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We analyze the sector of dimension-three vector meson operators in the “hard wall” model of
holographic QCD, including the vector and axial currents, dual to gauge fields in the bulk, and the
tensor operator o1, dual to a two-form field satisfying a complex self-duality condition. The
model includes the effect of chiral symmetry breaking on vector mesons, that involves a coupling
between the dual gauge field and the two-form field. We compute the leading logarithmic terms in the
operator product expansion of two-point functions and the leading non-perturbative contribution to
the tensor-vector correlator. The result is consistent with the operator product expansion of QCD.
We also study the spectrum of vector mesons numerically.

I. INTRODUCTION

Popular phenomenological models of QCD, such as the “hard wall model” [1, 2] as well as “the soft wall model” [3],
rely on the assumption that one can map QCD to an effective theory in the bulk of the holographic fifth dimension.
This is a very strong assumption, which is not fully justified. Such an effective description implies a large hierarchy of
scales between meson masses and flux tube tension, which is not present in QCD. This is the main reason why these
are at best phenomenological models. Nevertheless, they are a useful resource as they provide quick and easy ways
to estimate many quantitative properties, provided one is willing to live with errors which, in most instances where
these models can be compared to data, turn out to be in the 10-30% range. These simple tools are nice to have for
QCD. They are even more valuable when studying QCD-like theories in particle physics, most notably as a theory
of technicolor, or more generally as a potential “hidden sector” which may leave an imprint on LHC data. As far as,
for example, meson spectra in QCD are concerned, holographic models will never be competitive with lattice gauge
theories. However, when exploring theories of technicolor or hidden sectors one does not know, a priori, what the
correct Lagrangian is. So one needs to explore many different models, each of which would require years of extensive
computer simulations on the lattice, but only days in a holographic model.

While using a 5D effective theory for QCD is not necessarily justified, it should at least be done self-consistently. In
the 5D effective theory, not only are higher derivative interactions and high dimension operators suppressed — one is
also suppressing an infinite number of additional fields. In holography, we know that every boundary operator should
correspond to a field in the bulk. Fields kept in the simplest holographic models correspond to boundary operators
of UV dimension[26] 3. One can say that bulk fields dual to operators of higher dimension, which are more massive
and hence can be integrated out, are being neglected. In a top-down holographic theory, such as the AdSs x S° dual
of large N' = 4 SYM with a large number of colors N, and at strong 't Hooft coupling A [5-7], a similar reduction
to a small subset of boundary operators and hence bulk fields is entirely justified: there is only a finite number of
ten-dimensional fields dual to BPS operators, which retain their free field dimension. All other operators acquire
anomalous dimensions of order \'/4, so their dual fields in the bulk acquire masses of the same order in A and can
safely be integrated out. In the phenomenological approach one includes the fields dual to dimension 3 operators, but
hopes to be able to neglect operators of dimensions 4, 5, 6 and so on.

There are, however, two additional dimension 3 operators, Yo" and Yo"’ vys1) (o** = i/2[y*,+"] being the
antisymmetrized product of two gamma matrices), whose dual field is not included in the simplest bulk model. The
corresponding field, a complex bifundamental anti-symmetric rank-two tensor field B,,,, should be included for self-
consistency of the model. Real and imaginary part of this field correspond to the tensor operators with and without
~5 insertion respectively. An immediate benefit resulting from the inclusion of this extra field is that one will obtain
masses for isospin triplet vector mesons with JF¢ = 17~ starting with the b; at a mass of 1235 MeV. They clearly
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should be part of the setup which, as it stands, can otherwise only incorporate 1=~ and 11" vector mesons like the
p and a;.

Including a new field in the Lagrangian comes with new interaction terms and coupling constants. The original
work on the hard wall model in ref. [1] has proposed a rigorous procedure to fix those, which so far has been very
successful phenomenologically: first of all, we assume that the bulk is described by an effective field theory so we
only write down interaction terms of bulk field theory dimension 5 or less (not to be confused with the dimension
of boundary operators, which after all maps to the mass of the bulk field). The corresponding coupling constants as
well as the normalization of the kinetic terms and the masses are obtained by demanding that at large momentum
correlation functions in the bulk agree with the corresponding field theory values at weak coupling. This is basically
the statement that one trusts the effective field theory picture in the bulk all the way into the UV. While this is a
very strong assumption, it at least is a hypothesis that can be tested as it allows one to make predictions for particle
masses and decay constants based on very few inputs. In the original hard wall model this procedure was used to
fix the mass of the vectors and the scalar in the bulk, the five-dimensional gauge coupling and, as was pointed out
later in ref. [8], it was also needed to fix the map between the asymptotic form of the scalar field and the quark
mass, as well as the quark condensate (¢1)) in the field theory. Out of these, only the mass of the vectors could have
been justified[27] without the assumption of a valid effective theory in the UV. But already for the determination
of the gauge coupling one had to rely on the two-point functions of the currents, whose overall normalization is not
protected.

Preliminary advances in including the B, field in the bulk has recently appeared in the pioneering work [10],
but only in a form which does not account for chiral symmetry breaking. In that work only the real part of B,
is considered; this field propagates the new 17~ tensor mesons, but also an additional copy of 17~ vector mesons.
More importantly, only quadratic terms were included in the action for the new B-field. Its mass is fixed to 1 in AdS
units by requiring that the dual operator has dimension 3; the normalization of the kinetic term is fixed, as in the
original hard wall model, by requiring the large momentum limit of two-point functions to agree with asymptotically
free QCD. However there is one more bulk operator of dimension 5 or less that needs to be included in the action
to communicate the effects of chiral symmetry breaking to the B, field and ensure that there is only a single set
of vector mesons and no double counting, that would happen since gauge fields and the B, fields have the same
degenerate spectra in the absence of this term. This extra term has the form tr (XTFy B+ BFrX T +h.c.), where X is
the bifundamental scalar responsible for chiral symmetry breaking and Fy /g are the field strengths for the bulk gauge
fields dual to the chiral symmetry currents. The coupling constant in front of this term may be fixed by demanding
the correct OPE structure of the correlator in the UV.

More progress in this direction was made in ref. [11], where it was proposed that the action of the complex B, field
should be first order, in such a way that the four-dimensional components satisfy a complex self-duality condition. The
reason behind this choice is that in four dimensions the tensor operators ¥o**1) and 1)c""~51) are not independent,
but given the definition of v5 = i7%y'72~3, they are related by

ot st = s oy, (1)
Hence a similar condition must be imposed on the two-form field. Following a similar procedure, we choose the action
for the By, to be a Chern-Simons action with a mass term,[28] schematically

)
SB = 293/d5$\/§tr |:§8MNLPQ(BMNH£PQ — B}L\/INHLPQ) — ’ITLBB}LVINBMN . (2)

The duality condition follows from the equations of motion. We differ from ref. [11] in several ways. Just like in
ref. [10], the authors do not include the effects of the dimension 5 bulk operator that communicates chiral symmetry
breaking to the tensor sector, even though they correctly point out that its effect should be included. Secondly, in
order to fix the degeneracies resulting from this truncation to a free field theory, they let the mass of the bulk B,
field take different values, so that the field is dual to operators of dimension A different than 3. While it is true, as
we pointed out above, that using matching to free field theory is not a well justified procedure, it is at least a testable
assumption and so far has met with surprisingly large phenomenological success. If one abandons this, one should not
just treat the mass of the B,,, field as a new free parameter, but also the five-dimensional gauge coupling, the mass
and normalization of the bulk scalar field as well as the normalization of the B, kinetic term, all of which affect the
correlation functions in the boundary theory. In this case the model loses virtually all predictive power. Given the
surprising accuracy with which the hard wall model so far has predicted particle masses, we believe it is premature to
abandon the procedure of matching to UV correlators at this stage. We fix our parameters to reproduce the boundary
expansion of a field dual to an operator of dimension A = 3.

