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for polarized vector mesons we obtain the eight structure functions at small values of the
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it is possible that they hold for strongly coupled QCD in the large N limit.
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1 Introduction and general idea

Deep inelastic scattering (DIS) of leptons from hadrons has played a key role in understand-
ing the hadron structure, by providing compelling experimental evidence which confirmed
predictions from Quantum Chromodynamics (QCD). In this process an incoming lepton
with four-momentum k*, being k° = E, emits a virtual photon with four-momentum
q" = k¥ — k", This virtual photon is absorbed by a hadron with four-momentum P*. DIS
is an inclusive process, i.e. while the outgoing lepton four-momentum k* (with £ = E)
is measured, the final hadronic state is not. The differential cross section is proportional to
the Lorentz contraction of a leptonic tensor [*” with a hadronic tensor W, (P, q)n 5. The
leptonic tensor is straightforwardly calculated from Quantum Electrodynamics, and for a
spin—% lepton it reads

I = 2 (KPR + KK — 0 (k- K+ m?) — i e gq s15], (1.1)



where s;3 and m; indicate the leptonic spin and mass, respectively. On the other hand, the
hadronic tensor is expressed in terms of the commutator of two electromagnetic currents
inside the hadron. Thus, its computation pertains to the domain of QCD at strong coupling
and therefore it cannot be obtained by using perturbative Quantum Field Theory (pQFT)
methods. This is precisely where the gauge/string duality ideas become useful in this
context [1].

The definition of the hadronic tensor is given by the following expression

Wi (P ) = i / a7 (P ([T, (x), J(0)] [P, 1) (1.2)

where P* and P)‘é stand for the hadronic initial and final momenta, h and A’ are the polar-
izations of the initial and final hadronic states. In four-dimensional Minkowski spacetime!
we have the on-shell conditions M? = —P? and M3 = —P)%, where we have written the ini-
tial and final hadronic squared masses, respectively. The hadronic tensor can be rewritten
as a sum of a small set of terms which come from the most general Lorentz-tensor decom-
position of W, (P, q)n 1, satisfying parity invariance and time reversal symmetry. In this
expansion the factors multiplying each single term are called structure functions. From
them it is possible to extract the parton distribution functions, which give the probability
that a hadron contains a given constituent with a given fraction z of its total momentum
P*. This number z is the so-called Bjorken parameter defined as

e
= _ 1.3
o=z (13)
and also we define the parameter tg as
P2

whose absolute value is very small in the DIS regime.

If the hadrons were composed by massless partons the probability of finding a parton
with a momentum zP* would be given by the parton distribution function f(z,¢?). More-
over, if the partons were free the distribution functions would become independent of g2,
leading to the Bjorken scaling. However, due to the interactions the parton distribution
functions in QCD depend on both z and ¢?. Notice that the hadronic structure functions
are dimensionless functions depending on P?, P - ¢ and ¢?, being their functional depen-
dence recast in terms of ¢%,  and tg. The physical ranges for these variables are 0 < z < 1
and t B < 0.

Since there are not known holographic dual models representing dynamical baryons we
focus on spin-zero and polarized spin-one hadrons, for which there are such models. For
spin-zero hadrons the most general Lorentz-tensor decomposition is [2, 3]?

lar qudv Fy du qv
= n () - (R ) (R ) "

'We use the mostly-plus signature for the flat spacetime metric.
2This expression and eq. (1.6) for polarized vector mesons differ from the corresponding ones from [2, 3]

by a few signs. This is due to the fact that we use of a mostly-plus metric.



We can just neglect terms proportional to ¢, and g, since they vanish upon contraction
with the leptonic tensor, since the leptonic current is conserved.

On the other hand, for polarized spin-one hadrons the most general form of the
hadronic tensor is [3]

F b b
W,Yﬁctor = F1nw — iqpupv + birpy — EQ(SW + tpw + Up) — g(sﬁw — Upw) (1.6)

P.
by L g1 Ago _

_E(Suv_tyu)_ﬂfuquq P-qu—S-qPU),

i g2 A
W €uvio 4 (
where F, Fb, g1, g2, b1, ba, b3 and by are the eight structure functions for polarized spin-one
hadrons. In the above equation we have dropped terms proportional to ¢, and g,, since
as before they vanish when they are contracted with [#¥. We have also used the following

definitions
_ 1 . 1 9
T = (P.q)2<q-é ¢-C—3(P-q) H)nuua (1.7)
2 1
1
b = 2(P-q)2<q'C*P/~L<V+‘1'C*PuCu
4
+Q'CPM€:+Q'<PV<;_S(P'Q)PMPV>7 (1'9)
1 2 2
Upy = Pq<C;CV + GG — §M277,uu ~3 pPu> ) (1.10)

being & = 1 — 422tp while 57 is a four-vector analogous to the spin four-vector in the
case of spin—% fields defined as s° = —ﬁe”O‘BT(;CgPT. We can see the dependence on the
initial and final hadronic polarization vectors denoted by ¢, and (;. The transversality
condition P -( = 0 is satisfied, while the hadronic polarization vectors are normalized such
that ¢ - ¢* = M?2.

One should also notice that DIS amplitudes can be obtained by taking the imaginary

part of the forward Compton scattering amplitudes. This allows one to consider the tensor®

T (P, @) = i / d'z ¢ (P, QT (], (x) J, (0)|P, Q) (1.11)

where J, and J, are the electromagnetic current operators, and Q is the charge of the
hadron. 7' (@1@2) stands for time-ordered product between the operators (51 and @2, and
the tilde indicates the Fourier transform of the electromagnetic current operator. The
tensor T}, = T, (P, q)n 1, has identical symmetry properties as the hadronic tensor, thus
having a Lorentz-tensor structure similar to W, (P, q)n . The optical theorem leads to

Fj = 2n ImFy (1.12)

3Current-current correlation functions in the DIS regime of an A = 4 SYM plasma have been considered
in [4] and by including a’®-corrections in [5]. In addition, in the hydrodynamical regime of an A’ = 4 SYM
plasma this kind of correlation functions is necessary in order to obtain the electrical conductivity [6], which
has also been studied by including o/3-corrections from string theory [7-10].



where ﬁ; is the j-th structure function of the 7}, tensor, while F} is the one corresponding
to the W), tensor.

As pointed out before, in order to calculate the hadronic tensor one cannot approach
the problem in terms of perturbative QCD, since the parton distribution functions depend
on soft QCD dynamics. Polchinski and Strassler [1] developed a proposal to calculate the
hadronic tensor for glueballs by using the gauge/string theory duality. They obtained the
structure functions for glueballs in a deformation of the large N limit of SU(N) N =4 SYM
theory, which leads to the N' = 1* SYM theory [11]. Their calculation holds in the strongly
coupled regime of the gauge theory, i.e. when the 't Hooft coupling A = g%MN satisfies
1 < A < N. There are four kinematical regimes depending on the values of the Bjorken
parameter. The supergravity regime holds when 1/ i<z <1 (x = 1 corresponds to
elastic scattering). The second kinematic regime holds provided that exp (—vV)) < z <
1/ VA, and in that case the holographic dual description corresponds to excited strings. In
the third regime one considers exponentially small values of x, which corresponds to the
case when the size of the strings are comparable to the AdSs scale R. This is a subtle but
interesting parameter region because the interaction can no longer be considered local. In
this region there is an effect due to the strings growth which is studied in terms of a diffusion
operator. There is a fourth regime where |Inz|A~'/2 > In(A/q), being ¢ the momentum
transfer and A the confining IR scale. In this case the world-sheet renormalization group
can be used to include the effect of strings growth. It is worth mentioning that the general
picture in the planar limit of the strongly coupled gauge field theory corresponds to the
scattering to a lepton by an entire hadron. Within the last three regimes the calculations
have to be done in terms of superstring theory scattering amplitudes as we will discuss in
detail in the following sections for holographic mesons. Alternatively, the calculation can
be carried out in a different way, in terms of an effective Lagrangian which contains a four-
point interaction vertex. This effective Lagrangian is derived from the four-point string
theory scattering amplitude which is written in terms of the product of a kinematic factor
and a pre-factor. The kinematic factor can be straightforwardly derived by extracting the
coefficient of the graviton pole of the #-channel. This can be done within the low-energy
limit of string theory. On the other hand, the pre-factor contains the o/-dependence through
gamma functions. This calculation in fact goes beyond the supergravity approximation.

Obtaining the structure functions in the whole physical range of the Bjorken parameter
is very interesting, particularly at small z. From the study of the moments of the structure
functions F; and F5 it can be inferred that the structure functions should have a component
with a narrow peak around x = 0. Moreover, there is a more physical argument supporting
this behavior [12], which can be described as follows. First, let us consider weakly cou-
pled gauge theory where the interactions produce splitting of partons and, therefore, the
structure functions increase as the Bjorken parameter decreases. As the coupling constant
increases the evolution of the structure functions becomes more rapid. At strong coupling
we cannot use the parton model. However, one might think that this trend, which leads
to an even more rapid evolution towards small z, should still hold. This has indeed been
confirmed for the glueball structure functions by using a string theory calculation [1].

Now, the questions are whether or not it is possible to extract the eight structure func-
tions from holographic dynamical hadrons, and what can be said about the z-dependence of
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Figure 1. A schematic picture of the holographic dual description of DIS in the 1/ <<
regime. B denotes vector mesons, r is the radial coordinate, rq is the IR cutoff, ripteraction 1S Where
the graviton-meson interaction occurs (the position of the D7-brane), and rgoundary is where the
actual field theory DIS process takes place. In this figure [ denotes leptons, dashed lines indicate
virtual photons. This is a holographic dual representation of the forward Compton scattering,
related to DIS through the optical theorem.

the structure functions for small and exponentially small values of the Bjorken parameter.
We can address these questions in the planar limit and at strong coupling. As commented
before, since there are not known holographic dual models of dynamical baryons, it is then
compelling to consider dynamical scalar and polarized vector mesons. This is interesting
for several reasons. One is to understand the structure of the holographic dual mesons.
Also, we are interested in looking for general properties, i.e. properties which either do not
depend on the particular holographic dual model, or depend on it in such a way that we
can say something about what would happen to the structure functions of QCD mesons in
the large N limit.

In [13] we began with this research programme for dynamical holographic scalar and
polarized vector mesons with one flavor, by considering different flavor Dp-brane models
in type IIB and type ITA superstring theories. Then, in [14] we generalized these investi-
gations to the case of several flavors, which is indeed a non-trivial generalization, and also
by obtaining the corresponding next-to-leading order Lagrangians in the 1/N and Ny/N
expansions. In those papers we have considered different holographic dual models leading
to different confining gauge theories. Particularly, we have studied the D3D7-brane model
dual to an N' = 2 supersymmetric Yang-Mills theory with fundamental quarks [15], and also
the gauge theories which are dual to the D4D8D8-brane model of Sakai and Sugimoto [16]
and the D4D6D6-brane model [17], respectively. For all these different confining gauge

theories, we have obtained the corresponding scalar and polarized vector meson structure
functions in the supergravity limit, i.e. in the kinematic region where 1/ Vi<z<l1 A
schematic picture of the holographic dual description of the forward Compton scattering
within this parametric (pure supergravity) regime is depicted in figure 1.



We have found several interesting results. On the one hand, we have obtained new
relations among several of the eight different structure functions of each polarized vector
meson. On the other hand, we have found that these relations are independent of the
model: there could be a universal structure for holographic scalar and vector mesons. The
reason for this behavior is the fact that the dynamics of holographic dual models with probe
flavor Dp-branes is controlled by the Dirac-Born-Infeld (DBI) action. Although for each
particular model the DBI action changes its dimension and also the structure of the gauge
fields and the induced metric, it renders model-independent Callan-Gross type relations for
different Dp-brane models when 1/v/A < x < 1, for instance F» = 2F;. Notice though that
for small-z the Callan-Gross relation from QCD has an extra z-factor: Fo = 2xF;. Thus,
it is expected that this additional factor should be present for small x in the holographic
dual description.

