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1. Introduction

The ADS/CFT correspondence [1] currently stands out as a promigihtptgain insight into
the nonperturbative regime of QCD. The correspondence conjetharegistence of 5-dimensional
Anti-de Sitter gravitational theories whose weakly coupled limit is dual to thenglyacoupled
regime of 4-dimensional (conformal) gauge theories. Obviously thereigladp from the origi-
nal conjecture to the statement that QCD may have a gravitational dual: fivktlg, QCD at high
(Euclidean) energies is certainly conformal, this corresponds to its weakigled regime; and
secondly, the complexity of the QCD vacuum requires to include confineaneinthiral symmetry
breaking in the picture. Even so, there is increasing evidence thatingpleggravitational actions
are already able to capture the most relevant features of QCD.

This phenomenologically oriented approach usually relies on simple geomeniigura-
tions like the one depicted in Figure 1, where the bulk 5-dimensional AdS=dpdanited by
4-dimensional boundary branes: the left-handed UV brane is whegatige theory lives, while
the right-handed one (the IR brane) mimicks all the genuine nonpertughattiysics: it breaks
conformal symmetry, sets a confinement scale, triggers spontaneaaisghimetry breaking and
generates a hadronic spectrum. Phenomenological studies with sugjucatidins have found re-
markable agreement with experimental results, especially for spin-1 partigated by the vector
Ju = Gyuq and axiald = qy,y°q currents [2].

However, the picture for spin-1 particles is not so simple in QCD. It is wedlkmthat vector
mesons can also be created by the tensor cudfgnt qoy,, g, such that

(O] Julpn(p,A)) = anrT\/ng;(JA) )
(O] Juvlpn(p,A)) = ivan(gi(JA) Pv — 5\(/}\) Pu) - (1.1)

Recall that the holographic recipe associates 5-dimensional fields withehsional currents, so
it is far from clear how the duplicity shown in the previous equation can beraodated in the
holographic picture. Furthermore, as soonJgsis considered, one also generates (even-parity)
spin-1 states

(0] 3uv| (P, A)) = ifenEuvnety) P° - (1.2)

Therefore, in order to complete the picture for spin-1 mesons, not ormpwvéut also tensor
currents have to be taken into account. Following the holographic recigecdiresponds to
including 2-forms on the gravity side. However, the fact that iIs sensitive to 1-form and 2-
forms, and that both T~ and I~ states are created Ky, implies that strong correlations are
to be expected. This can be seen in the following set of 2-point Greem&ibns, which in the
largeN; limit can be expressed as
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Figure 1: Geometric setting fohard-wall holographic models of QCD.
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whereé, = an/ fvn. The simultaneous analysis of the previous correlators leads to a series of
bootstrapping relations [3, 4] which will strongly constraint the resultingn@menology.

2. A minimal action for 2-forms

As discussed in the previous section, we will consider a 5-dimensionahdotiboth 1-forms
and 2-forms living in the configuration of Figure 1. For simplicity, we will cioles the action

S— K/ YITr [cdWp A AW + MW A W] 21
Z IAdS, p P p p] ( )

with the generic metric
d<? = gundXM X = €AY (—dy? 4+ Ny d¥Hdx’) , €<y <ym. (2.2)

The 5-dimensional masses are given by the AdS/CFT renﬁ:)e (A—p)(A+p—d) andd(y)
is a dilaton field. For the time being we will let the masses unspecified and seish@{y) = @
dilaton background. In components, the previous action then reads

S = )\/d5x gTr [—;FMNFMN+n12VNVN ,
5 1 M LN 1 Ly MN m2 MN
S = 2K/d XVGTr | —SaHand"HN + 20 Hund HYN = oM [ (2:3)

Notice that we only consider the kinetic terms for each form and omit any stiens. This might
seem surprising, given thalyt seems to call for such an interaction. However, we will see later
on thatlyt can be nonzero without interaction terms.

