsequently, we construct baryons correspondingcte= 3
notNc — co. The corresponding interpolating operator forfg = 3 physical baryorOs,. = Dy, ... DDy, ... Dy,

boundary surface by the metrirof AdSy,1. The additional term is required to preserve @@ + 1, 1) isometry group of Adg.1 and compute a two-point
correlation function in the conformal boundary thedt The equation of motion (86) is not modified by the surface term.
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L =", &, is atwist-3, dimension 2 + L with scaling behavior given by its twist-dimensior-3.. We thus require = L + 1
to match the short distance scaling behavior. One can mHr@as the maximal value gE in a given LF Fock state.
In the case of massless quarks, the nucleon eigens’gat:e% (L+ys)u)

¥(Q) = v (O, + - (Qu
= CVZ (@MU, + Jpa(EMU) (94)

has componentg, andy_ with different orbital angular momenturh? = 0 andL? = +1, combined with spin components
S% = +1/2 andS? = —1/2 respectively, but with equal probability

f dely () = f Azl (. (95)

a manifestation of the chiral invariance of the theory folsslass quarks. Thus in light-front holography, the spirhefgiroton
is carried by the quark orbital angular momentuth= (L*) = £1/2 since(}; Sé) = 0,'?*and not by its gluons.

An important feature of relativistic theories is that hatdeigenstates have in general Fock components witlerdintL
components. In the holographic example discussed abavertiton ha$ and P components with equal probability. In the case
of QED, the ground stateSlstate of the Dirac-Coulomb equation has bbth 0 andL = 1 components. By convention, in both
light-front QCD and QED, one labels the eigenstate with itsimum value ofL. For example, the symbd! in the light-front
AdSQCD spectral prediction for mesons (46) refers tortiieimum L(which also corresponds to the leading twist) &b
the total internal spin of the hadron.

wn

Baryon State

N1%++(94O)
N2+(1440)
Ng+(1710)
A37(1232)
A7 (1600)

N1 (1535) N3 (1520)
N%_(1659) Ng‘(1709) N3 (1675)
A37(1620) AZ7(1700)
N2"(1720) N3"(1680)

NS (1900)
A37(1910) A27(1920) A3 (1905) AL*(1950)
N2~ NZ™
3~ 5~ 2 7 2 9~
N3 N3 5_N§ (271_90) N2~ (2250)
NZ N2 (2220)
AST ALY AYT ALT(2420)
N~ NI
N17(2600) N4~

O o, P, WWWMNMNNMNMNNRPRPRPPOOOOO|
NI NI R NI NI RGO R N1 N N RIT N1 N RGO NI N L RO N L=
OO O O0OO0O0OO0CCOPFPR OO0OO0OOCOFrRPONPFO|Ss

We list in Table 2 the confirmed (3-star and 4-star) baryotestiiom the updated Particle Data Grd83.To determine the
internal spin, internal orbital angular momentum and ragliantum number assignment of tNeandA excitation spectrum from
the total angular momentum-parity PDG assignment, it is’epient to use the conventiondlU(6) > S U(3)fiavor X S U(2)spin
multiplet structure, but other model choices are also |pes$i® 2

aFor the truncated-space model, (95) follows from the idgznﬁt xdx[.]ﬁ(xﬁ') - J5+1(xﬁ)] = J,(B)Je+1(B)/B, independently of the component wavefunction
chosen to fix the boundary conditionsiat {o.

aA recent exploration of the properties of baryon resonadeeived from a multichannel partial wave analy$sreport additional resonances not included in
the Review of Particle Propertié8.

3In particular theA3 ™ (1930) state (not shown in Table 2) has been given theSid(6) assignmen® = 3/2, L = 1, n = 1 in Ref.126 This assignment will be
further discussed in the section below.
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Fig. 7. Light baryon orbital spectrurm(= 0) for Aqcp = 0.25 GeV. Predictions for the nucleons (left) and for th&rajectories (right).

We show in Fig. 7 the model predictions for the orbital exaita spectrum of baryons which follows from the boundary
conditionsy,. (£ = 1/Aqcp) = 0 in a truncated-space model in the infrared regfbAThe figure shows the predicted orbital
spectrum of the nucleon ardorbital resonances far = 0. The only parameter is the valuesfcp which we take as 0.25 GeV.
Orbital excitations are approximately aligned along tvajectories corresponding to even and odd parity statel,exiteption
of theA{(lGZO) andﬁ%‘(l?OO) states which are in the same trajectory. The spechaws a clustering of states with the same
orbital L, consistent with a strongly suppressed spin-orbit for¢es Temarkable prediction for the baryons is not a pectyiari
of the hard-wall model, but is an important property of ligidnt holographic models.

