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We discuss hadrons and multiquark states in holographic QCD. This approach is based on
an action which describes hadron structure with broken conformal and chiral invariance and
incorporates confinement through the presence of a background dilaton field. According
to the gauge/gravity duality the five-dimensional boson and fermion fields propagating in
AdS space are dual to four-dimensional fields leaving on the surface of AdS sphere, which
correspond to hadrons. In this picture hadronic wave functions — basics blocks of hadronic
properties — are dual to the profiles of AdS fields in the fifth (holographic) dimension,
which is identified with scale variable. As applications we consider properties of hadrons
and multiquark states from unified point of view: mass spectrum, form factors, parton,
transverse momentum, Wigner and Husimi distributions.

1 Introduction

Recent decades have been marked by significant progress in derivation and application of holo-
graphic QCD approaches based on the gauge/gravity duality [1]. The duality has several man-
ifistations. Two most important of them are: 1) matching between partion functions in two
approaches gives relation between parameters of string and SU(N) Yang-Mills (YM) theories;
2) conformal group acting in the boundary theory is isomorphic to SO(4,2) group, which is
the isometry group of the AdSs space. In particular, the string parameters g - coupling, [
- length, and R - the AdS radius are related to the YM theory parameters gy s - coupling,

't Hooft coupling A = g% ,,N as 2mgs = giM and }f—f = 2g§M N. There are two imporant

limits in case of dual theories: 1) "t Hooft limit (large N at A fixed) gyy = 4 < 1, which
corresponds to gs < 1 (tree-level perturbative string theory). In this case we say that the
“Conformal Field side” of duality works; 2) Strong coupling limit A > 1, which means
ls < R. In this case we say that “String Theory side” of the duality works. AdS/QCD ap-
proaches are derived from AdS/CFT ones upon breaking of conformal invariance. According
to the dictionary, the AdS/QCD or holographic QCD (HQCD) is an approximation to QCD
attempting to model hadronic physics in terms of fields/strings living in extra dimensions -
AdS space. HQCD models reproduce main features of QCD at low and high energies: chiral
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symmetry, confinement, power scaling of hadron form factors. One should stress that the extra
5th dimension has clear physical interpretation as the scale. AdS/QCD approaches are divided
on two types: 1) top-down approaches — low-energy approximation of string theory trying to
find a gravitational background with features similar to QCD (e.g. Sakai-Sugimoto model); 2)
bottom-up approaches — more phenomenological ones, using the features of QCD to construct
5d dual theory including gravity on AdS space. In order to go towards to QCD one should: i)
break conformal invariance and generate mass gap, ii) via Kaluza-Klein decomposition of the
five-dimensional AdS fields introduce a tower of normalized bulk fields (Kaluza-Klein modes)
dual to hadronic wave functions. Bottom-up AdS/QCD approaches have two main realizations
of breaking of conformal invariance and introducing confinement — hard-wall and soft-wall ver-
sions. In the hard-wall approach the AdS geometry is cutted by two branes — ultraviolet (UV)
(z = € — 0) and infrared (IR) (z = zig). Hard-wall model gives incorrect linear dependence of
hadron masses on angular momentum. This approach is analogue of the quark bag model [2]
and similar to the covariant constituent quark model with infrared confinement developed in
Ref. [3]. In the soft-wall model the soft cutoff of the AdS space is introduced via background
dilaton field [4]-[10]. The advantage of this approach is that it gives analytical solution of
equation of motion for the bulk profiles of AdS fields and produces Regge behavior of hadronic
masses: M7 ~ J(L).

In this paper we consider holographic approach based on soft-wall approach developed by
us in Refs. [5]-[10]. We report the applications of our approach to the properties of hadrons
and multiquark states. In particular, we present results for hadronic mass spectra, form factors
and parton, transverse momentum, Wigner and Husimi distributions [5]-[10].

2 Approach
Here we briefly review our approach. First, we specify the five-dimensional AdS metric:
ds® = gundz™MdzN = ng 243 datda? = 243 (udatdz” — dz?),
Nuv = diag(l,—l,—17—1,—1)7 (1)

where M and N = 0,1,---,4 are the space-time (base manifold) indices, a = (u,z) and
b = (v, z) are the local Lorentz (tangent) indices, and gpsn and 7, are curved and flat metric
tensors, respectively, which are related by the vielbein €},(2) = e4(*) 5%, as gyn = €%, €% Mab-
Here z is the holographic coordinate, R is the AdS radius, and g = |detgasn|. In the following
we restrict ourselves to a conformal-invariant metric with A(z) = log(R/z).