The next question is how to calculate the referred scalar and polarized vector meson
structure functions at small and exponentially small values of . This is the task we carry
out in the present work. The calculations we perform hold in the planar limit of the
gauge theory. Notice that for simplicity we restrict ourselves to the case of Ny = 1, i.e.
single-flavored mesons.

We address three main issues. As mentioned before, one is about the behavior of the
structure functions at small and exponentially small x, in order to see if the rapid evolution
towards small values of x at strong coupling is confirmed for dynamical holographic mesons.
Secondly, we show that for each holographic dual model we consider one may extract the
Callan-Gross relation between F7 and Fs, of the form Fy ~ 2xFj, and similar additional
relations among other structure functions. In fact as it happens with the glueballs [1]
we find that there is also an extra z-independent (but model dependent) factor on the
right hand side. Thirdly, we show how general these relations are, i.e. we discuss on their
model-independent behavior. In order to carry out our programme we have to calculate
the structure functions by using superstring theory. This has to be done in terms of the
scattering amplitudes of two closed and two open strings. We will show the details in the
following sections.

In section 2 we study DIS of leptons by scalar mesons. Then, in section 3 we carry out
the calculation of the hadronic tensor of polarized vector mesons, including the structure
functions and their relations at small values of the Bjorken parameter x from string theory.
We begin with the four-point scattering amplitudes of two open and two closed strings,
Aiozc’scalar, in flat spacetime. This has two terms with two factors each: a kinematic one
and a pre-factor which carries the o/-dependence. In the parametric regime we consider
there is only one relevant term and from its kinematic factor one can obtain an effective four-
point interaction Lagrangian. This Lagrangian describes an effective interaction between
two gravitons and two scalar mesons. In the case of vector mesons the corresponding
string theory scattering amplitude, A2°?“"*“"" has several terms with two factors each: a
kinematic one and a pre-factor. Again, we argue that there is only one relevant term and
explain how one can obtain an effective four-point interaction Lagrangian. This Lagrangian
describes an effective interaction between two gravitons and two polarized vector mesons.
We should emphasize that this flat spacetime calculation is directly related to the scattering
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Figure 2. Schematic picture of the holographic dual description of DIS in the exp (—\/X) <

r<1/ VA regime. Here the graviton exchanged between the three-graviton vertex and the meson-
meson-graviton vertex represents a single Pomeron exchange in the dual gauge theory.

process in our curved background. This is so because in the small x regime the size of the
strings is small compared to the AdS curvature. As we shall see later this implies that the
interaction can be considered local.

From the string theory scattering amplitude .42°% one can proceed in two different
ways. In the first place, one can take the limit ¢ — 0, where ¢ is the ten-dimensional
t-channel Mandelstam variable. From it one can obtain an effective Lagrangian, for which
the relevant terms within the kinematic regime we describe consist of several four-point
interaction vertices. Then, from this Lagrangian one can calculate the hadronic tensor for
small and exponentially small values of x. There is a second approach which we comment
as follows. Let us consider the low-energy action of superstring theory, the Dp-brane
action and the interaction between open and closed superstrings. Then, let us consider the
o’ — 0 limit. From this low-energy theory we derive the graviton and meson propagators
and also the interaction vertices. Then, we explicitly calculate the s-, t- and u-channels. It
turns out that the coefficient of the ¢t-channel graviton pole gives the same effective four-
point interaction Lagrangian mentioned above up to an o’-dependent factor. A schematic
representation of this process is depicted in figure 2. We carry out this calculation in full
detail, and discuss its connection with the string theory four-point scattering amplitude.

Then, from these effective Lagrangians we derive the hadronic tensors of different
mesons. Finally, we calculate the structure functions for scalar and polarized vector mesons.
Particularly, for polarized vector mesons we obtain the alluded eight structure functions
at small and exponentially small x values. Very interestingly, we obtain new relations of
the Callan-Gross type for several structure functions. These relations have similarities for
all Dp-brane models we consider. This suggests a universal behavior which would possibly
hold in the large N limit of QCD.

In sections 2 and 3 we carry out all the mentioned calculations for the specific case of
the D3D7-brane model. We also comment on the exponentially small x regime. In section 4



we extend all these results, expressing them in a compact general form which also holds for
the D4D6D6-brane model and for the D4D8D8-brane model. Discussions and conclusions
are presented in section 5.

2 DIS from scalar mesons at small x from string theory

Let us consider the four-momentum of the hadron P*, and the virtual photon four-
momentum ¢*, where ¢> > 0. Recall that the s-channel Mandelstam variable in the
four-dimensional gauge theory is given by

s:—(P+q)2:q2(1—1—tB>:q2<1—1>, (2.1)
T x
where we have considered the situation where |P?| < ¢? (i.e. |tp] < 1).

Since the gauge theory under consideration has a known string theory dual description,
we will describe the deep inelastic scattering of an electron from a scalar meson with one
flavor in terms of its holographic dual D3D7-brane model. The ten-dimensional background

metric is
o 1 N L 2 102
ds® = 72 v dxtdx” + T—er + R7dQ3, (2.2)
where the radius of the five-sphere and the scale of the AdS5 satifies R* = 4rg.No/2. The
usual four-dimensional coordinates are 2# = (2, ..., 23). The induced metric on the probe
D7-brane is given by
742 R2
ds3y, = 77 T dat'da” + — dr® + R*dQ3, (2.3)

which is the asymptotic form of the metric when r is much larger than the distance between
the D7-brane and the N D3-branes. Scalar and vector mesons correspond to excitations of
open strings ending on the probe D7-brane. The dynamics of the D7-brane fluctuations is
described by the DBI action

Spr = =T [ % \/~det(Plgla + 2w’ Fu). (2.4)

where g4, stands for the metric (2.3), T7 is the D7-brane tension. In addition, P denotes
the pullback of the background fields on the D7-brane world-volume.
The ten-dimensional s-channel Mandelstam variable satisfies

N v 1 1
§<—g"(P+quP+q) = \/W<‘T - 1> . (2.5)

The hadronic tensor can be extracted from the calculation of the four-point correlation
function of two photons and two scalar mesons. While in the supergravity calculation there
is a sum over intermediate states [13, 14], when we focus on the string theory calculation
there is an implicit sum which is obtained by considering the imaginary part of the forward
four-point scattering amplitude.



In the dual string theory model photons are represented by gravitons, h, with polar-
izations hMN = (1/2)(AMoN + ANyM) where A™ is a U(1) gauge field propagating along
0,...,4 coordinates in the bulk.* For the D3D7-brane model v* is a constant Killing vector
on the three-sphere.® In superstring theory gravitons correspond to closed strings. On the
other hand, scalar mesons are represented by open strings attached to the flavor D7-brane.
Then, one has to calculate the four-point string theory scattering amplitude of two open

. 202¢,scal . . .
and two closed strings, A;°““*““*". As mentioned before, this amplitude can be expressed
202¢,scalar
5 . The

. 202¢,scalar . . .
other one is a pre-factor P; which has the usual gamma function structure, and it

in terms of two terms with two factors each. One is a kinematic factor, KC

gives the o’-dependence:

AZOQC,scalar _ P1202c,scalar K%o2c,scalar + ,P22020,scalar K%o?c,scalar . (2.6)

Within the kinematic regime we are interested in the second term is not relevant. We focus
on the first term because this is the only one having a pole in the ¢-channel [18].

Since we are interested in the hadronic tensor, we want to calculate the imaginary part

of the forward scattering amplitude. Essentially, we must evaluate IC%OR’SCalaLr at t = 0.

This can be done in two ways. On the one hand, we can take AZOQC’Scalar and replace
R™ (the graviton, i.e. a closed string) by A™v’, and also consider X which is the scalar
fluctuation represented by an open string. Thus, in principle, one obtains an effective four-
point interaction Lagrangian ﬁi% vy from which the hadronic tensor can be calculated.
On the other hand, EZ% yx is also given by the coefficient of the ¢-channel graviton pole
multiplied by a pre-factor with the o/-dependence. This second approach can be thought
of as the low-energy calculation of the four-point scattering amplitude, i.e. in the o/ — 0
limit. For this calculation one considers the graviton propagator and the graviton three-
point vertex derived from type IIB supergravity action, and also the graviton- X X vertex
derived from the Dirac-Born-Infeld action with scalar fluctuations on the flavor brane.

Notice that in what follows the momenta k, of the fields, the graviton polarizations h,
and the polarization of the vector mesons € (in section 3) are parallel to the flavor D7-brane
directions. On the other hand, the scalar mesons represent fluctuations perpendicular to
the flavor D7-brane world-volume coordinates.

2.1 Four-point open-closed string theory amplitude

In order to obtain the tree-level scattering amplitude of two closed strings representing
two gravitons, and two open strings which represent two scalar (or vector) mesons, we
have to carry out a path integral with the corresponding vertex operator insertions on
the world-sheet. In this case the world-sheet is a disk. In [18] it has been shown how any
amplitude of open and closed strings can be mapped to pure open string amplitudes.® This

4We use indices M, N from 0,...,9; m,n from 0,...,4; a,b from 0,...,p; p,v from 0, ...,3; i,j from
5...,pand I,J from p+1,...,9.

5For the D4D6D6-brane model and D4D8D8-brane model v¢ will be a constant Killing vector on S? and
5%, respectively.

SNote that these amplitudes were obtained in flat spacetime. We will explain their relation to curved
spacetime amplitudes later.



implies that disk amplitudes, which involve fields in the gauge multiplets and fields in the
supergravity multiplet, are related to pure amplitudes involving only members from the
gauge multiplets. The world-sheet tree-level diagram of an S-matrix for the open-closed
string theory interaction can be conformally mapped to a surface with one boundary. Then,
following the Riemann mapping theorem this surface is equivalent to the unit disk D =
{z € C|,|z| < 1}. By using the Mobius transformation z — i(1+2)(1—2)~! this disk can be
conformally mapped on the upper (complex) half-plane Hy = {z € C|,Im(z) > 0}. Then,
vertex operators create the string states corresponding to asymptotic states in the string
theory S-matrix formulation. Since in theories with Dp-branes massless fields correspond
to open string excitations on the Dp-brane world-volume, the disk tree-level diagram is
attached to the Dp-brane world-volume. For closed string excitations, on the other hand,
they propagate in the bulk of the ten-dimensional spacetime and they are inserted in the
interior of the disk D. Thus, the open string vertex operators V,(z;) are inserted at the
positions x; on the boundary of D, where z; is a real parameter. On the other hand, the
closed string vertex operators V.(Zz;, z;) are inserted at the positions z; inside the disk D.

The open string theory vertex operators are’
Vi (@, €4,p) = goe Peute® X (x), (2.7)
VO(O) (x,€4,p) = 90(20/)_1/26“ (i@xX“ +2a'p - ww“) e?PX(x), (2.8)
while for closed strings we have
VR (2,25, ) = goe™ P e On, i (2) (2)e1 X ) (29)

/ ~ o~
‘/C(O,O) (Z, 27 h#y, q) = —g(;%h/,u/ <Z(§X'u + %q : w¢u(5))
/
<(0x+ S 00 (@) ) ¥ 20

In the present notation X* and %" are the bosonic and fermionic fields on the world-
sheet, while ¢ and 5 are the ghost fields which come from the Fadeev-Popov quantization
of superstring theory.® The open and closed string couplings are g, and g, respectively,
with g. = g2.

Using these conventions the string theory scattering amplitude corresponding to two
open strings, which are associated with excitation modes of a flavor Dp-brane, and two
closed strings, which correspond to fields in the bulk, is given by the integral (2.11) over
the disk. If we were interested in 1/N corrections, the corresponding corrections to the
tree-level string theory scattering amplitudes would be given by the integrals over different
inequivalent topologies. In addition, in the scattering amplitude we have to include the
normal ordering of each vertex operator. Thus, in what follows whenever we write V we

"When considering more than one Dp-brane there is an additional factor which accounts for the non-
Abelian structure. In the present case Ny = 1 therefore this factor is just 1.
8Note that here we use the index notation of [18].