In the quark-diquark model of ffie and Wilczek?’ nucleon states witB = 1/2 in Fig. 7 (a) correspond to “good” diquarks,
S = 3/2 nucleons and all tha states in Fig. 7 (b) to “bad” diquarks, with exception of th930) which does not follow the
simple 31 quark-diguark pattern. As for the case for mesons discuiss8dc. 3.1, the hard-wall model predictd ~ 2n + L,
in contrast to the usual Regge behavl? ~ n + L found in experiment? The radial modes are also not well described in the
truncated-space model. For example, the first AdS radited si@s a mass 1.85 GeV, which is thuffidult to identify with the
RoperN(1440) resonance. This problem is not present in the softmadiel for baryons discussed below.

5.2. A soft-wall model for baryons

The light-front soft wall model for baryons has also a higtienensional analogue; it corresponds to a Dirac equatidxdiss
space in presence of affective linear confining potential(2) ~ x?z2. The action of a Dirac field propagating Ag$ space in
presence of a potenti®l(z) is

Sp = fddx dzyg (%‘?e,'\('FADM‘I’ - 'E(DM@)eXrA\P P - V(z)\flq!). (96)
The variation of the action (96) leads to the Dirac equatioAdS
[i (anNrMaN + grz) - uR—- RV(Z)] ¥ =0. (97)

As in the case for the hard wall model described in the previgection, the corresponding LF wave equation in physi-
cal space-time follows from identifying the transverse ldoiinate/ with the AdS holographic variablg z — ¢, and the
substitution (88) in (97). For & 4 we find the matrix eigenvalue equation in the 2 spinor component representation

d +V+% +V@y, =M

dé;w‘*' § w‘* lp‘*'_ lp—’
—dz// +V+%1,// +V(y_ = My (98)
" ¢ 7T ST

aThe results shown here in Fig. 7 give better results for thetanass baryons as compared with Rafvhere naive conformal dimensions were used instead.
aFor fermion fields in AdS one cannot break conformality with thizoduction of a dilaton in the action since it can be radagevay leaving the action
conformally invariant. This remarkable property was firstrped out in Ref128 and later derived independently in Ré?.
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whereU(2) = BVv(2).
For the potentiaV/ = x°z equation (98) is equivalent to the system of second ordeatems

@ 1-42
(_d_gz - 4{; +K42 20+ 1)K2) () = M2y (), (99)
and
@ 1-4(y+ 1)
(—@ - % + iM%+ ZVKZ) () = M2y (). (100)
The LF equatiorH  ry. = M2y, thus has the two-component solution
V(@) ~ SEEPLIER), () ~ (e PN, (101)

with equal probability for the properly normalized compotse The eigenvalues are
M2 = 4PN+ v+ 1), (102)

identical for both plus and minus eigenfunctions. Note,thatexpected, the potentidl? in the second order equation matches
the soft-wall potential for mesons discussed in Sec. 3.2vé¥er, in contrast to the case for mesons, the dilaton matiific

of the action gives little guidance for finding affective potential for baryons, since the dilaton can be scakeay by a field
redefinition. Consequently the overall energy scale isuafipecified for the baryortd! The remarkable regularities observed
in the nucleon spectrum and the analytical properties ofAth&/LF equations allows us, nonetheless, to built precise rales
describe the observed baryon spectrum and make prediftigres yet undiscovered, new baryon excited states.

n=3 n=2 n=1 n=0

(O = l l = 0 \ \ |
2.2012 0 2 4 2.2012 0 2 4
8820A12 L 8820A3 L

Fig. 8. Orbital and radial baryon excitations for the positive-parity Regge ti@jies for theN (left) andA (right) families fork = 0.49-0.51
GeV.