Following the holographic recipe, one would decompose the 5-dimensieids fn Kaluza-
Klein modes, such thaty = (Vs,V,) andHun = (Hys, Hyy) and solve for the equations of motion.
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The solutions, which can be expressed in terms of Bessel functiora¢shen to be plugged back
into the original action. This way one ends up with a pure boundary actioos@expression when
A(y) = logy, i.e., in pure AdS metric, is given by the following expression:

Yo

s— [ d“x[g{ivm’ayvﬁﬁa’}—’;{yH“Wa)(ayHé%)—auHé";‘)mHéZ))}] L @Y

&

The on-shell 5-dimensional fields, projected on the UV brane, are toeldified with the sources
of the gauge theory [6]. The previous action therefore allows us to cta¥®point correlators.

3. Transversely polarized mesons from 5-dimensions

A closer look at the previous action reveals that before actually computipng@rrelator
several issues have to be clarified. First, while it is natural to ideNtjfy) andHyy(€) as the
sources of thg, andJy,, currents, respectively, the interpretatiorMgfandH,s fields is far from
clear: these by-products of the Kaluza-Klein reduction do not seemrtespond to any QCD
current. Furthermore, there is the unresolved issue that differereintsd,,, andJ, can create the
same hadronic1 states, which seems to clash with the holographic recipe. And finally, it seems
puzzling that one can generate mixed correlators llikg without mixing forms in the original
5-dimensional action.

In the following | will show that all these issues get resolveusifandH,s are interpreted as
scalar and vector sources, respectively. To support this interpretaisoconvenient to look at the
equations of motion foH s andV,,:?

1 1-md
2
(dy—ydy—D+ yz )HSH_Ov
1
<ﬁy@m>wp:o, (3.1)
and notice that indeed they are equivalent onlyif = 1, which is precisely the mass assignment

predicted by the holographic recipe. This is not an accident but ratipeneral feature of-forms
in holographic settings. Consider for instance the equations of motidf famd a scalar fielg:

3 3+mg
2
(5203 %)y o,

3 3
#—a—m+> =0,
<y y "’ )

which again are equivalent providew, = 0, again the value predicted by holography.

Based on the previous equations and according to Eq. (2.4), one islhated to identify
Hys as the vector source that generdies andVs as the scalar source fiisy. This interpretation
can be shown to be consistent and provides natural explanationssienveld patterns in QCD. For

1l include only terms quadratic in the fields, which are the relevant oneswpute 2-point functions at tree level.
2|f one works out the equations of motion for 2-forntd,, andHys are coupled. The decoupled expression for
Hys is found only after using the consistency conditiid = O, which is satisfied by any massipeform.
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instance, experimentally one finds thagy, = 0, which at least in the chiral and lardgg-limits
can be justified. According to the AdS/CFT correspondence, the faattha: 0 (which is linked
to vector current conservation) means thgtis a 5-dimensional gauge field. Therefoxg,can
actually be gauged away and indeddy = 0. Likewise, the fact thaflyt # 0 in QCD can be
understood holographically as due to the non-conservation of the teunsent, in which caskl,s
is no longer a gauge artifact but rather a physical field.

4. A comment on dilaton backgrounds

The interpretation of the residu#} andH ;s as scalar and vector fields in the previous Section
might seem trivial just by looking at their Lorentz indices. This is howewtrso straightforward
and the interpretation turns out to be a unique feature of pure AdS swébesit dilaton profiles.