~10 -



mean : V :

Astring(h1, ha, €2, €3) =/ dx/ dy/ dzdé/ dwdw (c(2)c(2)
OH OH zeH weH

x VOO (2, 2 h s, k1 ) VYD (w0, 05 hap, ka) () — ely))

[

x VO (a, €211 k) VO (y, €3, k3)), (2.11)

where ¢ and ¢ are ghost fields. There are two real parameters associated with the insertions
of the open string vertex operators and two complex parameters corresponding to the
insertions of two closed string vertex operators. The world-sheet SL(2, R) symmetry group
allows us to fix three real parameters. Therefore, the number of integrals reduces to just
three. Thus, a possibility is to set © — —oo, y = 1 and Re(w) = 0 (i.e. w = —w). In
addition, let us briefly comment on the vacuum expectation value in eq. (2.11), which
corresponds to a path integral over the fields on the world-sheet which we schematically
represent as & = {X, 1/1,1;, o, 5, ¢,c}. Then, we have

(X0 0.0.6.08) = [ DB S0 57), (2.12)
which can be factorized as follows

S[®] = S[X, 1,9, 6,6, ¢,¢ = Sx[X] + Sy, 9] + Sulé, 8] + Sele. ). (2.13)

This implies that each path integral can be done separately. Thus, in order to calculate the
scattering amplitude (2.11) we can use the following expectation values of the fields [18-20]

(XH(2) X" (w)) = —2a/n" In(z — w),
(XM(2) XY (w)) = —2¢/ D" In(z — o),
(W (29" (w)) = n"(z —w) ™",
(W ()0 () = DM (z —w)~",
(P(2)p(w)) = —In(z — w),
(6(2)p(w)) = —In(z — w),
(c(wr)e(wz)e(z)) = Cghost (w1 — w2) (w1 — 2)(wa — 2),
(c(wr)e(w2)c(z)) = Cahost (w1 — w2) (w1 — 2)(w2 — 2),

where D" is a diagonal matrix whose elements are 1 in the directions parallel to the flavor
Dp-brane and —1 in the perpendicular directions. Thus, we have all the ingredients to
calculate the expectation value in (2.11)

2 1
2= gg Ta,hlmxh4pof2a€3,8

(e(2)2(2) (e(w) = ey))) (e *De ) g2 =
(T (e X6 (10X0+ S (o) ) (10X7+ - ) ) e ¥

X (i0: X + 20k - pp®) e X () (z'ayXﬁ + 20k - un/ﬁ) kX (1)) (2.14)
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We have to obtain all the Wick’s contractions for 16 different terms. An important sim-
plification comes from the fact that the contraction of two fields at the same point on the
disk vanishes. The calculation is rather complicated but in the case of scalar mesons there
is only one non-vanishing term. This is due to the fact that its corresponding polarizations
(which are non-vanishing only in the perpendicular directions to the Dp-brane) are them-
selves perpendicular to all momenta as well as to all the rest of the polarizations of the
fields. An early result was obtained by Fotopoulos and Tseytlin in [20] within the regime
where superstring theory can be described by supergravity. In this case the integral was
carried out close to the singularities. We perform similar calculations in the following sec-
tion. More recently, in an extensive work Stieberger obtained the exact result [18], which
can be split into two terms as anticipated in eq. (2.6), where

+oo
,P12020,scalar _ / dx (l)2(1 + ZfL’)uil(l _ Z:’L‘)uil (215)

— 00

x /Cd2z (1—2)°(1 = 2)%(z +iz) 27 (z — iz) 271 (2 + ia) 271 (2 — ia) 2 7Y,

while IC%OZ:’SCalar can be obtained as the sum of the scattering amplitudes associted with the
different Feynman diagrams from the supergravity calculation [20]. We only write the first
term because in the kinematic regime which we are interested in only this term is relevant.

The pre-factor needed in order to construct the effective action of two closed-two open
strings interaction is formally given by the small  and large 3 limit of expression (2.15).”
However, since it is rather difficult to deal with we will give several arguments to support
the assumption that, in the scalar case, this pre-factor takes the same form that it has in
the case of glueballs, i.e.

;) X I~ 5

m=0

where we have omitted the 1/¢ term which leads to the ¢-channel as the dominant contribu-
tion and focused on the imaginary part that singles out the exchange of excited strings [1].
In [21] it has been shown that in this parameter regime the 5-dependence always gives
a factor

1\ o't/4 0 s ,x 0 's T
(Of> - / dm (m - af) (m)* Ay 0 (m - af) (m)**(2.17)
0 m=1

In the last step we have considered the fact that when = < 1/4/\ the integral and the
sum are not very different. Note that in the small x regime the factor (m)alf/ 4 is order
one [1]. This approximation breaks down in the exponentially small regime. There is also
a factor carrying the pole in ¢. In fact, the OPE expansion of the operators involved in

this process have been studied both for a pair of closed superstrings [21] and for open

9Recall that as we are dealing with massless particles 5 + ¢ + @ = 0, here the absolute value of % ~ —3
also becomes large.
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Figure 3. The four Feynman diagrams corresponding to the holographic calculation of the four-
point amplitude: s-, u-, and ¢-channels plus the contact interaction. Wavy lines represent gravitons,
h1, hy and the off-shell one. Dashed lines represent scalar mesons, X, and X3. k; indicates the
momenta of the fields.

superstrings [22, 23]. In both cases it is shown that this function gives a factor of the form

r(—1-—«t
Memwtm — (2.18)

where the last result comes from the small ¢ expansion. Therefore, this supports the fact
that we can neglect other possible terms in Aiohscalar and AEOQC’VeCtor, besides the one
which does not vanish in the o/ — 0 limit. In addition, the OPE analysis also singles out
the term where the polarizations of incoming gravitons and mesons (h and €) are contracted
among themselves as follows: (hihg)(e2e3). As we will see, this is in complete agreement
with our calculations.

Finally, the assumption about the pre-factor is also supported a posteriori by our
results: as will be demonstrated in the following sections, the kinematic part of the effective
Lagrangian in the scalar meson case is identical to the one of [1] for glueballs. In addition,
we have seen that from the string theory point of view the initial vertex operator integral,
which leads to the full scattering amplitude at genus zero, is the same for scalar and vector
mesons. This is because the only difference is given by the polarization vectors. This fact
suggests the use of the same pre-factor as for the case of glueballs.

2.2 Four-point graviton-scalar meson tree-level amplitudes from supergravity

We begin with the action

Sppr = —T+ / dgg\/ —det (P[g]ab + (27 F, > , (2.19)
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and

V=g~ V=g |1+ %H _ iH,‘}H,’j 4 %H2 4 éHgHgHg _ éHH{}H,Il’ + %m L (2.20)
where H = H stands for trace of this tensor field. There are eight coordinates which are
parallel to the D7-brane, and two perpendicular ones, 2® and z°. We can describe the de-
grees of freedom of the system by identifying £€* = X* with @ = 0,...,7 and reinterpreting
the (8,9)-coordinates as scalar fields X! with I = 1,2. Their variation parametrize fluctu-
ations of the D7-brane along its normal directions. By using this static parametrization,
and by ignoring all vector fields Fy;,, we identify the fields in our theory with the metric
perturbations associated with the graviton and the scalar fields as follows

Hap = Gab = gab + 201200 X" + 915 0. X0, X7, (2.21)
Gab = Nab + 2khqap , g1 = 0ry +2khry, Gal = 2Khqr. (2.22)

Now we will focus on the case where the graviton polarization is parallel to the D7-brane,
which implies that h;; = he; = 0. By expanding Sppr, we obtain three of the necessary
ingredients for the calculation of the tree-level Feynman diagrams, which are shown in
figure 3. These diagrams are analogous to those obtained in the low-energy limit of a
closed string theory, when considering graviton-dilaton interactions, namely: the kinetic
term associated with the scalar fields and the interactions of the type hXX and hh X X.
Notice that since the scalar term in H is quadratic, we only need to do the expansion up to
third order. Also recall that the three-graviton vertex and the graviton propagator come
directly from the closed string theory action [20, 24, 25].1°

The first order in the expansion above gives a kinetic term %&IX 0°X 11 Therefore,
the propagator is
01

Pry(k) = (X1XJ) = “iTE

(2.23)
The second and third orders in the expansion produce the following interaction Lagrangians
1
Lixx = Tyvk {Qhaaxaax — h§d*X9,X |, (2.24)
1 1

Linxx = Tor? [4h28aX3aX + 2h¢R2O°X D, X — hhyd* XD, X — 5hgh’;acxacx , (2.25)
where h = h?. Notice that for the contact term Vjj,xx we can ignore terms with a factor
h¢ since the external gravitons are on-shell and therefore traceless. However, this does not

hold for the Vjxx vertex since in the t-channel diagram this vertex exchanges a virtual
graviton with the three-graviton vertex.!? Let us call k; and ko the incoming momenta of

10This is so because the corrections coming from Spg; are sub-leading.

" Erom now on, we drop indices I and J whenever they are summed, by using the Kronecker delta ;.

12Tn order to write down the three-graviton vertex coupled to an off-shell graviton one has to consider that
in the expansion above hry does not vanish. This adds an extra term which however does not contribute
due to the graviton propagator structure [20].
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the scalar field, then we obtain

a - 1 a a a
Viny = iTrr o' [2n (- ko) — (KRS + KYkS) + - ] (2.26)

ab,cd, I J . 2 ¢lJ ber.ag.d dr.a 1 ac, bd
Ve (b ) = 4T 610 [ (hkg + RS) — Gl k)| (220

where dots indicate irrelevant terms. For instance, the scattering amplitude related to the
contact diagram (subindex c indicates contact term) is given by

Ak, b, k3, ka) = hiap hage 01 ViPds! (ka, ks)
= ik?Ty [A(kohihaks) + 4(kshihgks) — 2(hihg) (ke - k3)],  (2.28)

where indices of factors within parentheses are totally contracted. In addition, in order
to calculate the scattering amplitudes corresponding to the s- and wu-channels from the
previous vertices, and by using the transversal character of the polarizations, momentum
conservation and the dispersion relations for massless particles, we obtain the following re-
sults'3

Ag(k1, ko, k3, ka) = hiap haea 015 VEwsE (ka, —k1 — ko) Prp(—k1 — ko) VO (ky + ko, k)

!
= —m2T7;(k2h1k2)(k3h4k3), (2.29)

Ay (K, ko, ks, ka) = hiap Paca 015 VIS (ka, —k1 — ka) Prer(—k — ka)VESLd (ky 4 ks, ko)

4
= —iR2T7E(k3h1k3)(k2h4k2), (2.30)

where s = —le . k’Q = —2]€3 . k4 while u = —le . kg = —2]62 . k‘4.

Now, let us consider the t-channel. We need three pieces: the three-graviton vertex
derived from Ly, the graviton propagator which is derived from L?Lz, and the three-point
interaction vertex with one graviton and two scalars derived from Ljxx which we have
already obtained. The graviton that connects the three-graviton vertex from Ljp, and
the interaction vertex Vj,xx is off-shell, and therefore we cannot neglect the first term.
Also, note that since we will contract this vertex with the graviton propagator it is not
necessary to symmetrize the vertex in the o and 8 Lorentz indices. This vertex must then
be contracted with a factor SP77%%%(k;, ky) obtained for example by Sannan [25], which
corresponds to the contraction of the off-shell graviton propagator and the three-graviton
vertex. We must also contract this factor with the polarizations of the external gravitons
h1 and h4. The resulting factor is

hlpoh4’y§SpU776’aB(kla k4) -
1 1 1
i 3 aha)®? - Saho® o+ (ke () + (fahe) )

hih 1 1 1 . .
—(1154) <k?kf LA 2kf‘kf> = ((kahak) 3" + (kaha ko))

1
+¥ ((k1h4h1)ak? + (k1h4h1)5k(11 + (k4h1h4)a]€f + (k4h1h4)ﬁkff):| . (2.31)

13Notice that whenever we write s, ¢, u in the string theory scattering amplitudes we actually mean 3, ¢,
u, since these are the actual ten-dimensional Mandelstam variables.
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As mentioned before we take «, 5 — a,b and contract this result with the vertex Vbl

hXX
obtaining the t-channel amplitude for the process
Ay(kr, ko, ks, ka) = hicahaep ST (ky, ka) Vv (ko k3)dry =
—2iKk*T5 1 9
T (h1h4)(t + U +s ) + U[(k3h1h4k1) + (k4h1h4]€2)] (2.32)

+5[(k2hihaky) + (kahihaks)] + t[(kehihaks) + (kshihaks) — (kahihaky)]

2 [(kahika)(kshaki)+ (kahiks)(kohak) — (kah1ka) (kohaks) — (kohiks)(ki1haky)]

being t = —2kq - k4 = —2ksy - k3. Notice that (su)_1 has been factorized for convenience,
however the graviton pole of the ¢-channel does appear.