Before computing the baryon spectrum we must fix the overalisiscale and the parametefSince our starting point for
finding the bound state equation of motion for baryons is igjf{front method, we shall require the mass scale to betickdn
for mesons and baryons while maintaining chiral symmetnglie piort'’ in the LF Hamiltonian equations. In practice, these
constraints require a subtraction-e4«? from (102).2

As is the case for the truncated-space model, the valwdsofletermined by the short distance scaling behavier,L + 1.
Higher-spin fermionic mode®,,,..,., , ,, J > 1/2, with all of its polarization indices along therd coordinates follow by shifting
dimensions for the fields as shown for the case of mesons iR*ReTherefore, as in the meson sector, the increase in the mass
M2 for baryonic states for increased radial and orbital quantumbers is\n = 4«2, AL = 4«? andAS = 2«2, relative to the

aThis subtraction to the mass scale may be understood as thaadisyent required to describe nucleons wWith= 3 as a composite system with leading twist
3+L;i.e., aquark-diquark bound state with a twist-2 compodi@ark rather than an elementary twist-1 diquark.

aThe detailed study of higher fermionic spin wave equationsatified AdS spaces is based on our collaboration with Hansi@u®osch* See also the
discussion in Ref®
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lowest ground state, the protdre., the slope of the spectroscopic trajectories andL are identical. Thus for the positive-parity
nucleon sector

ML = 4 (n +L+ 2 + 2) (103)
where the internal spif = § or 3.

The resulting predictions for the spectroscopy of posifigeity light baryons are shown in Fig. 8. Only confirmed PBG
states are shown. The Roper sthifd 440) and theN(1710) are well accounted for in this model as the first andmsgcadial
states of the proton. Likewise, tii1660) corresponds to the first radial state of A{&232) as shown in in Fig. 8.

The model is successful in explaining the parity degeneddiserved in the light baryon spectrum, such aslthe 2,
N(1680)- N(1720) degenerate pair and the= 2, A(1905) A(1910) A(1920) A(1950) states which are degenerate within error
bars. The parity degeneracy of baryons shown in Figs. 8 s algroperty of the hard-wall model described in the previous
section, but in that case the radial states are not well ithest°

In order to have a comprehensive description of the baryentsm, we need to extend (103) to the negative-parity lvaryo
sector. In the case of the hard wall model, this was realigathbosing the boundary conditions for the plus or minus camepts
of the AdS wave functioi*. In practice, this amounts to allowing the negative-pasfiin baryons to have a larger spatial extent,
a point also raised it° In the soft-wall model there are no boundary conditions tdrséhe infrared since the wave function
vanishes exponentially for large valueszofVe note, however, that setting boundary conditions on tieeviunctions, as done
in Sec. 5.1, is equivalent to choosing the branehuR - % for the negative-parity spié-baryons and = uR+ % for the positive
parity spin—g baryons. This gives a factok#between the lower-lying and the higher-lying nucleon ttgees as illustrated in
Fig. 9, where we compare the lower nucleon trajectory cpoedingtothel = L+ S spin% positive-parity nucleon family
with the upper nucleon trajectory corresponding tolhelL + S -1 spin—g negative-parity nucleons. As is clearly shown in the
figure, the gap is precisely the factor’4

42

0 | I | I | I |
2-2012 0 2 4 6

8820A1 L

Fig. 9. Spectrum gap between the negative-parity s})'mucleons and the spiéJpositive-parity nucleon families for = 0.49 GeV.

If we apply the same spin-change rule previously discussethé positive-parity nucleons, we would expect that thget-
tory for the family of spin% negative-parity nucleons is lower by the facta? 2ompared to the spié-minus-parity nucleons
according to the spin-change rule previously discusseds Tte formula for the negative-parity baryons

_ S 5
ML = 4 (n - Z), (104)
whereS = 1 or 3.

The full baryon orbital excitation spectrum listed in TaBléor n = 0 is shown in Fig. 10. We note thAﬂi (L*é:g = Mi (L‘)S:;
and consequently the positive and negative-parityates lie in the same trajectory consistent with the emmﬁaf results. Or21Iy
the confirmed PD states listed in Table 2 are shown. Our results fortistates agree with those of R&f:Chiral partners” as
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Fig. 10. Baryon orbital trajectories for thH (left) andA families (right) forn = 0 andx = 0.49 - 0.51 GeV. The lower and upper nucleon
trajectories (left) correspond respectively to the the s})irpositive-parity, and to the spié,— negative-parity, families. The middle dotted
trajectory (left) corresponds to sp%negative-parity nucleons. Plus and minus-parity states fontstates (right) are in the same Regge
trajectory.

the N(1535) and théN(940) with diferent orbital angular momentum are non-degenerate frorrtket. Using (103) and (104)
we find the relation

Mn(1535) _ § (105)

Mn(940) 2
which is consistent with experiment to a good accuracy. Gimeirc fact also build the entire negative-parity excitatpectrum
starting from the proton partner, tie= 1/2 negative-parity nucleon stat{1535), using the same rulegy, an increase in mass
M? of 4«? for a unit change in the radial quantum numbe#, #r a change in one unit in the orbital quantum number atd 2
for a change of one unit of spin relative to the lowest negapigrity state, th&l(1535).