The introduction of a dilaton field was motivated in Ref. [7] to force the spectof 1™~
mesons to display Regge trajectories, which can be achieved by ch@(sing: cy?. If this were
a valid mechanism to incorporate linear confinement in the vector spectrumypitisalso apply to
Hus. However, what one observes frafiys is that the dilaton field factors out from its equation of
motion:

(D+m262A)H5v_dvaaH50_dydaHav :O (41)

As mentioned before, this equation couptgs andH,,,, and it is convenient to use the condition
d*H = 0, which in components reads

5“H“V = e_Ady(eAH&/) 5

to decoupleH,,. Notice however that the consistency condition does not introduce artprdila
dependence because it only depends on the metric. Therefore, $eaqeef a dilaton field affects
V,, but leavesH,s untouched. As a result, ¥, andH, s are to be identified as the transverse
and longitudinal sources for vector mesons, the presence of a dilat&fingaly ruled out. In
particular, this implies that models which display linear confinement through ditabackgrounds
do not provide a consistent description of vector mesons.

Finally, let me remark that the equation of motion tdy, doesdepend on the dilaton field,
but the choiceb(y) = cy? does not lead to a spectrum with linear scaling.

5. Bootstrapping theinfrared: implicationsfor chiral symmetry breaking

In order to compute correlators the boundary conditions for the diffdrelds have to be
specified. Conditions on the UV brane are dictated by the holographiceracigp define the 4-
dimensional sources. In contrast, conditions on the IR brane determinenperturbative aspects
of the theory and in principle there is a certain degree of freedom in gfptdwem.

For the vector field/, it is common to choose Neuman boundary conditions

ayv(qum) =0, (51)
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in order to prevent a zero mode in the vector channel. The point to steessshthat, once the
IR boundary condition fo¥,, is specified, it automatically determines the boundary conditions for
Hys andHyy to be

oyH (0, ym) = 0,

(d,ym) = p(q) . (5.2)

I o

The last condition turns out to be the only possibility to ensure single poléginhwherep(q) is a
function whose behavior can be inferred from long and short dist@@i2 constraints. Regardless
of the specific fornp(q) takes, the Dirichlet condition ensures thitr has the same poles Bsg,
in compliance with Egs. (1.3). The first condition follows from the fact thad,j§ andV, are to
describe the same states, not only the equation of motion but also the boundditons should
be the same.

With the boundary conditions above, one can compute the following conrglato

Miv (@) = i/d4Xéq'X<O\T{Vu(X)VJ(O)}|0> = (QuQv — Pguv) Mvv () ,
MiTe(@) = i [ dXd™(0|T{V,(0350(0)}10) = (Gpv — o) M ()

Mitap(@ = | [ d%€7(0]T(30(x) Jg(0)}0) = N (@)F P (q) + M+ (@R P @)

(5.3)
by functionally differentiating the action of Eq. (2.4). The results for threnféactors are
2 q: ~_Yo(4)
Nyv(g®) = —A [Iog 12 T[Jo(f)] , (5.4)
Myr(@) = el @) - 2 Ere@] 55
J —J
e =My =) = g 2+ 2p@ 2O 56)

The first thing to notice is the spectrum pattern that emerges. As anticipa¢eldotimdary con-
ditions guarantee thaétyy andlNyt both exchange™1™ mesons, as they should, and their masses
turn out to be located at the zeroslef The situation witH 111 is a bit more involved. The structure
of the action (2.4) provides direct acces$I,, and from there one can reconstrligt, andr:y.
Notice that the former can be fully reconstructed frBiw, andMy T alone, and thereforid{; can
also be determined d%{; = N3 + MNy7. A schematic picture of the predicted spectrums for the
different spin-1 states is shown in Figure 2. The striking feature is thapbetrum of 1~ states
is predicted to be twice as dense, with half the states degenerate with veuldnalfthe states
degenerate with axials. Although not much is known about these statesdafirst excitation
b1(1239), it is tantalizing thatm,; = 1229+ 3 MeV while my; = 1230+ 40 MeV.