The relevant AdS/QCD actions for the boson and fermion field of spin J are [5]-[7]

Sp = /d4xdz\/§e*“”(z) {DMCI)Ml...MJ(z,Z)DMi)Ml”'MJ(x,z)
= (P UFE) R )8 0,)] @
Sp = St+Sp, St = / dzdz\fge ) Y [‘i/]ivh...MJ(x,z)iDJj\[/[\IJiMl'”MJ(x,z)
i=,—
T, (@) (W) + UF () ) UMM (g ) (3)

HQ 2016 257



VALERY E. LYUBOVITSKIJ, THOMAS GUTSCHE, IVAN SCHMIDT

where D), and DM are the covariant derlvatlve (including external vector and axial fields)
acting on boson ®,...ar, and fermion ks My My fields, respectively. \I/]j\Z M, is the pair of
bulk fermion fields, which are the holographlc analogues of the left- and right-chirality fermion
operators in the 4D theory. ¢(z) = k222 is the dilaton field with x being a free scale parameter.
The quantities uZ and pf are the bulk boson and fermion masses related to the conformal
dimensions (A, AT of the spin-J AdS boson and fermion fields, respectively

(WfR)® = AT(AT —4), ujR=AF -2 (4)

As was shown in Refs. [11] and [6] the field dimensions A% and A% are related to twist-dimension
7, r of hadronic operators as

Af=rmp=2+1L, A§=m+%=g+L. (5)
where L = max |L,| is the maximal value of the z component of the quark orbital angular mo-
mentum in hadron [11]: UP(2) = 4¢(2)(J—1)/R? and U¥ (2) = ¢(z)/R are the effective dilaton
potentials. Note the choice of quadratic dilaton profile and potentials U?(z) and U} (2) is nec-
essary in order to guarantee correct Regge behavior of hadronic mass spectra and asymptotic
power scaling of hadronic factors at large momenta transfer in agreement with quark counting
rules [5]-[10].

Notice that the fermion masses and the effective potentials corresponding to the fields T
and ¥~ have opposite signs according to the P-parity transformation. The absolute sign of the
fermion mass is related to the chirality of the boundary operator. According to our conventions
the QCD operators Or and Op have positive and negative chirality, and therefore the mass
terms of the bulk fields U+ and ¥~ have absolute signs “plus” and “minus”, respectively.

One of the main advantages of the soft-wall AdS/QCD model is that the most of the
calculations can be done analytically. In a first step, we show how in this approach the hadron
wave functions and spectrum are generated. We follow the procedure pursued in Refs. [5]-[7].
We drop the external vector and axial fields in covariant derivatives, turn to the tangent space
with Lorentz signature, where the AdS fields are rescaled as

& S DA G gE @A 2y (©6)

Mg Mg

Next we split the fermion field into left- and right-chirality components

+

+L
Hl"',uJ(

Hipbg (LC, Z) + i

z,7) = s (

T, %) (7)
and perform Kaluza-Klein (KK) expansion for ¢,,,...,., (, z) and wm L/R (z, 2)

¢P‘1"'P‘J (3:7 Z) = Z¢n#1"'ﬂJ (w) Fn‘r(z) ’

+L/R
m---/m (z,2)

f Zw{:iff ) GEFIR(2), (8)

where the tower of the KK fields ¢y, i, ..., () is dual to four-dimensional fields describing mesons
with spin J, while KK fields ¢ {f ,(x) are dual left/right-chirality fermion fields describing

baryons with spin J. The number n corresponds to the radial quantum number. The set of

258 HQ 2016



HADRONS AND MULTIQUARK STATES IN HOLOGRAPHIC QCD

functions F,(z) are the profiles of boson AdS fields in holographic direction, which are dual to
the mesonic wave functions with twist 7 and radial quantum number n. In case of baryon we
have four sets of such profiles dual to baryonic wave functions, which satisfy to the following
relation (due P- and C-invariance) Git*(z) = FGT F(2). Then it is convenient to rescale the
boson and fermion profiles as

Fpr(2) = 724G f0(2), GRfE(2) = €240 g R (z) (9)
in order derive the Schrédinger-type equation of motions (EOMs) for the wave functions f,,,
and ngL/R(Z)
o AL -1 4.2 2 2
|- 02+ =+ 1 4 2220 = )| fur(e) = M ry fur(2) (10)
and