With the exception of the\(1930) state (which is not included in Table 2), all the conéd baryon excitations are well
described by formulas (103) and and (104). If we follow the+8dJ(6) quantum number assignment for th€1930) given in
Ref. 1?6 namelyS = 3/2,L = 1,n = 1 we find from (104) the valuds9s0) = 4 ~ 2 GeV, consistent with the experimental
result 1.96 GeV*® Expected results from new experiments are important to firidf mew baryonic excitations follow the simple
pattern described by Egs. (103) and (104).

An important feature of light-front holography is that iteglicts a similar multiplicity of states for mesons and baisjo
consistent with what is observed experiment&flyThis remarkable property could have a simple explanatiothéncluster
decomposition of the holographic variable, which labelgsiesm of partons as an active quark plus a system-ef spectators.
From this perspective, a baryon with= 3 looks in light-front holography as a quark—scalar-digsyrstem. It is also interesting
to notice that in the hard wall model the proton mass is dgtilae to the kinetic energy of the light quarks, whereas & th
soft-wall model described here, half of the invariant magsasedM? of the proton is due to the kinetic energy of the partons
and half is due to the confinement potential.

6. Nucleon Form Factors

Proton and neutron electromagnetic form factors are amuagibst basic observables of the nucleon, and thus centralifo
understanding the nucleon’s structure and dynamics. Iergétwo form factors are required to describe the elastattedng of
electrons by spin} nucleons, the Dirac and Pauli form factols,andF»

PIFOIP) = uP) [ Fae) + ‘5 Foled) | ), (106)

In the light-front formalism one can identify the Dirac anduft form factors from the light-front spin-conserving aspin-flip
current matrix elements of th current!3?

On the higher dimensional gravity side the spin-non-flip Btugbes for the EM transition correspond to the non-locaigong
of an external EM fieldA\M(x, 2) propagating in AdS with a fermionic modés(x, z), given by the left-hand side of the equation
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f d*x dz g W¥p (X 2) &) Ta AY(X, 2)¥p(X, 2)
~ (2n)*6* (P’ = P - q) U(P")y*F1(q))u(P), (107)

Wheree',ﬁ,I = (5;) 6{\) is the vielbein with curved space indickg§N = 1,---5 and tangent indice&, B = 1,--- , 5. The expression
on the right-hand side represents the Dirac EM form fact@hiysical space-time. It is the EM matrix element (106) ofldual
quark currentl* = eyqy*q with local coupling to the constituents. In this case oneaan show that a precise mapping of the
J* elements can be carried out at fixed LF time, providing antes@eespondence between the holographic variakled the
LF impact variable’ in ordinary space-time with the restflt

G.(D) =g, f Zv@a¥o, (108)

G(P)=g. R f v v, (109)

for the component¥, and¥_ with angular momenturh? = 0 andL? = +1. The dfective chargeg, andg_ are determined
from the spin-flavor structure of the theory.

A precise mapping for the Pauli form factor using light-frdmlographic methods has not been carried out. To study the
spin-flip nucleon form factoF, using holographic methods, Abidin and Carl§8ipropose to introduce a non-minimal electro-
magnetic coupling with the ‘anomalous’ gauge invariantter

f d*x dz g W ) €2 [Ta. Tg] FMNw, (110)

in the five-dimensional action, since the structure of (X&) only account foF;. Although this is a practical avenue, the overall
strength of the new term has to be fixed by the static quasitinel thus some predictivity is lost.

Light-front holographic QCD methods have also been usedtaio generalized parton distributions (GPDs) of the nutle
in the zero skewness limit in Retd® and®* for the soft and hard-wall models. GPDs are nonperturbating thus holographic
methods are well suited to explore their analytical stret®iIn the sections below we discuss elastic, transition andifav
separated nucleon form factors using light-front holoprajdeas?