In this paper we will explicitly carry out the calculation for the short distance behavior of the bulk correlation
functions of B,,,. Comparing to the operator product expansion (OPE) of weakly coupled QCD we will indeed be



able to completely fix all new coupling constants in the bulk. In fact, the set of conditions we obtain for the couplings
is overdetermined and the fact that we can find values that allow us to reproduce all QCD correlation functions
to leading order is a nice consistency check. The upshot is that this improved model has no new undetermined
parameters. For now this serves as a proof of principle that this matching can be done. One has an improved hard
wall model with no new free input parameters but several new predictions (masses and decay constants for the tensor
and axial tensor mesons). Whether the phenomenological success of the model survives these additions will be a
good test to what extent the underlying assumption of an effective description in five dimensions gives an accurate
picture of real QCD. We analyze the meson spectrum, we demonstrate that the cubic coupling indeed removes all the
unwanted degeneracies of masses that were present in the case of a free By, but unfortunately the meson spectrum
that we observe does not match with what has been measured for QCD.

The organization of this paper is as follows: in section IT we will review the short distance structure of the correlation
functions involving the dimension 3 vector operators in QCD, as this is what we want to reproduce. In section III
we present the improved holographic model. We derive equations of motion and the renormalized action in sections
IV and V respectively. In section V we calculate the short distance correlation functions in the theory with massive
quarks and extract the bulk coupling constants from comparing to QCD. As some of the correlation functions have
the leading short distance terms proportional to the mass, in the chiral limit several correlators are dominated by
the subleading term involving the chiral condensate. As our bulk Lagrangian at this stage is entirely determined,
reproducing these correlators is a non-trivial check of our construction. We demonstrate that this indeed works out
in section VI. In section VII we analyze the meson spectrum and the phenomenological issues that appear in the new
model. In section VIII we summarize our results.

II. CORRELATION FUNCTIONS IN QCD

In two-flavor QCD, the relevant two-point functions in the vector sector are:

@) = i [ e QT v @v o)) )
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where V9 (z) = (a)y"7*¢(x) and TH %(z) = (x)o”” 7@ (x) are the vector and tensor isospin triplet currents
respectively, and |Q2) is the non-perturbative vacuum. We choose a normalization for the isospin generators such that
tr (727%) = 26°°. The two-point functions above have the following kinematic structure:

(%) = 0™(¢"q” — *n™)vy (¢%), (6)
viaf3, ab a v abT— v
e () = 6T () P + 62T () P, (7)
Iy *(¢%) = i6* (" a" — n"*q")yr(a®), )

where, defining the projector qQPW = q277u,, — quv,

1
B _ B .
PP, = q—zFfuw )
projects onto positive parity. Its counterpart is
FBU;QB _ Fﬁwaﬂ _ q2(nuanu[3 _ 77“’377”“), (10)

so I ~ Fy — 1 is the negative parity projector. Notice that the sign of F_ is chosen so it is actually minus the
projector

FIol = — (""" + ¢ a*n”” = """ = q"an"®). (1)
We also have:

(6208 — 6852) — PoPf = ——F_ o8, (12)
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with

Fi‘“;ﬂFiaﬁp = +2¢°Fu", . (13)

In the large-N, limit the two-point functions above are saturated by single-particle exchange of an infinite number of
stable mesons, in this approximation to real QCD we can write, up to subtractions, the two-point functions above as:

Mo (@) = Y22 it = 30 ) (14)
vv M2 _ 2’ TT ngn —

n n
H+ (q2) Z b,n I (q2) Z fp,n ;)I:n
T = 2 ; vT =
n be” - q2 n Mg,n B q2

with the decay constants defined as:

(QUVH0EL (0, N)) = Mpn6® fon€n(p, N, (15)
QTS ph (0, A)) = 6 £ [puen (D, A) — Puen(p, A, (16)
QTS [bE (p, \)) = 16 fo,npwapsp®e® (p, A). (17)

As it is made explicit by the notation above, the current V# produces vector mesons (JF¢ = 177) like the p, while
the tensor operator T"¥ produces both vector mesons and their even-parity partners (J©¢ = 177), like the b; meson.
For large Euclidean momentum @Q? = —¢? — oo contributions to these correlators can be organized according to the
operator product expansion (OPE), with a leading perturbative contribution plus an expansion on the several vacuum
condensates, (1)), (asG?), etc., that capture the non-perturbative effects. This was originally done for three colors
in refs. [13-15]. Expressions for a general number of colors can also be found in refs. [16-18]. To leading order we
have:
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where m is the quark mass. This is the large momentum behaviour of the correlators that we will use to fix the free
parameters of the five-dimensional action.

IIT. IMPROVED MODEL OF HOLOGRAPHIC QCD

The model we consider is an extension of the hard wall model of ref. [1], but it can be generalized to other
holographic QCD models like the soft wall model of ref. [3]. We use a five-dimensional geometry to describe the
dynamics of four-dimensional QCD with a large number of colors N, — co. The metric is that of AdS5 with a radius
£, we choose a mostly minus signature and work with the coordinate system

2
ds? = gyndzMda™N = % (—dz2 + nw,da:“dx") . (21)

In these coordinates the boundary is at z = 0. In order to recover some of the physics of confinement, we introduce
a cutoff in the radial coordinate z,,. Since the radial coordinate maps to a renormalization group scale in the dual
theory, with z = 0 corresponding to the UV, the cutoff 1/z,, can be interpreted as an IR scale where the theory
becomes confining.

We introduce a set of fields ¢(x, z) in the five-dimensional theory that are dual to mesonic operators O(x) in the
field theory with conformal dimensions A < 3 and spin J < 1. In previous works this was done considering scalar
and vector fields. This included both scalar and pseudoscalar mesons, as well as vector mesons 1~~ and axial vector
mesons 177, but the full set of vector mesons include also 17~ states, that were missing in the original formulation.
These can be included by considering a complex two-index antisymmetric field B, , or two-form for short.