1 +1
02t 20 (mr ) + PR HRG) = Mpa TG )

where m = 7 — 3/2; Mp -y and Mp,,, are the masses of bosons and fermions dual to corre-
sponding hadrons (mesons and baryons) with specific values of quantum numbers.
Above EOMs have analytical solutions for both wave functions

QF(n + 1) T—1 17— —r222 T—
fnT(Z) = m KT, 3/2 e /2 Ln 2(I€2Z2),
2r 1
gﬁ‘r(z) = F((n:_)) KT ZT—1/2 e—ﬁ2z2/2 L;_l(/i222), (12)
n T
gT]L%T(Z) 2F(7’L+1) RT_l ZT—3/2 e—nzzz/Z L;_Q(RZZQ)

P(n+71-1)

and mass spectrum M?B”LTJ = 4k? (n + - 1) and Mg“,nr = 4r? (n +7 - 1). Therefore,
our main idea is to find the solutions for the bulk profiles of the AdS field in the z—direction,
and then calculate the physical properties of hadrons in terms of the bulk profiles of AdS fields
dual to hadronic wave functions. In this way both mass spectrum and dynamical hadronic
properties like form factors and parton distributions will be calculated from a unified point
of view based on the solutions of the Schrédinger-type EOMs (12). One can see that the
bulk profiles of AdS fields have the correct scaling behavior for small z, which leads to correct
power behavior of calculated hadronic form factors at large Q2. Another important property
of the bulk profiles is that they vanish at large z (confinement). Up to now we discussed
the solutions of EOMs for the bulk profiles on its mass shell p?> = M?2. In case when we
go beyond mass shell, we can calculate so-called bulk-to-boundary propagators describing the
behavior of bulk profiles at arbitrary p?, which are necessary for calculation of momentum
dependence of matrix elements in our approach. In particular, the bulk-to-boundary propagator
for the vector AdS field dual to electromagnetic field is given in analytical form in terms of the

Gamma I'(n) and Tricomi U(a,b,z) functions: V(Q,z) = F(l + QQ)U<Q2 0,522“2). The

4k2 4k2>
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bulk-to-boundary propagator V(Q, z) obeys the normalization condition V (0, z) = 1 consistent
with gauge invariance and fulfils the following ultraviolet (UV) and infrared (IR) boundary
conditions: V(Q,0) =1, V(Q,00) =0. The UV boundary condition corresponds to the local
(structureless) coupling of the electromagnetic field to matter fields, while the IR boundary
condition implies that the vector field vanishes at z = co. E.g. a generic expression for the
meson form factor is given in the form integral over z variable of the product of V(Q, z) and
bulk profiles corresponding to the wave functions of initial (in) and final (fin) meson

oo

Fu(@) = [ d:V(Q.2) ) fin(2). (13)
0
Another advantage of our approach is a possibility to constraint the form of light-front wave
functions (see detailed discussion in Refs. [5]-[10]) from matching of matrix elements of physical
processes in AdS/QCD and Light-Front QCD. The idea of such matching was proposed in
Ref. [11]. Next step is inclusion of effects of quark masses in agreement with constraints imposed
by chiral symmetry and heavy quark effective theory.

3 Applications

One of the nice features of our approach is that we can derive effective light-front wave functions
(LFWFs) using matrix elements for physical processes calculated in AdS/QCD. In particular,
the nucleon LEFWFs are set up as

4 k . (1) k + k . k1+1k2 (2) k
¢+q($7 l) = ¥q (‘Ta L)a 1/’_,1(% L) - 7%90(1 (Ia L)v
'(/}—Q—q(xakJ_) = 7@(] (.’E kJ_) ¢ (.’E kJ_) = (Z’ kJ_)
[ Qo +5qv / (0,
(1)(30 k) = Dy’ (z) exp 2M2 (1)() ;
() K _ AT @ (x) — 6qu(x )D(z) ki D(z) 14
(ek) = & g (@) exp| - 7 D ). (14)
Here My is the nucleon mass.
Our functions cpgl) and <p,(12) are normalized as
A2k [ 12 qv(x) + 690 (x)
(1) — v\ ¢ 7T
[ o [ onle),
d’k, k2 1 2) 12 qv(x) — 6qy ()
2L k . CASVENRS CASY)
IE= a7 [P ) -],
1
Pk T 12 ng + g4
oMW k _ MeT Y4
[ [ s [ )] tia,
i d’k; k% 2 4
1 [ (2) 19 _ Ta—9Ya
/d /167‘(’3 M2 _QDQ (kaL)_ 9 > (15)

0
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where n, is the number of u or d valence quarks in the proton and g% is the axial charge of a
quark with flavor ¢ = u or d.