6.1. Computing nucleon elastic form factors in light-front holgraphic QCD

In order to compute the individual features of the proton asdtron form factors one needs to incorporate the spin+flavo
structure of the nucleons, properties which are absent tets®f the gauggravity correspondence. The spin-isospin symmetry
can be readily included in AJQCD by weighting the dferent Fock-state components by the charges and spin-poois ©f

the quark constituents; e.g., as given by 816(6) spin-flavor symmetry. We label byl;; and Ny, the probability to find the
constituenty in a nucleon with spin up or down respectively. For 816(6) wave function we have

5 1 1 2
Ny = 3 Ny, = 3 Ngr = 3 Ny = 3 (111)
for the proton and
1 2 5 1
Ny = 3 Ny, = 3 Nap = 3 Ng; = 3 (112)

for the neutron. Thefeective chargeg, andg_ in (108) and (109) are computed by the sum of the charges aftthek quark
composed by the corresponding probability for ttfe= 0 andL* = +1 component¥, and'¥ respectively. We fingj; = 1,
g, =0,0d} = —% andg” = % The nucleon Dirac form factors in ti&U(6) limit are thus given by

R R [ Sv@a¥a. (113)
FI@)=-3R [ ZV@2[#0-¥a)|. (114)

whereF!(0) = 1 andF}(0) = 0.

aSee also the discussion in RéP.
aA study of the EM nucleon ta transition form factors has been carried out in the framewsbtke Sakai and Sugimoto model in Réf.
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Fig. 11.  Predictions foilQ*FP(Q?) (left) andQ*F{(Q?) (right) in the soft wall model. Data compilation from Dieh/

In the soft wall model the plus and minus components of thett&inucleon wave function are

2K2 3
¥, (2) = %zﬂzeﬂzf/z, Y_(2) = %zg/Ze*KZZZ/Z, (115)

andV(Q?, 2) is given by (60). The results fcﬁf’” follow from the analytic form (63) for any twist. We find

FI(Q) = F(@), (116)
and
FIQ) = - (FH(@) - F(@). (117)
where we have, for convenience, defined the twist-2 and-8vistm factors
1
F Q) = —(1+ %)(“ %) (118)
and
1 (119)

VAN
RN T I oAy

The results foiQ*F}(Q?) and Q*F(Q?) are shown in Fig. 11. To compare with physical data we haifeestthe poles in

expression (63) to their physical values locatet/lidt= 4«?(n + 1/2) following the discussion in Sec. 4.4. The value 0.545

GeV is determined from the mass.
The expression for the elastic nucleon form fad-’f@l‘1 follows from (106) and (110).

dz
F2M(Q%) ~ ;‘h(Z)V(QZ, 2¥-(2). (120)
Using the twist-3 and twist-4 AdS soft-wall wavefunctiols and¥_ (115) we find
(121)

FS’”(Qz) = Xp,nF—(QZ),

where the amplitude (120) has been normalized to the stadiotdiesy, andy, andF_(Q?) is given by (119). The experimental
valuesy, = 1.793 andy, = —1.913 are consistent with th® U(6) predictior®® up/un = —3/2. In fact @up/pn)exp = —1.46

whereup = 1+ yp andun = xn. The results foFS(QZ) and F'Z‘(Qz) for k = 0.545 GeV are shown in Fig. 12.
We compute the charge and magnetic root-mean-square (auisisrfrom the usual electric and magnetic nucleon form

factors

2
Ge(eP) = Fa(?) + 4q—M2Fz(q2) (122)
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Fig.12.  Predictions fof=5(Q?) (left) andF5(Q?) (right) in the soft wall model. Data compilation from Dieh’

and
Gwm(d?) = F1(0f) + Fa(a). (123)
Using the definition
2, _ 6 dF(®)
="F0) 4@ o= (124)

we find the values\/(rg)p, = 0.802 fm, \/(r2))p, = 0.758 fm,(r), = —0.10 fn? and /(r2,)n = 0.768 fm, compared with
the experimental values/(re)p, = (0.877 = 0.007) fm, (/(r2,)p = (0.777 + 0.016) fm, (r2), = (-0.1161+ 0.0022) fn?

and ,/(r2,), = (0.862+ 0.009) fm from electron-proton scattering experimefit. The muonic hydrogen measurement gives