The five-dimensional theory has a U(2)r x U(2)r gauge symmetry, that maps to the global flavor symmetry of
two-flavor QCD. The fields Ay, , and Ag, will be the associated gauge bosons, while the complex fields X and B,
are in a bifundamental representation

X — UL XUL, B, — UpBU}L. (22)
The map between operators and fields can be summarized as:

4D : O(x) 5D : ¢(z,z) A miéz

V2U L A, 3 0
V2pyutiUr AR, 3.0
VL vh X 3 -3
P10 BaS 31

Where miﬂQ is the mass of the field. We have chosen masses such that the conformal dimension A of the dual operator
matches with its free value. Although quantum corrections will change the conformal dimension of operators in the
IR, QCD is a free theory in the UV and is in this regime where we will do the matching with our model, hence our
choice of masses both for the scalar and the two-form field. We can also form the real combinations

4D : O(x) 5D : ¢(x, z) A mi?
Dy Vi=(Af, +43,)/V2 30
DT AL = (A%, —Af)/V2 30
G X3P = x0f 4 Xtob 3 -3
PP 5P X0 = (X0B — x1aB) 3 -3
0 owd?  BY, =B+ Bf2)/V2 31

550 owst? BY, =i(Bi - Big?) /v2 3 1
Although the flavor representation is correct, in four dimensions a complex two-form has too many degrees of freedom,
the reason is that the tensor operators are not all independent, but satisfy the duality condition (1). This relation
implies that the complex two-form has to be imaginary anti self-dual.

Defining Fr, and Fr as the field strengths of A; and Ar, Hapc = 0aBpc) — 1AL, 1aBpc) + iBpcAR, 4) as the
three-form field strength of Bpc, and Dy X = 0 X — A, mX + iX AR, p as the covariant derivative of X, the
action takes the form

1
S = /d5x\/§tr [— 2—92(F§ + FE) + g% (IDX[ +3|X[*)-
5
+ 295 (%aMNLPQ (BMNH}PQ - BJWNHLPQ) - mB|B|2> +AXTELB + BFpX't + he)l. (23)

The trace is taken over the gauge indices. The factors of the AdS radius ¢ have been absorbed in the coupling
constants or the masses.

Let us comment on the different terms. The first term is the kinetic action of the gauge fields, its coefficient was
fixed in the original hard wall model comparing the expansion of the holographic vector-vector correlation function
at large Euclidean momentum with the OPE of QCD [1]. The result was

1 N,
g2 1272

(24)

The second term is the scalar action, that is usually canonically normalized, which can be achieved by rescaling
gxX — X in (23). The asymptotic value of the scalar field close to the boundary z = 0 determines the quark mass
m and the condensate <1/11/)> in the dual theory. With canonical normalization, gx now appears in this relation:

X = % (gxmz—i- M23> 1ok = g—XU(Z)12x2' (25)
9x 2

The reason that there are not two independent normalization constants in this relation is that the expectation value
of the mass operator <z/1w> can be obtained from varying the on-shell action with respect to m. The value of gx



was determined in ref. [8] comparing the holographic scalar-scalar correlation function at large Euclidean momentum
with the OPE of QCD,

N,
4r2
The third term is the action of the two-form field. The kinetic term in the action has been replaced by a Chern-Simons
term, and the mass mp is a free parameter. We will see later that the right self-duality condition for the two-form field
can be derived from the equations of motion of this action by fixing the mass. Then, following the usual procedure,
we will compute the holographic tensor-tensor correlator, expand it at large Euclidean momentum, and match with
the OPE of QCD. The last term is the most general gauge-invariant term of dimension five or less that couple isospin
triplet vector mesons and preserve parity and charge conjugation in the dual theory [11].
We can rewrite the interaction term in (23) using real fields

9% = (26)

tr (XTFLB + BFpX '+ h.c) = %m« (X+ ({Fv, By} +ilFa,B_]) + X_({Fv,B_} —i[Fa, B+])) .@)

The term (27) determines how chiral symmetry breaking affects to the isospin triplet 17~ vector mesons. Without
this coupling the spectrum will be determined by the equations of motion of the V field, but once we introduce it,
the By field and the V field are coupled.

Using the expression (25) for the background scalar field and taking the trace in the action (23), we get in the
vector sector

1 .
Sy = /d%\/ﬁ{ BT Z FyunFMY 4 g?BEMNLPQ (BounHirpo — ByunH_Lpg)—
5 i=V,A

A
— gpmp Z BannBYY + §U(Z)Fv MNBﬁ\r/[N} : (28)
a=+,—

where we have suppressed gauge indices. In total we have introduced three new parameters, gg, mp and A. We will
now fix mp imposing the self-duality condition and g and A using the matching with the OPE of QCD. The only
free parameters left in the model are the mass m, the condensate o = <Ew> /9% and the IR scale 1/z,,. Although
by introducing the B field we have added a new sector of vector mesons and therefore of masses and decay constants
we can compare the model with, we have not increased the number of free parameters. Notice that the axial sector,
involving the fields X and A is untouched.

IV. EQUATIONS OF MOTION

Our next step is to calculate the equations of motion for the fields B}*,BY”, and V# from the action (28). We will
write explicitly all the factors involving the radial coordinate and raise and lower indices with the flat metric, using
JMN = Z%WM ~. Greek letters for the indices will refer to the flat Minkowski directions and capitalized italic letters
will include the radial direction z. Let us consider first the case with no interaction, A = 0. From (28) we get the
equations of motion for the components of the two-form

1
igsMNLPQH;MNL +mpBL? =0. (29)

The epsilon tensor density is gMNLPQ — ;5. MNLPQ with the definition €2aBur = €aBuy = ezeBur — _eaBur  Notice
also that BFQ ~ 2%, since indices are raised with the inverse metric g™~ = 22»p™~N  Then, writing explicitly powers

of z we have:

£ oo + B =0, (30)
3 2
£ 0, + 2B =0, (31)

Where the first equation corresponds to PQ = pv and the second to PQ = pz.
We can solve directly for BY” and BY* in the equations above. We then contract free indices with an epsilon tensor
and use the relations

Eaﬂweaﬁm = _25&55] )

PO € = — OIS, (32)



where the antisymmetrization is made with unit weight. This gives expressions for H{"” and H{"" that can be
plugged back in the original equations, so the plus and minus components are decoupled. The equations of motion
one finds are

2
mp

20, (zH") + 220, HY + 1 BY =0, (33)
2
apz m z
O HSM + 4—2’3’3; =0. (34)

Note that taking the derivative dg of (29) (multiplied by a factor /g) will give a constraint dg \/EBP @ =0 by
virtue of the Bianchi identity. Equivalently, we contract 0, with both equations (33) and (34) and use the fact that
HMNL ig an antisymmetric tensor

9, B =0, (35)

1
0uBY +20.- B3 = 0. (36)

Using (36) in (33) and (34) we can eliminate 9, B4? from the former and BY” from the latter. Expanding solutions
in Fourier modes of four-momentum ¢* we get:

2
229°BY” + 20.BY + <22q2 - %) BY = 2izq B, (37)
| » 4 —m? 5
OIBY — 0B + (q2 + B> BY* = 0. (38)

Let us use the following decomposition
BY = igh T 4+ ietorq, T . (39)

If the two-form field is dual to an operator of conformal dimensions A = 3, then its expansion at small z should be
1
T = ;T(O)i + zlog 2T 4+ 27@ 4.
— 1_—)# —(1) __ (2
T = ;T(O)i +2log 2T + 2T 4 (40)

This is possible if we set m% = 4. Setting mp = 2 and using the original equations (30) and (31), from the leading
~ 1/22 term we get the conditions

— (0~
7O, — 470 (41)
The conditions (41) above imply that

1 af
B(O)Jr Nz + §€#VaﬁB(O)_

=0. (42)
Let us define b, = B(O)er, — iB(O),W. In terms of b, the condition above means it is imaginary anti-self-dual
)
by + §emﬂbaﬁ =0. (43)

The conjugate b' is imaginary self-dual.
Let us now study the effect of adding to the action a kinetic term for the two-form field, with a relative coefficient
C > 0.