Another interesting thing to point out is that the resonance structure offbgttand I'I%ET is
proportional top(q). Since both correlators are order parameters of spontaneous ghinalesry
breaking,p(q) is to be identified as the order parameter that trigge38. Notice thatySB was
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b] (1+7)

ar (11)

Figure 2: Spectrum of spin-1 particles predicted by the holograptodeh 1"~ states lie at the zeros 4,
while the masses for'1™ axial states correspond to the zerosof3].

never imposed in the model: it turned out to be induced by boundary corsl@ti@hit appeared nat-
urally due to consistency conditions between the correlators. The bgutedan p(q) is obviously
also responsible for the splitting between chiral partners depicted in F2gure

Notice that the effects of chiral symmetry breaking are indeed subtle in thelators under
study: nowhere a pion pole is allowed (by quantum numbers) to be exetiamgiike in correlators
like Maa or Map. The functionp(q) is certainly related to the quark condensate, but it would be
interesting to show this relation in an explicit manner.

6. Some phenomenological applications

The correlators computed in Eq. (5.4) depend on a set of free paramedenelyA, k, the
size of the fifth dimensioy, andp(q). A andyn, can be fixed entirely fronfilyy, the former by
matching the high energy behaviorldf to the QCD partonic logarithm, whilg, is commonly
chosen such that the first vector meson matcheptimeson mass. In contragtandp(q) have to
be determined by bootstrapping with the remaining correlators [5]. Onceathengters are fixed,
one can study the ensuing phenomenology.

Here | will comment on two phenomenological examples, namelyntdependence of the
parameteg,, and the magnetic susceptibiligp.

The parameteé, = f, /f, is a fundamental quantity in the evaluation of the CKM matrix
elementVy,| and has been estimated by the lattice tgpe- 0.72(2) [9]. In the largeN; limit, one
can show that for large excitation numbégs~ (—1)"2-1/2 [4]. Information is therefore available
for very small and very large excitations, but the previous results stdgaté, ~ 0.72 for all
excitations. The sign pattern follows from the fact thitr is ultraviolet finite and cancellations
have to take place, but nothing more concrete than that can be infesredfdimensional models.

The prediction from holography reads
fJ_
6= £ = 1Yk P(Gon)(Gon) (6.1)
where(p, are the zeros aky. Interestingly, sincd;({on) changes sign depending on whethés
odd or even, the previous expression realizes the sign pattern corgkatjd]. Additionally, the
values foré, andé,. ..o above fix the boundary function to behave &) = p1,/qym.
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Another quantity of interest is the magnetic susceptibility of the quark coatienshich can
be defined as

lim Pvr(e) = —Xo(0W) (6.2)

and has an impact on the determination of the hadronic light-by-light contribtdidghe muon
(g—2). Present values foxo span over the large window 2 Ge¥ < xo < 9 GeV2, which
induces a potentigll0— 15)% systematic uncertainty ifg — 2)n.gL [10]. Taking the low energy
limit of My, itis straightforward to obtain the holographic prediction:

00

_ f2
2P0 =XolBy) == 3 e, (6.3)

Sincep(0) ~ 0, it follows that our model predictgo ~ 0. In the last line abovgp is split into

its resonance contributions. Because pthe different contributions will have opposite signs (and
eventually cancel out to yielglh = 0). The surprising feature is that all resonances turn out to give
the same contribution, and therefore lowest meson dominance fails dramatically

7. Conclusions

The study of spin-1 vector mesons is not restricted to the phenomenolaggtofr currents.
Ju only describes the so-called transverse Inesons, while),, generates the longitudinat I
mesons and, additionally,"I states. In the holographic language, this entails that one needs to
incorporate 1-form and 2-form fields at the same time on the gravity sidestfbng interrelations
between them constraint both the space of allowed holographic modelsrésenpe of dilaton
backgrounds is shown to lead to inconsistencies) and the phenomendtotlyis paper | have
shown that a minimal model with only the kinetic term for 1-forms and 2-forms &adly capable
of giving a complete picture of spin-1 fields, in which chiral symmetry bregismot introduced
by hand but rather arises as a self-consistency requirement.
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