V(re)p = 0.84184(67) fm from Lamb-shift measuremeht$ 2

Chiral dfective theory predicts that the slopes are singular for pgso mass. For example, the slope of the Pauli form
factor of the proton a? = 0 computed by Beg and Zepeda diverges as,14° This comes from the simple triangle diagram
v* — g*n~ — pp. One can also argue from dispersion theory that the sing@havior of the form factors as a function
of the pion mass comes from the two-pion cut. Lattice theamyputations of nucleon form factors require in fact thersgro
dependence at small pion mass to extrapolate the predictithe physical pion madé! The two-pion calculatiol® is a
Born computation which probably does not exhibit vector d@nce. To make a reliable computation in the hadronic hfsis
intermediate states one has to include probably an infiniteber of states. On the other hand, chiral divergences dappaar
in AdS/QCD when we use the dressed current since the holograpHissanaith multi-vector meson poles shows that there is
no two-pion contribution?

6.2. Computing nucleon transition form factors in light-front lelographic QCD

As an illustrative example we consider in this section thenfactor for they* p — N(1440)P;; transition measured recently at
JLab. We shall weight the filerent Fock-state components by the charges and spin-poojeof the quark constituents using the
S U(6) spin-flavor symmetry as in the previous section. The @sgion for the spin non-flip proton form factors for the tihos

n, L — nLis®

Finn (@) =R f d;? ¥V 2P @), (125)

aThe neutron charge radius is defined(b&)n = —G%Q—zz}oz_o.
a0ther soft and hard-wall model predictions of the nucleon rakus are given in Ref$2-134

n the limit of a free propagating current in AdS we obtain Iatmic divergent resulti:rﬁ)pl =3 In(%zz)' and(r§>pg = g In (%22)|

Q250 Q? 50



March 9, 2012 15:52 Page Size: 20.0 x 28.5cm  main

72 G. F. de Teramond

where we have factored out the plane wave dependence of Bdiélds

N (Z) _ K2_+L L Z7/2+L|_L+1( 222> e—K222/2 (126)
TR\ (Lt 1) n \% '
The orthonormality of the Laguerre polynomials in (126) liep that the nucleon form factor @ = 0 is one ifn = n” and zero
otherwise. Using the integral representation of the batkdundary propagatar(Q?, 2) given by (62) we find the twist-3 spin
non-flip transition form factor

QZ
V2 W
Fy () == - : (127)
1N—-N*
S (e )1+ i)
P P
T T T I
o
S o1l
5
f
oZ
[T
0 ! | ! |
0 2 4
Se20m16 Q? (GeV?)

Fig. 13.  Proton transition form factdFy, .(Q?) to the first radial excited state. Data from JLA®.

The result (127), compared with available data in Fig. 18:espond to the valence approximation. The transition fiactor
(127) is expressed in terms of the mass ofdivector meson and its first two radial excited states, withdditeonal parameters.
The results in Fig. 13 are in good agreement with experinheiatia. The transition to thsl(1440)P;; state corresponds to the
first radial excitation of the three-quark ground state efrihicleon. In fact, the Roper resonati@440)P;, and theN(1710P11
are well accounted in the light-front holographic framekvas the first and second radial states of the nucleon famishasn
in Sec. 5.2 (See Fig. 8). It is certainly worth to extend time@e computations described here and perform a systentatig of
the diferent transition form factors measured at JLab. This stuthhelp to discriminate among models and compare with the
new results expected from the JLab 12 GeV Upgrade Projepgriicular at photon virtualitie@? > 5 Ge\?, which correspond
to the experimental coverage of the CLAS12 detector at 3f&b.

7. Higher Fock Components in Light-Front Holographic QCD

The LF Hamiltonian eigenvalue equation (7) is a matrix inEspace which represents an infinite number of coupled iategr
equations for the Fock components = (nly). The resulting potential in quantum field theory can be abersid as an instan-
taneous four-pointféective interaction in LF time, similar to the instantaneglison exchange in the light-cone gaule = 0,
which leads tayqg — qg, qq — qg, g — qgq andq — qqqg as in QCD(%1). Thus in holographic QCD, higher Fock states can
have any number of extigq pairs, but surprisingly no dynamical gluordsThis unusual property of AG®CD may explain the
dominance of quark interchand&over quark annihilation or gluon exchange contributionkrge angle elastic scatterifty. 2

aThis result is consistent with the flux-tube interpretat@rQCD*4 where soft gluons interact so strongly that they are subdthito a color confinement
potential for quarks. The absence of constituent glue imdrad physics has been invoked also in RéP.where the role of the confining potential is attributed
to an instant on induced interaction.

