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We review the holographic QCD model for nucleons and vector mesons proposed in [1]. The
model can be thought of a consistent embedding of soft wall models in Einstein-dilaton gravity
and it leads to hadronic correlators compatible with QCD in the large N. limit. We compare
our results for the hadronic masses and decay constants against previous models and available

experimental data.
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1. Confinement in Einstein-dilaton holography

We start with the action of 5d Einstein-dilaton gravity in the Einstein frame:

Sp =0 / d’x g [R - ggm”(?md)and) + V(D) |, (1)

where ¢ is the radius of 5d anti-de Sitter (AdS) space. In holographic QCD we consider the following
ansatz for the metric and dilaton
1

T ()

The inverse scale factor £(z) is usually expressed in terms of the warp factor A(z) through the

ds?

[-di? +d¥* +d*] , ®=d(2). @)

relation A(z) = —In (z). Varying the action (1) and using the ansatz in (2) we obtain the following
independent Einstein-dilaton field equations

g// _ gé/q)/Z =0 , €—2V _ 55(4«—3)// =0, (3)

where ’ = d/dz. At small z we impose the condition that the 5d metric becomes AdS and that the
dilaton field vanishes, i.e. {(z — 0) = z/¢£ and ®(z — 0) = 0. At large z (far from the bundary) we
impose the condition ®(z — o0) = kz? which guarantees linear confinement [2] and linear Regge
trajectories for vector mesons [3]. In this work we consider two analytical solutions that satisfy the
conditions above. These are given by

1/4
®r() = k2 §1<z>:r(5/4>(%) %11/4@1%2)

®y(z) = %\/zz\/9+4kz2 + Z sinh™! (%«/%z) , ((z) = %exp (%kzz) . 4)

In the next sections we will describe the dynamics of the 5d gauge and Dirac fields dual to the
4d vectorial current and nucleon operators. The 5d actions will be described in the string frame
where the warp factor takes the form

Ag(z) = A(z) + %fb(z) =-In/(z) + %@(z) ) 35)

2. Vector mesons in confining holographic QCD

We are interested in the physics of vector mesons in large N. QCD with Ny = 2 flavors. This
is described by the 4d flavour current operators J#-%(x) = g(x)y*T%q(x) and for simplicity we
assume SU(2) isospin symmetry (m, = mgy). Inspired by previous works [4, 5] we map these
currents to 5d non-Abelian fields V% (z, x) with a 5d action given by

1
Sy =— / d*x dz—~=gs e "V, (6)
4¢3

where v& = 8,,V¢ — 3,VE ! and g3, = >4, is the 5d metric in the string frame. The
5d coupling is fixed as g% = 127%/N. in order to reproduce the perturbative QCD result for

ICubic or higher order on V4 are relevant only for interactions and will be neglected in this work.
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the current correlator in the regime of small distances. The 5d gauge field is decomposed as
Ve = (V¢ Viu + 0pé). We use gauge symmetry to fix V' = 0 and from the field equations one
finds that & = 0. The only remaining field equation from (6) is

[az +A - cp']azvf"“ +oviha=o. 7
At small z the 5d gauge field admits the asymptotic solution
Via(x,2) = Vlg?é(x) +oeet V;f;(x)zz I (8)

where V,goc)- (x) and V,gzc)- (x) are the source and VEV coeflicients. It is also convenient to introduce

d . . .
the bulk to boundary propagator KZ 2(z,x;y) via the relation

Vi = [ KGO0, ©)

As shown in [1], the holographic dictionary for the 4d current correlator takes the form

1 _
Gi(x =) = el s.a) = - | Pokgdexy)| (10)
5
In momentum space the bulk to boundary propagator can be written as
Re(z.q) = (n’” - %) 5 V(z,q). (1)
q
From (7) we find that V(z, g) satisfies the differential equation
(0 + 4L - /)0, - ¢*|V(z. ) = 0, (12)
which can be written in the Sturm-Liouville form
[£+2r@]y@ =0 . £=0(p@3d:) - s5(2), (13)
with
p(2) =™, 5(2) =0, A=-¢*, r(z) =™, (14)
The corresponding Green’s function satisfies the differential equation
[L+/lr(z)]G(z;z') =6(z-7). (15)

Following Sturm-Liouville theory, the Green’s function admits the spectral decomposition

G(z:7) =—Z%, (16)

where the Sturm-Liouville modes satisfty the differential equation

[62 (eA“_q)BZ) + m%neAS_(b] Vvii(z) =0 (17)
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and are normalized as / dz eds~Py™(2)v"(z) = 6™". As described in [1], the bulk to boundary
propagator is related to the Green’s function by V(z’, q) = — [eAS ~%0,G(z; z’)] . Then using the
Z=€

holographic dictionary (10) one obtain the following decomposition for the current correlator

=€

Gab( ) _ o qp9v 6abZ F\%n Fon = i[eAs—(Da v ( )] (18)
av'\d) = |Tpy q2 - q2+m‘2)n ’ V"_gs 2Vn(Z >

where F),» are the vector meson decay constants. The decomposition in (18) is consistent with large
N QCD, see for example [6, 7].