The total tree-level scattering amplitude associated with this process is Aiotal = Ae +
As+ A, + A;. As we shall see later, this structure coincides with the scattering amplitude
of closed string theory with two gravitons and two dilatons up to a global factor su. This
means that, since the Feynman diagrams are the same, Aiqa reproduces the kinematic
factor of the closed string theory four-point scattering amplitude obtained from the world-
sheet integration of the expectation value of four string theory vertex operators described
in the previous section. In fact, the four-point closed string scattering amplitude is a known
result given by

4COS€ /3 ; > ( lu) <
a'u

—imgeax

Z v X K§osed (2.33)
4

)

where the pre-factor is proportional to (stu)~! at first order in /. On the other hand,
Kilosed

is a kinematic factor which contains the polarizations. This does not depend on o/
and can be separated into kinematic factors associated with open string theory scattering
amplitudes as

1 1 1 1 1 1 1 1
g Closed Kopen ( Z - - - Kopen [ Z Z Z Z .
4 (k17k21k37k4)0( 4 (2k112k272k372k4> X 4 <2k172k272k372k4>

(2.34)

PN which can be found

We can explicitly calculate the scattering amplitude!* from K,
n [26], and replace the graviton polarizations as h{?" and h}! N , using the transversality
condition and the fact that on-shell gravitons are traceless. The dilatons’ polarizations are
also transversal
1 o N N M 1 MN M N N M
e e S e I e A L P
/3 n 2 2 NG 3 3

The auxiliary momenta ks and k3 satisfy the following relations ks - ko = k3 - k3 = 0 and
ky - ko = k3 - k3 = 1. The only reason to include them is in order to have transversal

14YWe have done this calculation of the string theory scattering amplitudes by using a field-theory moti-
vated approach to symbolic computer algebra called Cadabra [27, 28].
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polarizations. Thus, although they are important within the intermediate steps in the
explicit calculations they never appear in the final results. Therefore, it is said that these
momenta decouple from any physical process.

Recall that we want to study string theory scattering amplitudes in a curved spacetime.
It is then important to think of the validity of the calculations that we perform since we
do it for the string theory scattering amplitudes in flat spacetime. In order to answer
this question we may separate the fields of the conformal theory on the world-sheet from
the interaction, by considering the zero modes separated from the excited modes, i.e.
XM(1,0) = 2™ + XM(1,0). At a fixed point 2™, the Gaussian integral over the modes

XM s exactly the same as the one we would have in flat spacetime'®

rendering a local
amplitude iAlocal(xM ). Thus, if we integrate over the zero modes, i.e. in flat spacetime, we

obtain an S-matrix of the form
S = i/dlox\/g Apear (). (2.35)

This is equivalent to say that the interaction is approximately local, and this holds because
the scale o’ is small compared to the spacetime curvature. This local approximation breaks
down when x becomes exponentially small [21].

2.3 Effective Lagrangian with four-point interactions

The idea now is to obtain an effective action with four-point interactions involving two
gravitons and two scalar mesons (see figure 4). Thus, we have to start from the four-
point string theory scattering amplitude that we have discussed before. It is important
to recall that since the Bjorken parameter is small in the DIS regime we consider, i.e.
t ~ 0 is very small, the Mandelstam variables u and s become very large. On the one
hand, it is necessary to perform appropriate approximations on the pre-factor which we
will discuss later. On the other hand, we have to find the leading terms coming from
the kinematic factor, which are those that produce the t-channel scattering amplitude in
the supergravity approximation. Since we look for a four-point interaction Lagrangian we
can start by writing a list of the terms which, a posteriori, will be necessary in order to
reproduce the ¢-channel scattering amplitude at leading order in the ¢ ~ 0 approximation.
These are

LA = Ophmpd" W™y XOM X — (hyhy)t?,

L = "W 0" 0 X0 X — %(h1h4)(52 +u?),

Lo = Onh™0ph) 0y XOM X — —2t(kskihaky),

Lp = "W ,h 0 X 0 X — —%s [(kahihaks) + (kehihaky)]

1
—u [(kshihaky) + (kahihaks)],

15The Ramond-Ramond fields induce perturbations which are sub-leading in the present regime, with
2
% =VA> 1, therefore we do not need to consider them.
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Lg = 8”hmT8phfamX8nX — *t[(kghlhglkg) + (k3h1h4k2)],
['F = 8phrm8rhpn8mXanX — 2[(k2h1k4)(k3h4k1) + (k3h1k4)(k2h4k1)],

ﬁG = h’”p&(’)phm”@mXanX — 2[(k1h4k1)(]€2h1k3) + (k}4h1k4)(k}2h4k3)]. (236)
By comparison with the coefficient of the t-channel graviton pole we can write the following
effective Lagrangian

1 1 1
Eeﬂro<1><£,4+§><£B—|—§><£C—2><£D—1><£E+1><£F—1><Eg. (2.37)

There is also a global factor su which, for convenience, we will include in the pre-factor.
Now, the metric perturbation we consider is h% = (A% 4+ A%v?), where A™ is a U(1)
gauge field while v* is a constant Killing vector on S3. Recall that the D7-brane wraps this
sphere, therefore we can rewrite the effective Lagrangian using the following identities

Ophaed’hc = %v%ca,,AaabAa, O?helbh.y = %vcvcaaAdabAd,
Dch™Ogh® = %u%bacAdadAC, Dah*“Ophl = %ucvcaaAbabAa,
1 1
D*hel9.hb = Zv%damcacAb, O°hd9.hl = 1(zflvda%aacAb + v1P9° A%, A,).

Once a graviton polarization is chosen in this way the term Lg vanishes. By taking into
account that the terms in the scattering amplitude which are proportional to ¢ are irrelevant
in the present regime, we can write an explicitly gauge invariant effective Lagrangian for
the gauge field A™. Thus, we have

1 ) o
Legr o< [20'0; 0y XOPX F™" Fpp, + 0" 0;X0; X F™" Epppyr] (2.38)

where F,,,, = 0, Ap — 0 Ay In this Lagrangian'S the most important term is the first one
since it leads to terms proportional to s?> and s in the scattering amplitude. As we shall
see in section 3, there is an analogous effective Lagrangian for vector mesons.

2.4 Hadronic tensor at small x for scalar mesons

We can use the same approximation as in [1], namely: based on the the effective La-
grangian (2.38) we can construct an effective action in curved spacetime by contracting all
indices with the ten-dimensional metric in curved spacetime and also by multiplying by
the squared root of the determinant of that metric as usual. Therefore, we begin with!”

) X /~
mmy Ime T = == 3 / A dr /= gu' OF X* (P)O" X (P)F, (q) FE(q)0 (m - O"S) ,
m=1

(2.39)

16\We have explicitly checked that there is a misprint in the sign of the second term in eq. (82) in
reference [1]. We have done the explicit calculations both for glueballs as in [1] and for scalar mesons in
two different ways and we have confirmed our results. However, fortunately these terms do not contribute
to the calculation of the structure functions. Neither we include a third term which goes like ¢ which is
present in eq. (82) of reference [1].

"Notice that within the present kinematic regime, where 1/exp I<e < 1/\&7 § is taken as a scalar
quantity and not as a differential operator [1].
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Figure 4. Effective four-point interaction. Wavy lines represent on-shell gravitons. Dashed lines
represent scalar mesons.

We have omitted the integrals in the four-dimensional spacetime zg, - - -, x3 since we have
already used momentum conservation. The solutions to the field equations are [13]

Aulg) = nuf(r)eiq'x, (2.40)

Ar(q) = _152' L (e, (2.41)
l - .

x! = A?# (ALRQ) S yl(Qy)eiP (2.42)

where A stands for the scaling dimension of the meson fields and ¢; is a dimensionless
constant. By using w = ¢R?/r we can write f = wKj(w), where K; is the modified Bessel
function of the second kind. In order to simplify the notation we drop the label [ which is
associated with the spherical harmonic. Recall that this index identifies each meson. The
corresponding field strengths are

F;w = i(QuAV - QVAM) = i(QunV - QVnu)f(T)eiq.z ) (2'43)
. 2 ‘N »
Fur =1 (qu M q ) Ar = <qu# - ”u) fi(r)e s, (2.44)
q-n q
—A
X =iP,X, 0. X=—X, (2.45)
r
from which we can construct the different pieces involved in the effective Lagrangian
* R2 T Tk R2 * (qn)(qn*)
F? = P Fighi = o (1 | (ne) = LI (2.46)
] R? R o (g-n)(g-n%)
FTpF;Iz = ﬁnpaFrpFHU = ZﬁffIQM |:(n n ) - q2:| ) (247)
RZ ,’,,2
* _ logl nEJ *
P F) = T—277p F Fve + ﬁFW“FW
R2 2 * * 2 * *
= 51 [ - n) + ninug® = gunu(a-n") — anji(q- )] (2.48)
2 * *
ey (¢-n)(g-n) (¢-n%) «(g-n)
+ﬁ(f ) |:n:nu + ququ — quny q2 - q:ﬂl# q2
* 4
* q-n qg-n\ w
= (-0 (n - 0 50) SRR @) + K )
. (g n)(g-n*)\ o'
‘H]uCIV (n n—= q2 q2R2 Kl ((.U) )
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and

2A2 1A
X (P)O"X(P) = —|X|*, 9"X*(P)0"X(P)=-— P”|X|2 (2.49)

4
O X*(P)O"X(P) = i P“P”]X]Q (2.50)

Now, since we want to calculate T*”, and then to contract it with the leptonic tensor, all
terms with factors ¢ - n and/or ¢ - n* will vanish. Therefore, we only need to expand the
effective Lagrangian in terms of the solutions of the fields. In this way we can express the
effective four-point interaction Lagrangian as

£t = + 5 + £5% + 25 (2.51)

where

£, = 0" X (PY X (PYES P = 5 (1) (n - n) | XP

rptr R2
Lk r * 1D RQA eff
Ly = "X (P)" X (P)F,FP = —~ff'(n-n")|X]*(P-q) = LT,
o . R4X2 R2 .
£l = 0 (PP = T [ ) P

(B4 ) @]

It is worth noting that the terms EﬁffA, EZ?B and Ejffc are sub-leading in comparison with
the term in EfoD associated with (n-n*). This term contains a factor (P-q)? oc s2, therefore
one can neglect the contribution from EZHA, Ee and Eeﬁ 18 Now, in order to obtain the
imaginary part of T"” we have to extract the polarlzatlons n and n*. The factors in front
of the tensors n*” and P*P¥ will result in the contributions to the structure functions F}
and Fjy, respectively. Thus, we obtain

L, T & ; a's
ImeXCT'LL = ? Z_l/dgg dr vV —Gab ¥ ’Ui(g (m— 4)

<{ o [EEE (B i) [FEE e o]}
(2.52)

2.5 New relations between F; and F» at small

Our final goal in this section is to calculate the structure functions F; and F> out of com-
parison of equation (2.52) with the Lorentz-tensor decomposition of the spin-zero hadronic
tensor presented in the Introduction. Recall that we use the expression (2.39) for the
imaginary part of 7),,, which has an integral in the radial coordinate r and in the angular
variables on S3. Thus, we have a normalization condition for the spherical harmonics on

18This is analogous to what happens to the second and the third terms in eq. (82) of reference [1], which
do not contribute to the hadronic tensor calculation as mentioned in a previous footnote.
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S3 (a similar condition holds for any SP~% in the general case that we will consider in
section 4)

[ 9 7/GutY @)Y (©2) = paR? (2.53)

as well as the following result for the integral of the square of the modified Bessel function
of the second kind weighted by integer powers of its argument

o0
L= / dw " K2 (w), (2.54)
0
where w = @. Also, we can define the two following useful integrals
o = g o o f2(r) o' sR?
L= 8";1% q /dagdr\/g;vmm E05 (m - 220, (2.55)
o - o e () o/sR?
In order to study I; we use the following definitions ro = AR?, r2, = O‘ﬁfz, f(r(w)) =

wKi(w) and f'(r) = 0. f(r) = q"%[(o(w), also eq. (2.53). For r,, and w we can replace

the sum by an integral in m and we also can carry out an integral in w which becomes
2

Wi, = %. It must be taken into account that

w
=——4d
2z/Amg. N “
So, the explicit calculation of I; is as follows
/ 0 3 —2A p2 o
o 5 r r fe(r)o(r —rm)
Il - W’CZ| P3R Z /dr (E) <r0> 7“6 |a’sR2‘
m=1 273
2\ A oo
_ 2 T A 2A+2 72
= pslcil AsA2 <q2> Z w Ki(w)
m=1
’C ‘2 m A? A/OO dw 2A+3K2( )
R |— | —= ——| w
Pl g2 q? 1 2x\/4mg.N !