an Ref148 we discuss a number of experimental results in hadron physiagwsupport this picture.
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In order to illustrate the relevance of higher Fock stataktae absence of dynamical gluons at the hadronic scale, We wi
discuss a simple semi-phenomenological model of the elftstin factor of the pion where we include the first two compugre
in a Fock expansion of the pion wave functifm = yqg/00 =2 + Yagegldqaqd-=a + - - - , Where theJ™ = 0~* twist-two and
twist-4 state$qq) and|ggoq) are created by the interpolating operatgy$ysq andqgy*ysqqq respectively.
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Fig. 14.  Structure of the spacelike (left) and timelike pion (right) form factor in ligioiaf holography for a truncation of the pion wave
function up to twist four. Triangles are the data compilation from Balelirail,”® squares are JLAB datd.

Since the charge form factor is a diagonal operator, the érpitession for the form factor corresponding to the trunocat
up to twist four is the sum of two terms, a monopole and a tip@e-term. In the strongly coupled semiclassical gaygeity
limit hadrons have zero widths and are stable. One can nelesth modify the formula (63) by introducing a finite width:
o> — ¢? + V2IMT. We choose the valuds, = 140 MeV,T,, = 360 MeV andl’,» = 120 MeV. The results for the pion form
factor with twist two and four Fock states are shown in Fig. THe results correspond @5, = 13 %, the admixture of the
lggog) state. The value dPygqg (@nd the widths) are input in the model. The valuec @ determined from thg mass and the
masses of the radial excitations follow from setting theepalt their physical locationd)? — 4«?(n+ 1/2), as discussed in Sec.
4.4. The time-like structure of the pion form factor dis@ayrich pole structure with constructive and destructiterfering
phases; this is incompatible with the admixture of the thisee statéggqg) containing a dynamical gluon since the interference

in this case is opposite in sign.

8. Conclusions

As we have shown, the exact light-front Hamiltonielpe /) = M?|y) for QCD can be systematically reduced to a relativistic

frame-independent semiclassical wave equéation
2 2

(-5~ T +U00) (0 = M0 (129)
for the valence Fock state of mesons. The unmodified AdS iemsatorrespond to the kinetic energy terms of the massless
constituent quarks with relative orbital angular momentuen L% The dfective potential (¢) corresponds to the color-confining
potential and follows from the truncation of AdS space, in edified dfective AdS action, and light-front holography. The
variable¢ is the invariant separation of the constituents. This framlependent light-front wave equation is comparable in
simplicity to Schrédinger theory in atomic physics whictiagsmulated at equal instant time. We have also derived alogoas
light-front Dirac equation for holographic QCD which debes light-quark baryons with finite col®ic = 3.

Remarkably, these light-front equations are equivalerthéoequations of motion in a higher dimensional warped space
asymptotic to AdS space. The mapping of the gravity theothédoundary quantum field theory, quantized at fixed ligti+f
time, thus gives a precise relation between holographieviamctions and the light-front wave functions which ddserihe
internal structure of the hadrons and their electromagretuplings. However, the derivation of thfextive color-confining

potentialUu (¢) directly from QCD, remains an open question.
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Despite some limitations of AGQCD*° the light-front holographic approach to the gafggavity duality, Light-Front
Holography has already provided significant physical insight intogtrengly-coupled nature and internal structure of hadrons
in fact, it is one of the few tools available. As we have seba,resulting model provides a simple and successful framewo
for describing nonperturbative hadron dynamics: the syaties of the excitation spectrum of hadrons: the mass sjggtrum,
observed multiplicities and degeneracies. It also pravigverful new analytical tools for computing hadronic siion am-
plitudes, incorporating the scaling behavior and the ftemsfrom the hard-scattering perturbative domain, whewark and
gluons are the relevant degrees of freedom, to the long naoiggerturbative confining hadronic region. The approads tn-
corporates both the long-range confining hadronic domaditiag constituent conformal short-distance quark particié in a
single framework. The results display a simple analytitralcdure which allows us to explore dynamical propertielglinkowski
space-time; in many cases these studies are not amenahlelidean lattice gauge theory computations. In partictler exci-
tation dynamics of nucleon resonances encoded in the nmutiansition form factors can provide fundamental insigio ithe
strong-coupling dynamics of QCD. New theoretical toolstates of primary interest for the interpretation of the résakpected
at the new mass scale and kinematic regions accessible dhahel 2 GeV Upgrade Project.