AS :gBC/d%\/E[ Z HaMNLHi/[NL} ; (44)
a=-+,—

Given arbitrary mass mpg, we find the following equations

1
OV HEMN 4 ggMNABCH:F apc +mpBMY =0. (45)



Where V; = ﬁaL V9. Assuming that the leading term in the small-z expansion of the two-form field is B/ ~
z"B(O)iy, one finds that B(O)iy satisfies an imaginary (anti) self-duality condition if
Cn? F2n—mp = 0. (46)

The upper sign corresponds to the condition (42). The derivation is valid if mp — Cn? # 0, otherwise the leading
term is a logarithm and the analysis is different. The equations for plus and minus components can be decoupled,
giving a fourth order equation

02
(44 2mpC)Vr H"? + m%2B. 9 + - Vi (657 99" + (PQL)) 0k (9cv9pvVsHEUY)] =0. (47)

Where by (PQL) we denote permutations with a minus sign if they are odd with respect to the first term. To leading
order in z, the equation for the spacetime components B/ imposes a constraint on 7 in the form of a quartic equation

C%n* — (44 2mpC)n+m% = 0. (48)
We can rewrite this equation as
(Cn? +2n —mp)(Cn* —2n—mp) = 0. (49)

Therefore, when the solution is (anti) self-dual the quartic equation is automatically satisfied. This shows that we
can always impose the right self-duality condition, although we can also have solutions with opposite self-duality
conditions if we change 7, we have to set those to zero by hand. Instead, we will drop the kinetic term, we will
show that it does not affect to properties of the model like the meson spectrum, although it can affect to correlation
functions because it contributes to the boundary action.

If we set C' = 0, then the equations (47) become

2
ViH "+ ZEB O —q. (50)
Let us now do the following trick, we can rewrite (45) as

LMN sz MN 1 MNABC m2BC MN
C|ViLH, +TB:|: :tga H= ppc + (mB——) By =0. (51)

Then, if

m2,C
4 b)

mp =mp + (52)
the solutions to the C' = 0 decoupled equation (50) with mass mp would make the term that multiplies C' in the
first bracket vanish, so one would recover the C' = 0 equations again. Now let us fix the asymptotic expansion (40)
(n = —1) and impose the self-duality condition (42). By fixing the mass to the value mp = 2 + C' we can solve the
system with C # 0 using the solutions for C' = 0.[29] If one examines the equations involving the interaction term
below one sees that the same is true if the coupling is rescaled appropriately. An exception to this rule may be the
case mp = 0, where there is an additional gauge invariance associated to the two-form field 6 Bysx = 9jpr Ay and the
separation in two parts of the equations of motion involves introducing gauge non-invariant terms. It also coincides
with the case n = 0, where the leading solution is logarithmic. We will neglect this case and set C' = 0 from now on.

We now consider the interaction term, it does not affect to the leading asymptotic behavior, so the value of mp = 2
is not changed. The equations of motion of the B two-form are

BY XA FW

auv Zpv _
20aH™ + 0.2H + —= —8ng(Z) . (53)
Bx# A v(z)

aa vz + FVZ, 54

zH{” + — —893 — v (54)
auv Zuv BEV A ’ B
200 HM + 0. 2H" + — = ———v/(2) Fyape®™, (55)
z 898

vz

B
OazH* + == = 0. (56)
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The equations of motion of the vector fields and the constraints for the two-form fields are

1 1 A v(2) v(2)
S pvz v N\ vz Z\7) g
0.2 By - JouBY = o {82 L - 0 (57)
1 1 v(2) v(2)
0, ~FY* — 29, F!" = \¢g? |8, —2BY* — 9,B"" 58
LoV T L%ty 95 { 5 O+ PRt (58)
0.2Bv — Lo B — ¢ (59)
P z P T
1 vz 1 v U2 o v

We can simplify the two first equations above by eliminating 0, F};" and 9, B from the first and second equations
respectively. Expanding in Fourier modes we have:

f(2) A ©))
8.Bv — L2 pgre g B = 2 a2 61
Toglz)r T 8gp g(2) (o1
ARV (2)
8§VU _ f(Z) 82‘/1/ + q2vu _ 5 BY* 62
e o) o (02)
9.B" — 1pvs _ig.B" —0 (63)
z
2
8314” _ lazAV + qQAu _ gggg{’U (QZ) AY (64)
z z

Where f(z) = 1 + xzv(z)(UTz))’, g(z) = 1 — xv(2)? and x = Mg?/(8gr). Note that from the structure of the
equations we can understand how the fields mix among themselves by considering parity conservation: the vector
mode V# (negative parity) couples to its vector partner B%* (62) and to the tensor component of negative parity (53).
Using the constraint (61) we can also simplify the equations of motion (57) and (58) for the two-form fields and we

get:

A v'(2)q”
822—f(z)8z— Ci(z —q2}B”Z_—— {C’ )V + VY, 65
- 150 - @ - B = =g e+ (%)
{32 ~ 29, + qQ] B"* =0, (66)
where
o fl) 1 xw?
Ci(2) =0, o) + e + Ok (67)
_v(2) v'(z) o f(z)
@O =" % T e (%)
The equations for the tensor components of the two-form field are
. A Z2U/(Z) f(Z) . v]z
20,20, — 1+ 22¢%] B = —i—— |v(2)¢*V¥ — 78zq[“V”]] + (22— + z ) ig*BY”, 69
| 1B} o 9(2) 9(2) " (69)
(20,20, — 1+ 2°¢*] BY" = —z'SQLBzv’(z)q[QVg]eaﬁ“” + 2zigl* B (70)

Our final equations of motion can then be divided in the vector (62), axial vector (64), and two-form components (65),
(66), (69) and (70). A more convenient grouping is in four decoupled sets: {A*}, {V*, BY*, (6K — PL)BY”, ngPL’,’Bf’@},
{ngPgBj‘_ﬁ} and {B"*, (6# — P*)B*”}. Normalizable solutions of the first two sets correspond to 1t+ and 1=~ mesons
in the dual theory, respectively. The last two are not independent since they are coupled in the original system of
first order equations (30), (31), and normalizable solutions correspond to 17~ mesons. Notice that b7 = zPéjPEBj‘_ﬁ

satisfies the same equation as B"*| and that this one is the same as the equation for vector mesons (62) in the absence
of the interaction term A = 0. Therefore, the interaction lifts the degeneracy between 1=~ and 17~ mesons.
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A. Boundary expansion