2\ A—1 2
o ™ (A A
= i"— | — —] . 2.57
paleil 2 <q2> 2x+/Amg.-N 12843 (2:57)

Similarly, we can calculate the other integral. Recall that s = —(P+q)? = q2(—1+%—t3) ~

dm

2
Z-. Thus, we obtain

o (A2 Al 1
L = = —= — T 2.58
AN
Iy = i 2T (2 — . 2.59
0 = pslcil 5 (qQ) g N 0,2A+3 (2.59)
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Finally, the comparison with the scalar hadronic tensor given in the Introduction allows us
to extract the structure functions.

2 AT
F = |2 - 7T 2.60
1= Tzl (q2> Trow e (2.60)
72 AT
Fy = —pale;? | = — (I, I . 2.61
2 8xp3\cz| <q2> 47rgCN( 0,2a+3 + I12A43) (2.61)

Schematically they are F} o z%ll and Fy %(11 + Ip). From these functions we straight-
forwardly obtain a Callan-Gross type relation

(2.62)

— % F
I, .

where we have used the identity I ,, = %IO:"' Notice that the usual Callan-Gross relation
in QCD is Fy = 2z F; while here, like for glueballs in [1], there is an extra factor which
only depends on the scaling dimensions of the scalar mesons A =1 + 2.

2.6 Exponentially small x region

When we considered the parametric region exp (—ﬁ) <r<kl/ VA we dropped the factor

59'1/2 This factor becomes very important when z < exp (—v/A). So, let us study the

strong coupling regime 1 < A < N, and let us take exponentially large values of the

ten-dimensional Maldestam variable s such that 1‘3}5; is held fixed.

In this case, the approximations we were considering before break down because the
interaction can no longer be considered local in the AdS space. What happens in this
regime is that the former parameter ¢ becomes a differential operator. Therefore, it must
be replaced by

ot — o'V =d Rt + V2 (2.63)
— e i -

because we are taking into account the momentum transfer in the transverse directions [1,
21]. Consequently, we have to consider a factor

met2 (O/g)a’fﬂ ~ 2 $*alv2/2, (2.64)

within the pre-factor. As in references [1, 21] the transverse Laplacian is proportional to
1/R2. Thus, the added term is of order 1/v/A. The idea is that in this parametric regime of
the Bjorken variable a Pomeron is exchanged in the ¢-channel. By taking into account the
transverse momentum transfer it is possible to obtain the leading correction to the strong
coupling limit to the intercept 2. It turns out that 591/2 hecomes a diffusion operator. We
have to diagonalize the differential operator (2.63) in order to obtain the Regge exponents.
In the first place, the scalar Laplacian operator acting on a field of spin j schematically
denoted by ®; is given by

1

Vi, = =

omlv—99""on®;], (2.65)
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where gysn is the ten-dimensional metric. Given the curved spacetime AdSs x W?, being
W5 a compact Einstein manifold, the metric is

ds* = i dztdz” + R—er2 + R%ds? (2.66)
= Tl 3 W .

Thus, we have the differential operator written as

R? o
o/V3 = O/Tt + — (1202 + 519,) + o'V, . (2.67)

Now, let us perform a simple change of variables e* = r/rg, being 7o = AR? the IR cutoff.
The covariant Laplacian operator acting on the field ®; is defined as

o/f)?q)j = a'er“V%[e_qu(I)j] ) (2.68)

Then, in the present case for j = 2 we obtain the explicit form of the covariant Laplacian
given by
. 1 1
a'D?>= —te R+ — (02 —4)+ 'V, 2.69

where we have dropped the subindex j = 2 from the operator D2. Then, following [1] we
modify eq. (2.39) in order to include the effect of the diffusion operator 52 gmalt/2)

Thus, we have the integral
ol & .
nznulmech“V = ? Z /dQS dr v _gviUZ ng(q)FrzL)(Q)
m=1

x (O‘fylm (akX*(P)a”X(P)) 5 (m - O‘f) .

The action of 2=*'%/2 on Ok X*(P)d" X (P) is essentially given by D2 (0*X*(P)O"X (P))
which is proportional to P¥P"D?(X*(P)X (P)). So, the exponential of D? is non-local, and
the diffusion time is In . Now, the point is that when x is exponentially small the geometric
structure corresponding to the region rg where the conformal symmetry is broken becomes
relevant. In this region we continue using the same expressions for the field strength because
they are not affected by the conformal symmetry breaking due to their exponential falloff.
Then, we obtain the expression for the structure functions

2 1p2 2
T R*q" pspy

F1 == WJI 5 (270)
20/ R%q?
By = ———(Jg*"" + 777, (2.71)

where the integrals are

I~

A a't/2
e R R (‘”4) (X"X). (2.72)

19The asymptotic form of Ko (y) goes like +/7/(2y) exp(—y) for y > |a® — 1/4|.

~ 93 -



Now, let us consider the limit for z being exponentially small, then in eq. (2.64) we can
replace the differential operator —V? = —D? by its the smallest eigenvalue . Therefore,
the expected behaviour for the structure functions is recovered since F} o< 27 27'¢/2 and
Fy o 27 1'¢/2 where the Pomeron intercept is identified as 2 — o/¢ /2.

Next, in order to solve the integrals JjD 3DT we have to study the falloff of the lowest
eigenfunction of V3 which is 7~* and then the corresponding one of the lowest eigenfunction
of V2, which is »=2. Thus, the integrals are dominated by w =~ 1 leading to

JJD?’D7 x /dw/dﬂgwggsviviw?’KJZ(w)r_Q. (2.73)

Finally we obtain

A-1
= m’ psleil? A 1 g oaya a2 oc g @HK/2) (2.74)
1622 P2 TrgN |

2 A2\ AT 1 , ,
[ — 12 I I a'¢/2 —(1+a'[Cl/2) (975
2 8xp3\cz| <q2> 47Tch( 02a+3 + l12a43) T xX T , ( )

where the eigenvalue of the diffusion operator is ( = %(1 — A?) < 0. In addition, the
Callan-Gross type relation is the same as when exp (—V)) < z < 1/vV/A
Iy 2A +3
Fy=2zF |14+ — | =2zF .
2 T < + Il) xrlI N

In the case of vector mesons the calculations are similar to those presented here for
scalar mesons. The Callan-Gross type relations are the same as the ones obtained in the
regime where exp (—v\) < z < 1/v/), which are discussed in section 3. The difference
now is that the eigenvalue of the diffusion operator changes.

3 DIS from vector mesons at small x from string theory

In the low-energy regime parallel fluctuations on a single flavor Dp-brane world-volume are
described by a U(1) gauge field B,. This gauge field is interpreted as the holographic dual
description of a vector meson composed by a quark and an anti-quark with U(1) flavor
symmetry, i.e. the U(1) gauge symmetry on the Dp-brane world-volume becomes a U(1)
global (flavor) symmetry in the dual gauge theory description. In string theory a dynamical
meson is described by an oriented open string whose endpoints are attached to a flavor
Dp-brane.

We are interested in obtaining the hadronic tensor for polarized vector mesons. It is
easy to check that the hadronic tensor (1.6) can be split into a symmetric plus an anti-

symmetric parts as follows

W (P, q)3s5" = Wi, (P, @) + Wi (Pa@) - (3.1)
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In the limit |¢| < 1 (K ~ 1) these contributions can be written as

. * . 2
wh, = {F1 + [W - ;] b + 9(]]:(])(—62 + 3b3)} N (3.2)
o 000D 0y B
- (—by + 3b3) “"é'(’; | Cq*f”) ol (0 )PG + G + e,
2 p2 XUV kU
Wik = |+ ] SR L @R - P e g (53)

where c.c. denotes complex conjugate.

In order to construct the hadronic tensor for vector mesons we consider the four-point
scattering amplitude of two open and two closed strings A7°°“V*“*". As before the closed
strings which are gravitons in a particular polarization state represent two virtual photons,
while the open strings represent vector mesons on the flavor Dp-brane. The calculation
we describe below holds for both type ITA and type IIB string theory Dp-brane models.
However, in order to give a concrete example we first consider the D3D7-brane system.
Then, in section 4 we derive a more general expression which also holds for the D4D6D6-
brane and D4D8D8-brane systems. Notice that although in this section we consider vector
mesons, we also recover the results for scalar mesons presented in section 2, as a particular
simpler case of this formalism, which is also a consistency check of our calculations.

3.1 Four-point graviton-vector meson tree-level amplitudes

Let us consider the four-point scattering amplitude of two open and two closed strings

202c,vector . . . . . .
A7V We consider the leading contribution, i.e. genus zero surface, which corresponds

to the planar limit in the dual gauge theory. We may split AiOQC’VeCtor as sum of several

contributions [18]

202c,vector 202c¢,vector 3-~202c,vector 202c¢,vector 1-~202c,vector
A4 - Pl ]Cl + PQ ICQ + Tt (34)

As in the previous section we can obtain an effective four-point interaction Lagrangian
involving two vector mesons L1 o . by evaluating IC%OQC’VeCtOT\,g:O. This effective Lagrangian
describes the interaction of two gravitons in certain polarization states and two B, fields
(representing the holographic dual of two vector mesons).

Alternatively, we can proceed in a different way. One may consider the low-energy limit
of the full string theory action, containing open strings attached to Dp-branes, closed strings
in the background, and open-closed strings interactions, by considering the o/ — 0 limit.
This leads to the ten-dimensional supergravity action, Ssugra, Which contains gravitons (and
also the dilaton and the antisymmetric tensor field) and the Dirac-Born-Infeld action as
the low-energy limit of the flavor brane, Sppi. On the one hand, from Sgugra We obtain
the graviton propagator and the graviton interaction vertices. In addition, Spgr leads to
the B, gauge field propagator on the brane world-volume. Also, from Sppr we extract a
four-point interaction term Lpppp and a three-point interaction term Ljpgpg, which lead to
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the corresponding interaction vertices. Now, with these building blocks we can draw all the
Feynman diagrams which contribute at tree level: the four-point contact term, and the s-,
u- and t-channels, respectively. The graviton pole of the t-channel gives the kinematic part
of the effective Lagrangian [,‘flf}le p mentioned above. In the present case recall that two
limits have been taken, o’ — 0 and then ¢ — 0, which in addition to the pre-factor render
E'fj}fl pp- This pre-factor has been derived in [18] in terms of integrals in the world-sheet. We
can assume that it is similar to the corresponding pre-factor obtained for scalar mesons. We
have done the calculations of the hadronic tensor under this assumption, obtaining results
which are consistent with those obtained for glueballs in [1]. Although this assumption
seems to be a caveat of the calculations presented here, we think that the eight structure
functions and the relations among them that we have obtained provide strong evidence in
favor of its validity. We plan to further investigate this assumption in a future work.