The semiclassical approximation to light-front QCD ddsed in this article is expected to break down at short digsnc
where gluons become dynamical degrees of freedom and hzod gkchange and quantum corrections become important. One
can systematically improve the semiclassical approxinafior example, by introducing nonzero quark masses and-sage
Coulomb-like gluonic corrections, thus extending the préohs of the model to the dynamics and spectra of heavy aatyh
light quark systems. The model can also be improved by appliippmann-Schwinger methods to systematically improve
the light-front Hamiltonian of the semiclassical holognapapproximation. One can also use the holographic LFWFsasis b
functions for diagonalizing the full light-front QCD Hartohian as well as the input boundary functions to study tlodution
of structure functions and distribution amplitudes at a évergy scale.
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Appendix A.
9. AdS boundary conditions and interpolating operators

The formal statement of the duality between a gravity theoryd + 1)-dimensional Anti-de SitteAd Sy, 1 space and the strong
coupling limit of a conformal field theory (CFT) on tliedimensional asymptotic boundary AflSy,; atz = 0 is expressed in
terms of thed + 1 partition function for a fieldb(x, 2) propagating in the bulk

Zy]0] = %19 = [ Dfa]eRl (A1)

whereSqi+ is the dfective action of theAd S, 1 theory, and tha-dimensional generating functional of correlation fuons of
the conformal field theory in presence of an external sodxge")

Zepr[®g] = &Wertl®ol = <exp(i f ddxcpo(x)O(x))>. (A.2)

The functionaM/cgt is the generator of connected Green'’s functions of the bayntheory and) is a QCD local interpolating
operator.

According to the AdECFT correspondence, to every operator in the conformal tieldry (CFT) there corresponds an AdS
field. We use the isometries of AdS space to map the scalingrdimans of the local interpolating operators defined at 8 A
boundary into the modes propagating inside AdS space. Huserrelation of the gravity theory on AdS space to the aoméd
field theory at its boundaryfs

Zgrad (%, 2)|,_; = Po(X)] = Zeer [@0], (A-3)

where the partition function (A.1) 0AdSy,; is integrated over all possible configuratiofsin the bulk which approach its
boundary valu@y. If we neglect the contributions from quantum fluctuatiomghie gravity partition function, then the generator
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Weet of connected Green’s functions of the four-dimensionalggatineory (A.2) is precisely equal to the classical (onishel
gravity action (A.1)

WerT [¢0] = Set[D(X, Z)|Z:0 = ®o(X)]on_shelr (A.4)

evaluated in terms of the classical solution to the bulk &gnaf motion. This defines the semiclassical approxinrmatmthe
conformal field theory. In the bottom-up phenomenologiggiraach, the #ective action in the bulk is usually modified for large
values ofz to incorporate confinement and is truncated at the quadeatit.

In the limit z— 0, the independent solutions behave as

D(X,2) = 7 O (X) + 27 O_(X), (A.5)

wherer is the scaling dimension. The non-normalizable solutianhas the leading boundary behavior and is the boundary
value of the bulk fieldb which couples to a QCD gauge invariant opera®dan thez — 0 asymptotic boundary, thus_ = ®y.
The normalizable solutio®, is the response function and corresponds to the physitak$td The interpolating operator3 of
the boundary conformal theory are constructed from locayganvariant products of quark and gluon fields and theiadant
derivatives, taken at the same point in four-dimensionategtime in the — 0 limit. According to (A.2) the scaling dimensions
of O are matched to the conformal scaling behavior of the AdSdigldhe limitz — 0 and are thus encoded into the propagation
of the modes inside AdS space.

Integrating by parts, and using the equation of motion ferftéld in AdS, the bulk contribution to the action vanishas] a
one is left with a non-vanishing surface term in the ultréstiboundary

1
_ -1 d
S=K mfd X~ 900, (A.6)

which can be identified with the boundary QFT functioWd)rr. Substituting the leading dependence (A.5¥ofiearz = 0 in
the ultraviolet surface action (A.6) and using the funcaioelation

Merr _ 0%ar (A7)
0Dy 0D
one finds thatb, (X) is related to the expectation valuesfn the presence of the sourdg!>®
(0l0(X)[0)gy, ~ D+ (X). (A.8)

The exact relation depends on the normalization of the fightsent>! The field®, thus acts as a classical field, and it is the
boundary limit of the normalizable string solution whictopagates in the bulk.
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