3. Nucleons in confining holographic QCD

In QCD nucleons are usually described using interpolating fields. For the proton we use
the Ioffe operator O(x) = €gpe (UL (x)Cyup(x)) ysy d.(x) [8, 9]. Inspired by previous works
[10-12], we map this 4d operator to a 5d Dirac field with the following 5d action

SF:GF/de —gs(%nﬁlDw+c.c.—in~u/7w)+AS, (19)

R 1 .z
where ) =T D,, withI"" = e;I'and Dy, = 9, + Zwﬂb I';;. The surface term AS is required by the

variational principle. The quantities e/, and a)f‘;l; are the veilbein and spin connection respectively
while I'% are the gamma matrices in 5d flat space.
In holographic QCD the veilbein takes the form e, = e‘As(Z)(SZ and the non-vanishing com-

ponents of the spin connection are wff = —wff = —A;(SZ. As shown in [1], the 5d coupling

in (19) can be fixed to Gr = 27~* to reproduce the perturbative QCD result for the nucleon
correlator at small distances. The 5d Dirac field admits the decomposition ¥ = Yr + 1 where

1 R
YR/L = 3 (L £T%) ¢ = Pg/ry. The Dirac field equation arising from (19) decomposes as
By =—(0.+24 = eMmur . By = (04240 + M)y, (20)
where ¢ = T2 0y. At small z one finds the asymptotic solutions

vr(x,z) = a’L(x)Z2—m +oee- +ﬁL(x)Z3+m I

YR(x,2) = ar(X)Z2 ™+ + Br(X)ZZT +. .., Q1)

where ag/;, and Sg/r are the source and VEV coeflicients respectively. In this work we will be
interested only in the operator Og(x) = PrO(x) so the only independent source is ay (x). Again,
it is convienent to define a bulk to boundary propagator Fy (z,x;y) using the relation

Y (z.x) = / d*y Fr(z.x:y) ar(y), (22)

and the holographic dictionary for the nucleon correlator takes the form [1]

Tr(x =) = (Or(x)Or(Y)) = iGFrPg (?;y (Zz_m@m“'(az +2A5 + EA“"%)IVL(Z,X;y))z:6 - (23)

2The dilaton coupling was absorbed in a redefinition of the Dirac field y — e®/2y.
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The bulk to boundary propagator in momentum space satisfies the differential equation

[(0; +4A) 0, + 247 +4A% + 0, (e*) — e**ii? + Q% F1.(q,2) = 0. (24)

Again, we use the Sturm-Liouville theory and follow the same steps as in the previous section to
obtain a spectral decompostion for the nucleon correlator [1]

2
Ayn

R"(q) = ~Prg ) -

25
q>+m3, 23)

.
. Ann =VGF [Z mfR,n(Z)] ;
=€
where Ayn are the nucleon “decay constants” which can be interpreted as probability amplitudes
associated with the creation of nucleon states from the vacuum. The Sturm-Liouville modes satisfy
the coupled differential equations

(0 + 24 % i) f = Fmnn £ (26)

and are normalized as / dz e*?s f 7'(2) f]'(z) = 6"". The spectral decompositionin (24) is consistent
with large N. QCD, see for example [6, 13]. Finally, from the analysis of the mode equations in
(26) one finds that linear Regge trajectories are guaranteed considering a 5d mass term of the form

1
m=e As (qu - mA;) [1].

4. Results

In [1], we calculated the masses of vector mesons and nucleons, as well as the corresponding
decay constants, comparing them with previous models and available experimental data. Here we
present our main results for the vector meson and nucleon masses in table 1 and 2 respectively.

Ratio Model I | Model IT | Soft wall | Hard wall | Experimental
myfmy | 1.591 1.34 1.414 2.295 1.652 +0.048
myfmy | 2.015 1.611 1.732 3.598 1.888 +0.032
mys/mgyo | 2.365 1.843 2 4.903 2.216 £0.026
M4 /M50 2.67 2.049 2.236 6.209 2.443 +0.072
mys/mgy | 2.944 2.236 245 7.514 2.727 £ 0.265

Table 1: Ratio of vector meson masses m,n /m o0 for the first excited states n = 1, .., 5 in the Einstein-dilaton
models I and II, the soft wall model [3], the hard wall model [4], compared against experimental results. The

experimental result for m ol Was taken from [14] and for the other states were obtained from PDG [15].
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