We now proceed to do a Frobenius expansion of solutions close to the boundary at z = 0. This will be useful for
both the calculation of renormalized two-point functions and the calculation of the meson spectrum. Using (39) in
(30), we find the conditions

1—
F (0:T5 u + By =) + _Tiu =0,

0.T" + Tﬁ — SQLBSW
— 9. T + ;Tﬁ =0. (71)
And from (31) we have
)
Ty + %BL‘Z =0. (72)

The expansion of the vector components at small z is given by (40) and

Al = AN 4 2210g 2 AMY 4 2240
BY = B(O)i +2 long( )i +ZQB(1)i R (73)

where we have defined A} = V# and A" = A*. Expanding (71), (72), (58) and (60) for small z we find a set of
conditions that allows us to solve for the coefficients of the logarithmic terms and give us a relation between the
leading terms, dual to sources in the field theory. In particular we recover the imaginary self-duality condition (41)
for the components of the two-form field. Defining 5\+ = )\/(8¢B), A =0, qi =¢? and ¢® = ¢* — g% g2m?, we can
write them in a compact form

BOL = 4T, 7O — Lk,
2
ro, = Con _ Ae, yor, T = 50 £ a0,
=(2)H 1
T )JF = FT®% + §(Q2T(O)i +AmAO) AW = —g(fﬁ:A(o)i — EAemg®TO). (74)

V. HOLOGRAPHIC RENORMALIZATION

We will follow the usual holographic procedure to compute correlation functions, deriving the on-shell action with
respect to the sources of dual operators. The action usually diverges, so we will introduce a cutoff at a small value of
the radial coordinate z = ¢ to regularize it. We will introduce counterterms following the usual prescription [20] to
make the action finite before removing the cutoff ¢ — 0.

The on-shell regularized action is

+ Scs. (75)

S /d4.’IJ\/_ 2 29 guu Z Fy zuAiV - )\ngngVB-l-,zuA-l-,u
a==%

z=€

Where we have introduced the cutoff ¢ and the overall sign corresponds to taking the lower limit in the z integral.
Scs is the contribution of the two-form Chern-Simons action. The action has the form

21
393 /de\/EEMNLPQ tr (BMNHEPQ _BJWNHLPQ)

93]3 /d5$\/_€MNLPQ(B_]uNH+LPQ—B+MNH_LPQ). (76)

Scs =
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A variation gives, to leading order,
8Scs = —%B / d*z e (B_ 1,6 B1ap — B1uwdB_ap). (77)

Where the fields are evaluated at the cutoff z = . The condition (42) implies that we cannot vary By and B_

independently, but since B, + %EWQBBfﬂ = 0 at the boundary, we should treat B, — %EWQBBfﬂ as the variable
boundary value. In order to have a consistent variational principle we need to add a boundary term to the action, of
the form

2
So = % /d4x V= tr (’y“o"y”ﬁBlyBag) , (78)

where the indices are raised with the induced boundary metric v, = 5‘217“,,. The variation of this term, with explicit
¢ factors, is

2
650 = =52 [ d'a(B" 6B + B0B ). (79)
The sum of the two variations gives
298 v L e L,
6(Scs + So) = =22 / d'o(BL + 5B 05)6(Biu = 56, Bay) (80)

This gives a variational principle where the combination By ,, — %ewaﬂBgﬁ is varied, in accord with the condition
(42).
The total on-shell regularized action is

11 v gB
_ 4 1 v
Sous. = / dx l_@ . ;EazAf;Aw +ASBLV+ S ZiBWBs (81)
a= a= z=¢
The bulk contribution vanishes on-shell.
Expanding for small € we find that, for Fourier modes of momentum g,
1
gazAiAiu ~ (2A(2)i# + A(l)iu)A(O)i +
+210g(Qe) AW 1, AL, (82)
v Iz
;B:tHzAiM ~ _mB(O)iMA(O)j:u (83)
—__ ()M — A
3" Ba,wBEY ~ 4¢°log(Qe) (q2T(0)iT(O)+# +T " T, - 8g—BmT<0>iA<0>+#> +
a=+
I (0 H =(2)
+8ATOLT® L, TV T L)+ (84)

Where the dots refer to local terms in the sources, they will not be relevant because we can remove them with finite
counterterms.

To this action we have to add some boundary counterterms to remove the divergences that appear as ¢ — 0.
As expected, the leading divergence 1/¢% does not appear in the action of the two-form field. There are however
additional logarithmic divergences. In order to completely cancel them we need more counterterms, of the form H?,
F?, (dX)? and X FB. More explicitly, we have that the finite regularized action is

Sreg = So.s + Sl + SQ + Sg+ + Sg —_+ S4 + Sﬁnitc (85)

where
Si1=0c /d4x log(pe)v/— Z Ho o HEYC, (86)
a=+
Sy = o / d42 log(ue)y 7 X4 Fy B, (87)
Soe = cus [ dtolog(ue)y s FL. (88)

Si= s / a2 log(e)y/=7(D, X) (D" X). (39)



12

Notice that we can also have finite counterterms, corresponding to Sy, So, S3+ and S4 with no log factors. We will
introduce the finite counterterms in Sgpnite and use them later on.
In the € — 0 limit, the counterterms become

Si ~ —6(¢%)? (T(O)+HT(O)i +T(O)+MT(O)i)a (90)
So ~ —2mg?A® 7O (91)
Say ~ _2(]214(0)i#A(O)jE7 (92)
Sy~ m2A@" A0 (93)
One can cancel the quadratic and logarithmic divergences if
L (94)

Now one can take the e — 0 limit, and use finite counterterms to remove the pieces that are local in the sources

d*q 1 n  89B Iz (0)H =5(2)
Sren = / 2n) l_g_Q Z A(O)auA(2)a + Tq2(T(0)+T(2)+M TV T )+
5 a=+

Q1 Q2 40) 48 _ A (0 m(0)
+¢%log = | — = A" A — —mAY T +
M2 49% ~ qz 1% 6 + + u

+ (OO TOLT *”))] e

A. Two-point functions and matching to QCD

We now proceed to write the renormalized action in terms of general sources v, and t,,. The transverse vector
field is

a o ud”
AO), = P %aq = (5# - ‘;2 )aa. (96)
The transverse tensor is
1 1
T _ ap B _ af
t,U.I/ - EP[M Py] taﬁ - 2_q2F+HV taﬁ (97)
The longitudinal part of the tensor is
it = L5058 —5850) —popfliny = ———F B 98
MU_§(MU_MV)_ )| aﬂ__2_q2 —uv tap ( )
Using the expansion
—(0)P
by = iewjgquT(O) + iq[#T(O)V], (99)
we indeed find
. om=(0)P .
t;*fl, = i€uopq’ T, tfw = zq[#T(O)V]. (100)