3.2 Four-point graviton-vector meson tree-level amplitudes from supergravity

Let us start from the Dirac-Born-Infeld action of a single flavor D7-brane as in section 2.2

Sppr = T+ / d85\/ ~—det (P[g]ab + (21a/)F, ) .

One can expand the squared root in the DBI action at third order obtaining the same
equation (2.20), which we repeat here to make easier the reading

1

1 1 1 1 1
V=g9~vV=g [1 + o H - 4H§H§ + -H?*4 —H{HYHS — _HH{H" + H3] :

8 6 8 48
where H = H{ is the trace and g¢ is the unperturbed background metric. The next order
in the expansion above is given by the following set of terms

1 1 1 1
V=90 [3841{4 + 3—2H3H3(H5H§ — H?) + EHHZ?HSHE — 8H§H§H§H3} . (3.5)
These quartic interaction terms allow one to obtain a four-point interaction term in the
low-energy Lagrangian. In order to do it let us consider the case where (gg)ap = Map. If
we consider the static gauge and choose the graviton polarizations to be parallel to the
D7-brane, we can set

Hap — 2khgp + (2770/)Gaba (3'6)

where the U(1) field strength on the D7-brane is Gyp = 0,8y — 0y B,.%°

Now we can straightforwardly extract the Lagrangian term associated with the quartic
interaction hhBB (shown in figure 5 along with the rest of the vector meson diagrams)
which reads as

1
Linpp = Trk? gh2GabGab + 2hh® Gy G

1
—Zh“bhabGCdch — h®hAGLG o — 20 GGy | (3.7)
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B, B; B,

Figure 5. The four Feynman diagrams corresponding to the holographic calculation of the four-
point amplitude in the vector meson case. The later are represented by solid lines.

Notice that the first two terms in Lpppp will not contribute to the amplitude because
the graviton polarization is traceless. We can show that the contact diagram gives an
amplitude of the form

AV (B hy,€o,€3) = (3.8)
—iTyk2[2(h1hy)|(e2k3) (e3ka) + (koks)(ea€3)]
+4[(kahiks)(e2haes) + (eahi€3)(kahaks) — (e2h1ks)(eshaka) — (eshika)(e2haks)]
+4[(kaks)(e2h1hyes) + (koks)(eshihg€ea) + (e2€3)(kahihaks) + (e2€3)(kshihaks)]
—4[(eaks)(eshihaka)(e2ks)(kahihaes) + (eska)(eah1haks) + (eska)(kshihaea)]].

There are no terms like (eah1k2) since they can only come from the term h®Gap in LyhBB-
However, this term trivially vanishes because the graviton is a symmetric tensor and the
field strength is an antisymmetric one. Thus, we have obtained a contact term with two
external gravitons and two external vector mesons.

3.3 The s- and u-channels

In order to calculate the Feynman diagrams corresponding to the s- and u-channels indi-
cated in figure 5, we only need to know the interaction vertex between a graviton and two
gauge fields on the D7-brane, Lypp, and the gauge field propagator, which we obtain from
the U(1) gauge field kinetic term Lpp. Both are computed by using similar methods as
described in the previous section. Thus, we obtain

T 1
Lpp = —fG“bGab , Lpypp =Tk ZhGabGab + A GG | (3.9)

2ONotice that the field strength Fi, = OmAn — OnAm corresponds to the on-shell graviton, having used
the Ansatz h ~ Av.
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From the kinetic term for the U(1) gauge field By, the gauge field propagator is D, (k) =
—inay/(T7k?). On the other hand, since there are on-shell gravitons the three-point inter-
action vertex can be derived from Ljpp, obtaining

Vins(ka, ks) = 2iTy |n™kSkS + nk§k§ — n°'kSKS — (ks - ks)n®n™| (3.10)

where ko and k3 are the momenta of the incoming vector mesons on the D7-brane world-
volume. By joining the Vj,pp vertex with a gauge field (vector meson) propagator one
constructs the s-channel Feynman diagram in the low-energy theory. The s-channel four-
point amplitude displayed in figure 5 is given by
As(h1, by, €2, €3)
= higkhacacacesy Vil ™ (ka, =k — ko) Dap(k1 + ko) Viy'y? (ky + ko, kg)

4ik*T; [ 1

— 5 7 —5 [t(kghlég)(k3h463) + 8[(k2h1k2)(62h463) — (kghlﬁg)(k3h463)
1
+(eahie3) (kshaks)]] + 58[(62k1)(/€2h1h463) + (eska)(e2h1haks)]

+(e2k1)(e3ka)(kohihaks) 4+ (kahiea)[(eska)(kohaks) — (e3ka)(kzhaks)]
+(62k‘1)(/€2h1k3)[(k‘3h463) — (k3h4k3)] + (k‘ghlk‘Q)[(ﬁQ€3)(k‘3h4k3>

*(62]{33)(1{23]71463) — (63k4)(k3h462)] + 382(62h1h4€3) . (311)

The u-channel four-point amplitude is straightforwardly obtained from Ag(hq, hy, €2, €3) as
indicated below

Ay(hi,ha,e2,€3) = Ag(2 > 3,u <> 5). (3.12)

3.4 The t-channel

Let us now focus on the t-channel. We need three pieces: the three-graviton vertex derived
from Lppp, the graviton propagator which is derived from ng, and the three-point inter-
action vertex with one graviton and two gauge fields derived from Lppp which we have
obtained in the previous section. Since the graviton connecting the three-graviton vertex
from Lppp, and the interaction vertex from Ljppp is an off-shell one, we cannot neglect the
first term. Thus, we obtain the following graviton-vector meson vertex

Vvl (ky, ko) = 2iTrk

1
X |0 RSkS + 0 kK — kRS — (k- ka)nn® 4 S (0 (ko) — KSkg) |

This vertex must then be contracted with eq. (2.31). Now, we just contract this result with

the vertex V,f Jg’gd, in order to obtain the ¢-channel amplitude

Ap = higihaeaST | (K1, ka) VoSS (ky, ks)eacess (3.13)

~ 98 —



Next, let us briefly comment on the two gravitons and two vector mesons tree-level scatter-
ing amplitude. First, notice that A; gives the following contribution to the two gravitons
and two vector mesons string theory scattering amplitude:

4iK>Th

4= ><;(h1h4)[(s—l—;u)[(qu)(qk‘l)—k(62k4)(63k2)]

(a3 ko)) + (o) eaba)] = 5tf2eakn)(cakn) + 2eaks) ek
Heaha)(eakr) + (eoh)(esh) + B(eohs) (eaha)) —3(eaea)lu® + 5 + sl

+(€2€3) [(kzhlkg)(k1h4k1) + (kah1ka)(kahaks) — (kahiks)(kahaky)

~(hahaka) (hshak) + gul(kohahak) + (kahahaks)] + 3 sl(Fshihaka) + (hafuhaky)]

t{(kshihaka) + (kohihaks) + (kahihaky)]

1
t [(62h163)(k1h4k1) -+ (k4h1k‘4)(62h463)] + ZtQ [(62h1h463) + (63h1h462)]

+ (Egk‘g) [—2(k4h1k4)(63h4k2) — 2(63h1k2)(k1h4k1) + 2(k4h1/€2)(63h4k1)

N =N = o) =

+2(63h1k4)(/€1h4k2) + t(k2h1h463) + t(63h1h4k‘2) — 8(63h1h4k1) — u(k‘4h1h463)]

1
+§(€3k2) [—2(k4h1k‘4)(62h4k3) — 2(62h1k3)(k‘1h4k1) + 2(k4h1]{23)(62h4k‘1)

+2(62h1k4)(k51h4k3) —+ t(k3h1h462) + t(€2h1h4k3) - u(€2h1h4k¢1) — S(k4h1h4€2)]

+ [(62h1h4k1)(63k1) + (63h1h4k1)(62k1) + (k4h1h462)(€3]€4) + (k4h1h463)(62k4)

N =

+ 62h1k4)(63h4k1) + (63h1k4)(62h4k1)] + [(k3h1h4k‘1)(62k4)(63/€2)

—

+(k’2h1h4k1)(62k3)(63k‘4) + (k2h4h1/€4)(62k3)(63k1) + (k3h4h1/€4)(62k‘1)(63/€2)
—(k4h1h4k‘1)(62k‘3)(63k2)] (3.14)

This expression can be checked by noting that if we only keep terms which have the factor
(e2€3), we should recover the previous results for scalar mesons. A similar comment also
holds for the other tree-level amplitudes A., As and A,. This is because the string theory
calculation turns out to be the same, recall that in the case of scalar mesons the polarization
is perpendicular to the brane world-volume coordinates. Therefore, the rest of momenta
and the graviton polarizations can only be contracted among themselves.

3.5 Effective four-point interaction Lagrangian for vector mesons

Now, we proceed in an analogous way as we have done for the scalar mesons. The difference
is that the calculations are much more involved. We first list the terms which are necessary
to reproduce the coefficient of the ¢-channel graviton pole. The process involves four
external fields, two gravitons and two vector mesons. Recall that the vector mesons are
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massless modes of open strings, and their polarizations are parallel to the flavor-brane
world-volume. There are two types of such terms. On the one hand, there are terms
similar to the case of the scalar mesons, so we already know their amplitudes, and we will
not repeat them here. The only difference from these terms in comparison with the scalar
case is that there is an extra factor of the form (eze3). On the other hand, there is also a

new type of terms, for which in the first and second part of the Lagrangian they share 0,

2 or 4 indices. These terms are?!

L1 = 0, By’ B d°h 9ghy — —2t(hihy)(e2ks)(ezka)
Lo = 0,Bp0"B*dhedrhge — 4(e2ks)(eska)(kahihaky)
L3 = 9,B0*B0gh™ 0.hep — —t(hiha)[(eak1)(eaka) 4 (e2ka)(e3ky)]
Ly = 9,B*B0gh“  0.hey — —%t [(€2k1)(kahihaes) + (esk1)(kah1haez)
+(e2ky)(eshihakr) + (e3ka)(e2h1haky)]
L5 = 0,B9*B°0°hgpd.hl — %t2[(62h1h463) + (eshyhges)]
Lo = 0,B10*B0°hap0 hee — —t[(eah1ka)(eshakr) + (e3hiks)(exhaky)]
L7 = 0*Bod* B0 Dby — %(h1h4) (—s((eakr) (eshs) + (eaks)(eska))
—u((e2k3)(esk1) + (e2ka)(esk2))]
L5 = 9B B hugdeh] — — St [(eohs) ((eshahaka) + (kahahacs)
+(ezka)((e2h1haks) + (k3hihaer))]
Lo = B0 B°0°hasd hee — (e2k3)[(eshika)(kahaky) + (kahika)(eshaky)]
+(esk2)[(e2h1ka)(kshaky) + (kshika)(e2hakr)]
Lo = 8*B,0°B9sh 0.hep — —%3[(62k3)(k4h1h463) + (eska)(e2h1haky))]
—%U[(62k3)(63h1h4k‘1) + (ezka)(kahihaer)]
L11 = 0" B,0"B0:h dchgy — (e2ks)[(esk)(kahihaka) + (€3ka)(koh1haky)]
+(e3k2)[(e2k1)(kahihaks) + (e2ks)(k3zhihaky)]
L1g = 0, B9 B°hI99;0yhge — —t[(exhyes)(kihaky) + (kahiks)(eahaes)]
Li3 = 09B,0"B°h99;0yhae — (e2ks)[(kahiks)(eshaka) + (eshika)(k1hak:)]

+(63k2) [(/{4}11]{74)(62]14/{3) + (62h1k3)(k1h4k‘1)]

21This list does not include all possible terms but only those which are necessary for the construction of
an effective four-point interaction Lagrangian for vector mesons describing the t-channel amplitude.
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Figure 6. The effective four-point interaction. Wavy lines represent two on-shell gravitons while
solid lines represent vector mesons.