Using these LEFWF's one can calculate electromagnetic form factors, transverse momentum,
Wigner and Husimi distributions, etc. Analytic experessions for these quantities can be found in
Ref. [10]. In Figs. 1-4 we plot the results for the z-dependence of the unpolarized and polarized
PDFs, TMDs, Wigner and Husimi distributions, and indicate selected results for the quark and
nucleon electromagnetic form factors. We use the results for the NLO helicity-independent and
helicity-dependent parton distributions at u%;o = 0.40 GeV? from Refs. [12] as input. Next
in Figs. 5-7 we show our prediction for the deuteron electromagnetic form factors and structure
functions.
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Figure 2: Dirac and Pauli Quark EM Form Factors multiplied by Q*.
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Figure 5: Deuteron charge G, quadrupole G and magnetic G s form factors.
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Figure 6: Deuteron structure functions A and B.
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Figure 7: Deuteron tensor-polarized structures Tsg, TQO R, 151 and Tho.

264 HQ 2016



HADRONS AND MULTIQUARK STATES IN HOLOGRAPHIC QCD

I. Schmidt and A. Vega, “Chiral Symmetry Breaking and Meson Wave Functions in Soft-
Wall AdS/QCD,” Phys. Rev. D 87, 056001 (2013).

T. Gutsche, V. E. Lyubovitskij, I. Schmidt and A. Vega, “Dilaton in a soft-wall holographic
approach to mesons and baryons,” Phys. Rev. D 85, 076003 (2012).

T. Gutsche, V. E. Lyubovitskij, I. Schmidt and A. Vega, “Nucleon structure including
high Fock states in AdS/QCD,” Phys. Rev. D 86, 036007 (2012); A. Vega, I. Schmidt,
T. Gutsche, V. E. Lyubovitskij, “Generalized parton distributions in AdS/QCD,” Phys.
Rev. D 83, 036001 (2011); T. Gutsche, V. E. Lyubovitskij, I. Schmidt and A. Vega,
“Nucleon resonances in AdS/QCD,” Phys. Rev. D 87, 016017 (2013).

T. Gutsche, V. E. Lyubovitskij, I. Schmidt and A. Vega, “Light-front potential for heavy
quarkonia constrained by the holographic soft-wall model,” Phys. Rev. D 90, 096007
(2014); “Light-front quark model consistent with Drell-Yan-West duality and quark count-
ing rules,” Phys. Rev. D 89, 054033 (2014) Erratum: [Phys. Rev. D 92, 019902 (2015)];
“Nucleon structure in a light-front quark model consistent with quark counting rules and
data,” Phys. Rev. D 91, 054028 (2015) “Nuclear physics in soft-wall AdS/QCD: Deuteron
electromagnetic form factors,” Phys. Rev. D 91, 114001 (2015); “Pion light-front wave
function, parton distribution and the electromagnetic form factor,” J. Phys. G 42, 095005
(2015); A. Vega, I. Schmidt, T. Gutsche and V. E. Lyubovitskij, “Nonperturbative contri-
bution to the strange-antistrange asymmetry of the nucleon sea,” Phys. Rev. D 93, 056001
(2016).

T. Gutsche, V. E. Lyubovitskij and I. Schmidt, “Deuteron electromagnetic structure func-
tions and polarization properties in soft-wall AdS/QCD,” arXiv:1607.04124 [hep-ph], Phys.
Rev. D (in print).

T. Gutsche, V. E. Lyubovitskij and I. Schmidt, “Nucleon parton distributions in a light-
front quark model,” arXiv:1610.03526 [hep-ph].

S. J. Brodsky, G. F. de Teramond, “Hadronic spectra and light-front wavefunctions in
holographic QCD,” Phys. Rev. Lett. 96, 201601 (2006); S. J. Brodsky and G. F. de Tera-
mond, “Light-Front Dynamics and AdS/QCD Correspondence: The Pion Form Factor in
the Space- and Time-Like Regions,” Phys. Rev. D 77, 056007 (2008).

M. Gluck, E. Reya and A. Vogt, “Dynamical parton distributions revisited,” Eur. Phys.
J. C 5,461 (1998); M. Gluck, E. Reya, M. Stratmann and W. Vogelsang, “Models for the
polarized parton distributions of the nucleon,” Phys. Rev. D 63, 094005 (2001).

HQ 2016 265