Solutions to the equations of motion close to the boundary depend on two coefficients, the sources and a subleading
term related to the expectation value of the dual operators. Imposing suitable boundary conditions (Dirichlet or
Neumann) at the cutoff will fix subleading terms in the boundary expansion in terms of the sources. In order to
compute two-point functions it is enough to consider a linear dependence:

A® L = Gyv (@AY, + Gur(@) T4,
T® = Grp(@)TO %+ Gry(¢?)AO L,

=(2) (0)
T = Ghr T4 (101)
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Using (13)
A(O)MA(O)# = a,P,P*"a, = a,P"a,
T(O)#T(O)M - ﬁqatguqﬁ#; _ —@thf”;aﬁtQﬁ
A TOF = —%éngpf]%twy = 2%2%(77“0‘(15 — " )tag
T(O)uT(O)# = @e“”"peamég#aqwﬁ tTgptT.ﬂs = —@twﬂﬁwaﬁtaﬁ.

Introducing these expressions in the renormalized action (95) and deriving twice with respect to the sources, we find
the following correlation functions

o (¢%) = 6"(¢"q” — 0" )My (¢?), (102)
e (q%) = 6 (" q” — n"?q"Myr(q®), (103)
P (q?) = 67 TIfy (%) F1 7 4 0Ty () PP (104)
Where
1 Q> 2 )
Oy (¢?) = —=—5 log % + —=Gvv(¢?), 105
@) 208 7w giq? (@) (105)
A Q> 1 4
I N=—Tmlog~X — ——@G N+ —gpG 2 106
vr(q) = —5mlog PR vr(@) + 395GTv(¢), (106)
2
+ 2y 9B Q 493 + 2
77 (q )——?logﬁ—i-g?GTT(q ), (107)
_ g Q* 4gp .
Mrp(q?) = =52 log %5 — 222 Gp(?). (108)

Comparing with the expressions (18), (19) and (20) we get

N, N,
T 1272 9B T Ten2

3N,

A= o2
472

(109)

Q
ool F

Together with (26), this fixes all the coupling constants of the bulk action.

VI. MATCHING TO THE MASSLESS THEORY

We have used the coefficients of the logarithmic divergences of the correlation functions to fix the parameters of
the model. Notice that in the massless limit m — 0 the logarithmic contribution to the vector-tensor correlator
(106) vanish. In QCD, perturbative contributions vanish to all orders, so the only contributions left come from
non-perturbative physics, this is clear in (20), where the leading term when the mass is zero is proportional to the
condensate. Therefore, for massless QCD this is the term we have to match to fix the value of the parameter A. Since
the coefficient of this term is independent of the mass we should get the same value for A, we will see that this is
indeed the case, so the model passes this non-trivial consistency check.

In order to find the non-perturbative contributions to the OPE, we need to compute the functions ‘G(¢?)’ that
appear in (101) and plug them in the expressions for the correlators that we have found in the previous section.
The overall strategy will be to solve the relevant equations of motion and match the near boundary expansion of the
solutions to the coefficients of the series defined in (40) and (73).

As we mentioned before, there are four coupled equations describing the negative parity mesons. Plugging (39) in

equations (61), (62), (65), (69) and (70) and keeping only the negative parity modes (V, Tj,Ti,Bi”), we have the
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equations:
z A v'(2)q?
o~ Lo, — i) - )| B = - 2 |catayr + EE (110)
2V f(Z) v 2y,v /\ggv/(z) vz
% g(z)an +q°V¥ = 79(2) BYZ, (111)
A 20 (2) 1)
20,20, — 1+ 22¢°| TV = - —— {v 2) V¥ — BZV”] + (22 + z) BY?, 112
: )Ty 895 |\ ) 9(2) 9(2) * (112)
(20.20. — 1+ 22| T" = —SQLBZ’U/(Z)VV (113)
With the additional constraint:
f(z) 5 A V(z)
0,B" — L BY +q°T" = — —20,V". 114
T T T T T Ren () (4

The mixing term proportional to Av(z) in the equations of motion is a small perturbation for small values of z, as
v(z) falls off towards the boundary. As the large @ behavior of spatial correlators with Q% = —¢? is dominated by the
small z behavior of the solution, we can determine the short distance behavior of correlation functions analytically by
treating A as a small parameter and solving the the equations of motion perturbatively in A. However, we don’t need
to solve all the four equations. First, the constraint above implies that B”# is not independent, and the relations (74)
imply that close to the boundary, 7% is not independent of T . For convenience, we will focus on equations (112)
and (113). Dropping all terms of order A? in the equations above, and taking the ansatz:

VY =Vo(x)v” 4+ Vy(z)b” (115)
T = Ty(2)" + Ta(z)v” (116)

Our problem is reduced to solving the equations below

1
(- 10 +4) oo = (117)

T

1
(53 — =0, + 1) Va(z) = Ma1 + aza®) By(x), (118)
[2°02 + 0, — 1 — 2%] To(z) =0, (119)

2 1+2°] = 3

x0% + 0y — Tr(r) = = ATz + Tox®) Vo (). (120)
Where a7 = gé—;n, g = 3%#7 I'y = ﬁ and I'y = 8(}?3—223,. Vo, T are the homogeneous solutions and V), T, the

perturbative corrections of order A. By satisfies the same equation as Vj. Focusing first on the vector mode, V and
By have well known solutions in terms of Bessel functions:

Vo(z) = z(aly (z) + K1(x)), (121)
Bo(x) = a(bl (z) + Ki()), (122)
Where a and b are constants fixed after imposing the IR boundary condition. For Vj(z), following previous

work we are going to choose a Neumann boundary condition at x,, (?IVO(:Z:)’I = 0 which allows us to set
Ko(mm)

To choose the appropriate boundary condition for By we note that a Dirichlet boundary condition

Io(iﬂm) '
imposed on By(x), which sets b = —I;ll((fm)), implies, by use of the constrain (114) to leading order, a Neumann

boundary condition for the leading tensor mode, but a choice of Neumann boundary condition for the former is
not consistent. As By and V{ describe completely independent modes, this already captures the most general solution.

a =

To compute V) we will use a Green’s function method. Note that we can write a solution for equation (118) of the
form:

Gy (z,2’)

!/

W(z) = /\/ " dz'[ag + aoa’®|By(x')

€

. (123)



15
Provided Gy satisfies the equation:
1
<3§ — =0y — 1> Gy (z,2") = x6(x — 2). (124)
x

With boundary conditions Gy (z.,z") = G, (x, z,,) = 0. We solve the equation above in the two regions z > 2’ and
2 < 2’ and match the two solutions at = 2’. It is not hard to show that Gy (z,’ z) can be written as:

zx’

Where z< ~ = {min, maz}(x,2’) is book keeping notation to specify the two branches of the Green’s function. The
coefficients are A = —Ko(xy,); B = Io(xm);C = Ki(x.);D = —I(x.). Taking the limit z. — 0 we can set above
D =0 and C = 1. Replacing back in (123) we have:

T 2 Tm
W(z) = —/\/ da' [z’ + coa® Ky (2/) 1 () — )\% / dz' [z’ + aoa®] K3 (). (126)
0 T
Where we used:
z(CI(z) + DKy (x)) oz
DI ey = - (127
AD — BC =-1 (128)
and

We also have ignored all the terms proportional to % ~ e~ 2%m gince in the limit of large momentum these terms
vanish quickly. Physically this means that as the momentum increases what happens in the IR region becomes less
important, as expected. In fact, these solutions near the boundary and for large momentum become oblivious of
the IR boundary conditions, since both Neumann and Dirichlet boundary conditions will enforce factors that fall off
exponentially. Moreover, we will ignore the contribution of the first integral, that is negligible since these contributions
vanish too quickly near the boundary.