£14 = C%Bdf)“Behfgé)dBehfg — —t(h1h4)[(62k‘1)(€3k‘1) + (62]{14)(63]{54)] .

Now, by taking into account these terms and using four-momentum conservation and on-
shell transversal propagation, the effective Lagrangian associated to the coefficient of the

t-channel amplitude up to a global factor can be written as??
1><£ 1><£—|—1><£+1><£+1><£ 1><£+1><£ IxLsg+1xL
1 1= 2t 3 1t 57 5 6+ 5 7 8 9

1 1
—1X£10+1X£11+§X£12—1X£13+§X£14.

This expression does not include the part analogous to the scalar meson, neither the terms
associated with (kjhgki) and (kshi1ks) factors which vanish under the condition that the
graviton is A — A™w'. The effective four-point interaction is depicted in figure 6.

In the kinematic regime we are interested in, s > t, the first order in the scattering
amplitude in DIS at small x is given by terms proportional to s?/t. This is analogous
to considering terms proportional to s in the scattering amplitude associated to the t-
channel. For dilatons, scalar and vector mesons there is only one term which has these
properties: the one with a factor (h1h4)§. There is another possible term in the vector
case, corresponding to an amplitude proportional to s2[(eahihge3) + (e3hihyes)], but such
a term does not appear in the coefficient of the ¢t-channel amplitude. This means that to
this order all terms in the effective Lagrangian above are sub-leading, and therefore we
neglect them. On the other hand, if we were to consider terms of order s, we would have
to include the corresponding terms in the Lagrangian. Then, the only relevant term within
this kinematic regime and at this order is

0a B0’ B 0"h™dyhyg = 0y B.O" B 9° A"y A, viv' . (3.15)

However, we want to write a gauge invariant Lagrangian. Thus, we use Gg, = 9,Bp —
OpB, and Fy,y, = O Ap — Op Ay, Then, we must consider the following gauge invariant
effective Lagrangian

Goe G F™Fy, | (3.16)

which should be multiplied by an appropriate global factor.

22Notice that due to momentum conservation this form is not unique. However all these possible effective
Lagrangians are equivalent.
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3.6 Hadronic tensor at small x for vector mesons

Next, we want to explicitly obtain the hadronic tensor for polarized vector mesons at
strong coupling and small x values, and the corresponding eight structure functions. We
will obtain it from the effective four-point interaction Lagrangian of eq. (3.16). By using
the same conventions as [1] for the incoming and outgoing fields we have to consider the
complex conjugate of one h and one B, fields.

Recall that in the four-point string theory scattering amplitude .A?102C’Vecmr we argue
that only the first term is relevant for the kinematic regime we are interested in. Thus,

effectively we have

Aich,vector ~ ,P1202c,vector K:202c,vector (3.17)

1 )

where K722V s given in terms of eq. (3.16), while P2V’ can be taken to be the
same as P12 o2escalar which is the corresponding pre-factor for scalar mesons. This pre-factor
is associated with the generic dependence of the amplitudes with the kinematic invariants

s = —u and t at small z, i.e. t < s since ¢ = and also with the exchange of excited

_
2P’
string modes. Thus, we consider

* v 7I‘O£/ . T YR n * alg
nunulmechﬂ = ? Z /dQ?) dr /—guiv'G q(P)Gq (P)Fmp(Q)F'r};(q)(; (m - ) s
m=1

(3.18)
where all indices are contracted with the full eight-dimensional metric. Notice that we
omit the integrals in the four-dimensional space zg,- - -, x3 since they only lead to the

four-momentum conservation delta functions. The solutions to the field equations are [13]

Aulg) = n#f(r)eiq':” (3.19)

Arla) = = L) (3.20)
l _

B, = %Acég <ATR2> S ylQg)eit = %Xl (3.21)

B.=0, (3.22)

where the two first lines are the same as in the scalar field case since they correspond
to the A™ gauge field representing the virtual photon. As for the scalar mesons we use
w = qR?/r, so we can can write f = wKj(w), where K; is the modified Bessel function of
the second kind. We drop the label | which identifies each meson [13, 14].

The corresponding field strengths are?

. 1
G =1i(P,B,— P,B,) = K(PMCV - P,()X (3.23)

G

A

8iX, (3.24)

ZEquations for the field strength F are the same as in the scalar case in section 2, so we do not reproduce
them here.
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from which we can construct the different pieces involved in the effective Lagrangian

* R2 o 1k R2A2 * *
Gqug = ﬁnp GrpGTU = W(C C )XX (325)
* R2 O 1k R2A * *
Gqug = ﬁnp GquTU = ZW(C C )XX Pu (326)
* R2 loa * Tz * ]- ~11
GrgGh = 50" GlGuo + 3 GG + 35337l
R2

R?’P? Y2\ XX*
= A2T2(C C)XX PP +< r2 ]%Q) A2 CuClla (327)

where we have defined X2 = A2 +A(A —2) due to the presence of the angular derivatives.?

Recall that A is a function of the index [, and so is X. Next, we have to contract T"
with the leptonic tensor, thus all terms with factors ¢ - n and/or ¢ - n* will vanish. In
this way, we only need to expand the effective Lagrangian G*™9(P)G(P)F;,,(¢)Fi(q) =
gm“g””gqq/gl’p/qu(P)qu/(P)F,j‘lp(q)an/(q) in terms of the solutions of the ﬁelds. In the
same way as for scalar mesons we can express the effective four-point interaction La-

grangian as

v = ﬁe + L+ L+ Ly (3.28)
AQ

eff v * * * *

Lya = @G (G = 5 (/)¢ ¢ n-n*) X[ (3:29)
eff v eff v T * R4

Ly = Lyo =" GGl = 15 5ff (C- ¢ -n)XA(P-q) (3.30)
eff,v R4 WP, VO Y% q % D

£4’D = —77 n quGaFupFV

R4|X|2 4

=~ [ (¢ C)(”'”*)f2(P‘Q)2+<f4q2f2+(f’)2>(C-C*)(P-n)(P-n*)

+(Br 2 Pt Ol ¢)

227"2

R4 2 2 p2 20 p\2 Z222 "2 * *
+<T4qu +PUf) g f +R4(f))(n-¢)(n-g)] (3.31)

As for the scalar mesons, the terms ﬁfjf, EZHB” and EZHC” are sub-leading compared with

the term in EZHL’)” associated with n-n*. This is because it is multiplied by a factor (P -q)2.

Therefore, we neglect the contribution from EZﬁAv, L'Zﬂév and Ezﬁév. The next point is to

extract the polarizations n and n*. There are factors in front of the tensors n*¥, PHP”
and (*H(Y = %(C*”C” + CH) + %(C*“C” — ¢*(*"). The last one contributes to the anti-
symmetric part of the result. Also the condition (¢*-¢) = —P? is satisfied. Then, we arrive

Z4Here we have in fact carried out an integration by parts that in this notation should be done later, but
the result is the same. We have also used g;; = R? gi; and some usual spherical harmonic properties.
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to the following expression

/o I3
L, T ' o's
IMmeg T = 'y E l/dﬂgdr\/—ggvlvi(s <m — 4>
m=

<o R (B (7)o

+3emer enen + e - o)
R4 X2 R4 12 12,2 ,
PP PP 4 P Y
2 4 4 2
+n 4|A2| [R FAC- NP -a)* + (ﬁP2+§2> F2(a-¢)(a-¢")
222
e (T 2tir e a)] (3.32)

In order to obtain the structure functions for the polarized vector mesons we use the
Lorentz-tensor decomposition of the hadronic tensor (3.1) in terms of its symmetric and
its anti-symmetric parts.

3.7 New relations of vector meson structure functions

As for the scalar mesons we use an expression analogous to (2.39) for the imaginary part
of T}, which has the integral in the radial coordinate r and in the angular variables on a

three-sphere. The integrals are®®
I = 7r20/ i i B oo 2/d93dr\ﬁv Uz|)(|2f2 5 <m a;‘jf?) , (3.33)
Iy = ”240‘/ 5:1 o /dggdr\ﬁv ol p L) s <m— 0‘532) : (3.34)
i - Trio/:l fjfﬂ 4/dg3dr\ﬁv vl|Xy2f2 5 <m O‘;ff) : (3.35)

7 ) o~ R, 7 2 (f ()) o/sR?
Iy = 1 IFP /ngdr\ﬁv v X J <m 2 ) . (3.36)

m=

The results are as follows

72x2 A2\ 2! 1

I = p3’Ci|2m <q2) TgCNIlQAHH (3-37)
72x2 A2\ 4! 1

Iy = p3]6i|2m <q2) TQCJVIOQAJF?” (3.38)

25We include a factor 27 which accounts for the difference between the structure functions from 7+
and WH,
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I m? A2 s 3.39
93|Cz| inpz \ 2 TQCNL2A+57 (3.39)

p3’CZ| 2 Afz tiBIO 2A+5 - (340)
4A2R? drg.N

Since I 1 and fo have a factor tp they are sub-leading in comparison with I; and Iy. Then,
the structure functions of polarized vector mesons are

(P-9)? 7 1 AL
by = p 1+ L] = 47%2[[1 + 1) = 12 +O(t), (3.41)
P. - - I\ I
by = — qQQ)[Il+Io+-71+IO]: <1+IO>1+O() (3.42)
1
2 In\ I
= —Zpho=—1{1 - 4
b3 3b2 <+I)3 +O(t), (3.43)
1 Ip\ It
_ Ll (1 Db\ 4 44
by 3b2 < +I1> . +O(1), (3.44)
(P-q)? s g lo\ L
g2 = T[h—#fo—i—h—i—ﬂ)]: 1+I @4‘0@)7 (3.45)

from which we obtain

by P2 (P-g?- I

= — b I O(t 3.47

1 3 3(p.q)2+ Pz 1= J9n 7 T (t), ( )
by (P-q) Plh+hh+hL+1L) ¢lL+ I

Fro = —= — I I —

S e o+ Io] = 6 92 P?

In\ ©Ih
=11 — +O(t 3.48

< +11>6 +O). (3.48)

Now if we only consider the leading terms, i.e. we neglect those proportional to tp, we
obtain the following relations

I
= 22F, <1 + 10) , (3.49)
1
I
by = 2xby (1 + IO) (3.50)
1

where since Iy, = %Iovn we have

I Iiaonys 2A+3
1+—=1+ = = . 3.51
Iy Ioonys A +2 (3:51)

Indeed eq. (3.49) reproduces the result we obtain for the scalar mesons. Once more,
egs. (3.49) and (3.50) are in fact the Callan-Gross relation with an additional overall
factor. Note that we have obtained a second type of Callan-Gross relation for the structure
functions b; and by given by eq. (3.50).
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In addition, we also obtain the relations:
1
b1 = 3F, by = —563. (3.52)

On the other hand, in the regime z < exp (—\f)\) the calculations are similar to those
presented in section 2.6.

4 General results and phenomenological discussion

4.1 Results for different Dp-brane models

In this section we generalize the results of the previous sections. Thus, the results pre-
sented here hold for both type IIA and type IIB string theory dual models with one flavor
Dp-brane, corresponding to the D3D7-brane [15], D4D8DS8-brane, [16], D4D6D6-brane
models [17]. We consider the generic asymptotic induced metric

ds* = (%)a N datdz” + (%)6 [de + rdeIQ,_AJ , (4.1)

where the parameters depend on the specific model as listed below.?°

Model / Parameter | p | « B

D3D7 7| 2 -2
D4D8DS 8 |3/2 | -3/2
DAD6DG 6|3/2| —3/2

The corresponding fields were obtained in our previous paper [14]

! S Y L R
X'=——e&" vi(sP- 4.2
G
B, = X”Xl, (4.3)
) (4.4)
Ay = (g mery (), (4.5)
R\™HL 7.\ ~B+D) 4R /1\-B
=r! 1) (& — Ko | = (= 4.
o=ty (55) (7) A|SHT7] e
where A = 3(1-0), 0 =20+ (p—3)8/2+ (p—4), 2 = 225 ‘B _ 1(n —g_2)
and n = %. We can make the notation simpler by defining w = % (%)B, therefore

26This generic form of the metric holds only for = > L, being L some dimensionful parameter in each
background. We can do this because in the local approximation the interaction in which we are interested
occurs for large values of r.
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f(r) =T"Y(n+1)w" K, 1(w). Notice that in the notation of the previous sections we
have used A = vB — A. As in the previous section the starting point is

* Nz ma/ = i ykac * o3
My Imeex T = Z /de4dr,/—gp+1viv G (P)Gg(P)Fap(q)Fbp(q)é (m—4> ,
m=1
(4.7)

and we omit the Dirac delta functions associated with the momentum conservation
since we have already taken them into account whenever we set the momenta of the
external particles.