We then have:

I2 o / / 13 / / I2 1 x2
W (z) = —/\7 dx' (12’ + apx ) K1 (2 ) Ky (2') ~ )\0117 B +logz | — )\?az. (130)
The near boundary solution for V" is:

» » » 2 x? » 22 (1 x? y
VY (x) = Vo(z)v” + V)b” = 1—z+710g:v v’ 4 )\a17 E—l—log:v —/\?ag b”. (131)

Matching the solution above to the expansion defined in (73), and using (74), we find:

2
@ _ @ _ Q70 ot (X _ 92\ 10
AQ) =V VOt (-2 T, (132)
Therefore:
+ 2 Q? + 2 4 (1 Q2
iy (Q1) ==, GEr(Q) = 2@ (-3, (133)

Following similar steps, we can now compute near boundary solutions for equations (119) and (120). The homogeneous
equation has a well known solution of the form:

T_(z) = cli(z) + Ki(z) ~ K1 (). (134)

For the second equation, again, we can write a solution with a Green’s function:

Ti(z) = —)\/ " da' (T12’ + Tox"*) Ky (') Gr(z, '), (135)

€
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where analogously to the previous calculation, Gr(x,2’) satisfies:

1422

202 + 0, — Gr(z,z') = 6(z — 2). (136)

It can be shown that:
Gr(z,2') ~ —Ki(v>) I (z<), (137)

in the limit where z. — 0 and x,, — oc. Finally, we find that the solution for the tensor field is:

Ti(z) = /\; / dz'[(T12" 4+ Toa) Ky (2/)] K1 (2') = A <% - %) x, (138)
therefore,
2
T®“=—%5“W+Q<%-J%)V@% (139)

However, we are really after T# = Grr(Q*)TOF + G, (Q?)V K. To compute the latter, we use the relations we
have found previously:

_ 1 A
T(_Q)tu‘ — _TiQ),U' + - q2T_$_O):U‘ + _mV(O)P‘ (140)
2 89B
7O _pon (141)
Solving for Tf)“ we get:
= 1 A Q% o 5 m oA
T(Q)# _ _T(2)” - 2T(0)# A V(O)u — __T( )G _ V(O)M. 149
+ - T\ g L N3G, T 320507 (142)
So the result is,
2 5 m oA
G 2 :—Q— G H="C 143
TT(Q ) 4 I TV(Q ) 32 893Q2 ( )

We can now compare with the OPE of vector and tensor correlators (105-108). Setting the mass to zero, the only
nonzero contributions are

2

Gyy = 0 Gvr = Agéo, (144)
Q? -
G%T = _T GTV = _89)J;Q2 . (145)

The contributions Gy v and Grr give contact terms that can be removed using counterterms in the regularized action.
The only non-perturbative contributions to this order are

rene = (3-2) 5 - -y -3 =

Comparing with the OPE in QCD (20), we see this term has the right coefficient, including the sign. The results we
have obtained are insensitive to the details of the IR, so they should be valid for any models that are asymptotically
AdS space. However, the value of the condensate itself and other quantities like the meson spectrum will be sensitive
to IR physics. In the next section we will study how the inclusion of the new terms in the action affect to some of
these quantities.
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VII. MESON SPECTRUM

So far we have discussed the UV physics of our model, focusing in the matching with the OPE of correlators in
QCD. We will now comment on some of the IR physics, in particular the meson spectrum. In our analysis we have
seen that the two-form field splits in a transverse part and a longitudinal part, that mixes with the vector fields. We
can summarize the correspondence between the fields and meson states in the following table:

B, mixes JEC mesons
transverse — 1=
longitudinal  V, 1=

The lightest isospin triplet states that can be found in the Particle Data Group (PDG) review [21], are

meson JPY  mass (MeV)
b1(1235) 17~ ~1229.5+3.2

p(770) 17~ ~ 775.49 % 0.34
a1(1260) 1+ ~ 1230 % 40

Notice that according to the PDG estimate, the b; and a; mesons are almost degenerate, although the error in the
estimate of the a; mass is very large. Other estimates give a mass to the a; ~ 1255 MeV, with somewhat smaller
errors [22].

In the holographic model the b; state is obtained from the transverse components of the B field, that are decoupled
from the rest of the fields. The degeneracy between the p and the by is broken in our model, thanks to the interaction
term proportional to A in ref. (23). Had we not considered this term, the spectrum would be degenerate, as has
been observed in ref. [10]. So we should include this cubic interaction term both from the perspective of the large
momentum OPE and from the properties of the meson spectrum.

We follow a similar procedure as in ref. [1] to compute numerically the lowest masses of the vector meson spectrum.
We must specify suitable boundary conditions for the fields at the IR radial cutoff z = z,, (Neumann or Dirichlet)
and at the boundary z = 0 (normalizability). Solutions do not exist for any value of the four-momentum ¢2, but only
for a discrete set of values, which correspond to the masses of mesons in the holographic dual m? = ¢2. We have
checked that our results for the meson spectrum and the pion decay constant f, coincide with those of ref. [1] when
we set the coupling A = 0.

We start with the spectrum of 17~ mesons, dual to the field components {POQ‘P[’;Biﬁ} and {B"* (6% — PH)B*V}.
Notice that we can solve first for B"* in (66) and then use (70) to solve for (6% — P*)B*”. As we have explained (69)
is equivalent to (66), so for the purpose of finding the masses it is enough to focus on (66). Close to the boundary, a
normalizable solution has the asymptotic expansion (73) with B OF — 0. At the cutoff we impose Neumann boundary
conditions, since for Dirichlet boundary conditions there is a normalizable solution at ¢? = 0, which would be dual to
a massless vector meson. Normalizable solutions are Bessel functions B"* = b#2.J1(|q|z) and the Neumann boundary
condition is satisfied for values of the momentum such that Jy(|¢|zs) = 0. Then, the mass of the lowest mode is

My Zm = 2.405. (147)

Notice that this value is independent of the quark mass and condensate. The remaining modes do depend on them
and we have to solve numerically the equations.

We will first solve for modes dual to pseudoscalar mesons, whose lowest mode corresponds to the pion. We need to
solve the set of equations [1]

1 v
¢ = ¢+ 559k (m—¢) =0, (148)
2.2 .2
I 959;;“ 7 =0. (149)

For this, we first derive a single second order equation by solving algebraically for 7 in the first equation, plugging the
result in the second equation and defining ¢ = ¢’. Then, using g% g2 = 3 and defining h(z) = 3v(2)?/23, we obtain

’ 7\ 2 "
" (2) + %¢(2) - <<%) - % +zh — q2> o(z) = 0. (150)
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Normalizable solutions at the boundary behave as ¢(z) ~ z and we impose a Dirichlet boundary condition at the
cutoff for the field ¢. Then, for given values of mz,, and oz, we find the lowest value of ¢7z%, = m222 such that a
solution satisfying the boundary conditions exists. We can then use the physical value of the pion mass m, = 139.6
MeV to fix the scale z,,.

The spectrum of axial vector mesons 17T can be found by solving equation (64). From (73) a normalizable solution
A" — 0 vanishes at the boundary. At the cutoff, we impose Neumann boundary conditions. Finally, the spectrum
of vector mesons can be computed from the system of coupled equations (62) and (65), with conditions A(O):L_ =0,

B (O)li = 0 in the expansions at the boundary (73). Regarding the boundary conditions at the cutoff, we must be careful
since equations (65) and (69) have an additional singular point at z,. such that g(z.) = 1. We are then constrained
to values of the quark mass and the condensate such that z, > 1 or to impose suitable boundary conditions at the
singular point. A quick analysis shows that the two possible behaviors of solutions close to the singular point are
~ (2. —2)? and ~ 1 for V* and ~ (z — z*)(li\/ﬁ)/‘l for BY*. We can then make the solution regular by imposing a
Neumann boundary condition for V# and a Dirichlet boundary condition for B}

For the values of the mass and the condensate we have explored 0.0001 < mz,, < 0.1, 0.0125 < azfn < 0.5 we do
not find a realistic spectrum of mesons, the lightest vector meson 1~ is always heavier than both parity even mesons
11T+, 17~ For larger values of the mass we can understand this as a consequence of the singularity at z = z,. The
curvature of AdS makes the classical problem of finding normalizable modes effectively as the quantum mechanical
problem of finding the energy spectrum of a particle in a box, with one of the walls at the cutoff. For the 17~ modes
we are forced to impose boundary conditions at the singularity z. < z,,, so the “box” is smaller and the spectrum
is lifted to higher values. This could be a problem of how infrared effects are implemented in this particular model,
maybe different constructions like the soft wall could avoid this issue.

There is a way to find a more realistic meson spectrum, with the parity odd vector meson below the other modes.
Instead of introducing the cutoff, we can impose boundary conditions for the vector mesons at the singularity even
when it sits at a radial position beyond the cutoff z. > z,. For large enough values, the vector mesons become
lighter and the spectrum can be tuned to realistic values, for instance for mz,, = 0.0005, oz3, = 0.05375 we find
that m, ~ 753.95 MeV, m,, ~ 1238.24 MeV and my, ~ 1237.87 MeV. Although this would fix the meson spectrum,
there are other quantities that are important to determine whether the model is phenomenologically viable. One such
quantity is the pion decay constant, f, that in QCD is approximately f, ~ 91.92 MeV. In the holographic model it
is given by the formula [1]

; (151)

where A(z) is a solution to (64) satisfying A(e) = 1, A'(zp,) = 0. With the parameters that give a realistic meson
spectrum, the value of the pion decay constant is quite low f; ~ 4.07 MeV.

VIII. CONCLUSIONS

We have carried out, for the first time, a complete treatment of the hard-wall model including all fields dual to
operators of free field theory dimension 3. We followed the standard procedure of fixing bulk parameters by matching
the short distance behavior of correlation functions to perturbative QCD. Reassuringly, the structure of the correlators
we obtained from our holographic model precisely matched the expressions in perturbative QCD, so this program
can be carried out consistently. With this matching in hand, we calculated physical properties of mesons which,
unfortunately, no longer match QCD. While this result casts into doubt whether the simple hard wall model can serve
as a good stand-in for QCD, one may hope that an improved IR model could potentially lead to a better spectrum. As
our analysis of the short-distance behavior of correlation functions only relies on the UV asymptotics of the geometry,
the action we derived (including the numerical values of the coupling constants) should serve as the starting point
for any such exploration of complete (in the sense of including all dimension 3 field theory operators) holographic
bottom-up models with alternative IR boundary conditions. As we discussed in section IV, it is possible to modify
the bulk action of the two-form field by adding a kinetic term, giving a one-parameter family of theories with the
desired self-duality condition and asymptotic behavior. Since this will modify the boundary action, in principle the
value of the bulk couplings will be shifted when the matching to QCD is done. It is possible then, that by changing
this parameter, a more realistic spectrum can be found.

Let us point out some differences between our approach and what one expects in a top-down models like Sakai-
Sugimoto [23, 24], based on a string theory construction. The matter content of the model is such that it coincides
with large-N, QCD at low energies in some region of parameter space where the UV theory is weakly coupled. In
particular, 17~ mesons should be part of the spectrum. However, in the holographic description where supergravity
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is valid such modes are missing. This should not come as a surprise: since the tensor operator is not a BPS protected
operator, its conformal dimension can receive large corrections of order ~ A\'/4, where X is the 't Hooft coupling. In
the holographic description this means that the tensor operator is dual to a field with a mass of order of the string
scale, and therefore beyond the supergravity approximation. Since corrections to non-BPS operators are very large, it
is even possible that the lowest 17~ meson is not described by a field dual to the tensor operator we have considered
in our model, but to a different operator with the same quantum numbers but larger conformal dimension in the free
theory. This indeed seems to be the case in the Sakai-Sugimoto model, where the 17~ mode is described by some
components of a symmetric field in the bulk [25]. Clearly, in this case we do not expect that the OPE of the model
will match with that of QCD, so in some sense the approach of refs. [10, 11] is closer to the top-down model. However,
if the dimension of the tensor operator is chosen to be larger than 3, it is more difficult to argue that the effective
theory description in the bulk stays valid anymore.

We have studied the extension of the model that takes into account 17~ mesons, like b and w. In principle the
model can be further extended to include other modes in the QCD spectrum that have been observed experimentally.
A mode that is somewhat heavier, but not that much, than vector and axial vector modes is the 71 (1400) meson, with
JPC =17% and a mass m,, ~ 1354 425 MeV [21]. A peculiarity of this mode is that it cannot be predicted within
the valence quark model, or in other words a simple quark bilinear operator would not create this kind of mode. An
operator with the right quantum numbers would involve also a gluon field EFij%dJ. Then, in order to include mesons
with the quantum numbers of 7, we would have to introduce a field dual to the dimension-five operators EFW%w,
and EFHVz/J. The obvious candidate is again a complex two-form field, with bulk mass m2¢? = 9 and no Chern-Simons
action, since there is no self-duality constraint for these operators.
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