In the general case the Bessel functions satisfy the identity

O (W K1 (w)) = (n D Ky () — ™! (n K@)+ Kn<w>> =~ K (W),
(4.8)
for the derivative of f(r) we obtain
, 1 d, .n dw 1 B (BN\"? .,
- - K — = (== K . 4.
) N'(n+1)dw @ n+1(@)) dr T'(n+1)R \ ¢qR “ n() (4.9)

Now we are in conditions to obtain the structure functions in this small = region. We only
need to know the integral®”

/OOO dwwP K2(w) = I, p = gp-2LW+ ”)igy) I (v) v = %(D +1), (4.10)

By defining integrals analogous to eqs. (2.55) and (2.56)

2

T/ = 16 o i1 22 r) o'sR?
I = 1 mEZ:qu /de4dr1/gp+1viv | X[* =570 (m — w2 ) (4.11)

r

2/ o/ sR?

S iy 2 ()2
IO = 1 Z Rz/dgpzld?"w/gp‘klvﬂ) |X’2T6 m T’r‘Q . (412)
m=1

we obtain
I < Iyy1,p, Io o< Inp (4.13)
D = 2n+1+é[2A+o¢— (B/2+1)(p—5)],
Lo,y p, I I, p (4.14)
D= 2n+3+%[2A+2a—(6/2+1)(ﬁ—3)],
If we consider the case of the D3D7-brane system (8 = —2) the last term disappears.

On the other hand, for the D4DSD8- and D4D6D6-brane models we simply have to set
a=3/2=-F,and n = 1/4.

2TRecall that this result is valid provided that the arguments of the gamma functions are positive.
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All these integrals are convergent, therefore the xz-dependence on the structure func-
tions is the same as before and coincides for all models that we study. Thus, in a sense we
can consider a sort of universal behaviour of the relations among the structure functions
for scalar and polarized vector mesons. The only thing which changes for these relations
is the factor (1 + %) The two relevant integrals are

I - 20252 p,_4|ci|?qt qRr (QHH)?DI (4.15)
WG NAT2(n+ DB \ B "“’D’ |

202B32) _leil2g2 R (2n+3)—D
o = OB ppaleil’g (q > I, (4.16)

"~ 4/Amg NART2(n+1) \ B

B
where we have defined ¥2 = A% +[(l +p — 5).
From these expressions the results for the structure functions are the same as in the
previous section, just replacing the new values for I and Iy. For the Callan-Gross like
relation we can calculate the generic factor

B

I, B2 (qR\? I, 2D
0 (q > D (4.17)

1+ =1 — ,
I + q2R2 In—l-l,D D+2n+1
which leads to a function which takes values between one and two. In addition, the general
scalar meson case is easy to derive. Also, notice that by setting D = 2A + 3 and n = 0 we
recover the expression obtained in the D3D7-brane model. On the other hand, the factors

152%:}) and 4(84AA++93) are obtained for D4D6D6-brane D4D8D8-brane models, respectively.

4.2 Comments on phenomenology

In this subsection we focus on some phenomenological implications of the meson structure
functions that we have calculated from the holographic dual models presented in the pre-
vious sections. In order to do this we should compare our results with the phenomenology
of the meson structure functions, also with results obtained from lattice QCD, and from
other holographic dual models.

Before discussing any phenomenological implication we would like to emphasize that
the aim of this research is to understand whether string theory dual models which were
designed to describe meson spectra, meson couplings, meson decay constants, and the chiral
Lagrangian, can also be used to describe meson structure. In particular, we investigate
the dependence of the meson structure functions and the emergence of the Callan-Gross
relations in the small-x region. As already mentioned, the value of the present work is to
show the universal character of the Callan-Gross like relations for different gauge theories
derived from holographic dual models, as well as to provide a self-contained description of a
method to derive the structure functions of polarized vector mesons for small = from string
theory dual models based on flavor Dp-branes in the probe approximation. The discussion
on the relation and comparison with phenomenology and lattice QCD presented in these
lines has only illustrative character. In order to make a more sensible comparison with
data, there should be an exact holographic dual model of QCD with three color degrees of
freedom, which is not known by the time these lines are written.
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A quantitative comparison with phenomenological data coming from experiments and
also from lattice-QCD calculations is probably out of reach due to several reasons. On the
one hand, it is important to notice that while real QCD has the gauge group SU(3), all
available holographic dual models based on string theory such as the ones we considered
here hold in the large N limit, and at strong coupling. Therefore, typically one should
expect discrepancies between the results from these holographic dual models and experi-
mental data which may be as large as 30%. On the other hand, in the present work we
consider only one flavor, which is not the case for real QCD. In addition, there are other
important differences between large N QCD and the holographic dual models of confining
gauge theories that we have investigated.

Let us discuss these differences in more detail. Firstly, we have studied the D3D7-brane
model dual to an N' = 2 supersymmetric Yang-Mills theory with fundamental quarks [15],
which is not the large N limit of QCD but is related to it. We have also considered
the gauge theory which is dual to the D4D8D8-brane model of Sakai and Sugimoto [16].
This holographic dual model is expected to be in the same universality class as the four-
dimensional large N QCD. However, they are not equivalent in the high energy regime, at
least within the supergravity approximation. One interesting point to mention is that since
the dual four-dimensional gauge theory in this case is obtained by wrapping N D4-branes
along a circle of a certain radius, an infinite tower of Kaluza-Klein modes arises. Of course,
these Kaluza-Klein modes cannot appear in realistic QCD. Another difference between the
Sakai-Sugimoto model and QCD is that in this model an SO(5) global symmetry appears.
Thus, in analyzing the meson spectrum, we mainly focus on SO(5) singlet states, since such
symmetry does not exist in QCD. Thus, none of these Dp-brane models lead to dual gauge
theories with all the properties of the large N limit of QCD itself. They are all confining,
and within different levels of accuracy they are considered related to QCD in the large N
limit. Therefore, trying to make an accurate quantitative comparison of these models with
SU(3) QCD data is conceptually a difficult task because, firstly, it is out of their validity
range (which is the large N limit) and, secondly, although the Dp-brane models are related
to large N QCD, they are not exact holographic dual models of large N QCD. Thus, we
use these models to calculate the structure functions of the mesons obtained from them
and, derive universal relations among the structure functions. Indeed, these relations are
model independent and therefore we expect they will hold for QCD, at least in the large
N limit. We should also comment that another important point is that the holographic
dual models allow one to explore the strongly coupled regime exclusively.

Another caveat of this comparison between our results and phenomenology concerns
the regimes where different calculations and phenomenology are restricted to. The regime
we consider corresponds to the Regge region. However, in this regime it is neither possible
to carry out direct quantum field theory calculations nor to use lattice QCD methods [21].

Now, keeping all these observations in mind, we can try to see how our results compare
with both experimental and lattice results.

We shall begin with the comparison of the phenomenology of the meson structure
functions. As it is known, this comparison is difficult because the experimental data of the
internal structure of mesons is much more limited than in the case of baryons, specially
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in the kinematical region where the Bjorken parameter x is small. There have been some
important experimental and phenomenological developments for the case of the pion such
as [29-32] but all of them are based on measurements of the valence structure function
coming from fixed-target pionic Drell-Yan experiments, whose data contain information
only coming from the region where x > 0.2. This means that these results are not to

L or 272 behavior of the meson structure functions found in the

be compared with the =
present work®® (note that they can instead be compared with the results obtained in our
previous papers studying the 1/v/\ < = < 1 case [13, 14]). However, there are some
indications suggesting a divergent behavior of this kind. On the one hand, reference [33]
suggests a model in which the parton distribution functions have a sea term besides the

valence one, and this sea term diverges as the Bjorken parameter goes to zero:

(1—a)Pt B7Y(A,1/2)(1 — z)*!

qu(z) = C—g, Suq NG (4.18)

for the quark distribution function, where A, B, C', D; and d; are free parameters used to
fit the available data. The gluon distribution function only contains a term similar to the
first one in equation (4.18). On the other hand, the study of the pion contribution to the
deuteron structure function b1 also shows this kind of divergences beyond the valence case,
as shown in figure 3 of reference [34].

The starting point in our work is similar to the one of references [21, 35-38], and
in some sense it involves similar techniques to the ones used in those papers. In that
case an important level of agreement with baryon DIS data coming from H1 and ZEUS
experiments at HERA has been shown. In references [21, 35-38] the focus has been the
glueball calculations of Polchinski and Strassler, and we regard also our construction as a
non-trivial extension of that work. The fact that the structure functions of scalar mesons
have similar behavior as for glueballs for all values of the Bjorken parameter, is a good
indication that our predictions should be correct, at least referred to the Callan-Gross
like relations that we have found. Since these results for glueballs can be compared with
experimental information from HERA, we hope that our results for mesons (which at least
for scalar mesons are closely related to the glueball results of [1]) could be confirmed if
experiments with mesons reach the kinematical regime where our calculations hold.

Another point is the comparison with respect to the calculation of the lower moments
of DIS structure functions of the pion and the rho meson obtained from lattice QCD [39)].
In this case the particular interest is focused on the spin-dependent structure functions
of the pion and rho mesons. The lattice QCD calculations in [39] were done with Wilson
fermions and for three values of the quark mass, therefore allowing the authors to carry
out an extrapolation to the chiral limit. By adding the integrals of the small- and large-
x regions for the moments of the Fy structure function, by using an arbitrary cutoff in
the x — 0 limit and choosing suitable numerical constants in front of them we can fit
the lattice QCD moments M;(F3), for i = 1,2,3 for the pion given in table 1. We have
used a cutoff for small values of the Bjorken parameter where the structure functions di-

28The pion corresponds to the I = 1 meson in the D3D7-model since it is the lightest pseudoscalar particle.
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Model | Moment | Lattice QCD | Our results | Percentage error
D3D7 M, (F) 0.30 0.275 8.5
D3D7 My (Fy) 0.12 0.081 31.9
D3D7 M;5(Fy) 0.06 0.056 7.2
D4D6D6 | M;(F) 0.30 0.278 7.5
DAD6D6 | Ms(Fy) 0.12 0.085 29.3
D4AD6D6 | M3(Fy) 0.06 0.059 1.5
D4D8DS | M;(F) 0.30 0.279 7.1
D4D8DS | My(F) 0.12 0.085 29.3
DADSDS | M3(Fy) 0.06 0.059 1.5

Table 1. Comparison of our results for the first moments of the F5 structure functions for a
suitable choice of the normalization constants with respect to the average results of the lattice
QCD calculations of [39]. Uncertainties in the lattice calculations are omitted.

verge?® Zpin = 0.0001. Then, we have divided the range of values of z into the small-z
region (0.0001,0.1), where we have used the expressions of the structure functions derived
from string theory, and the other region (0.1,1) where the supergravity calculation holds.
We have done this for the three Dp-brane models. For small-z values we have the equa-
tions (2.58), (2.59), (2.60), (2.61) with several fundamental and normalization constants
gathered in a single dimensionless factor which we set to be 0.1 for the three Dp-brane
models. For large values of z, on the other hand, the structure functions are given in our
previous papers [13, 14], and we have set the corresponding overall factor to the numerical
values 20 for the D3D7-brane model and 25 for the two other models. These values were
found to give the best numerical fit in comparison with the lattice-QCD results. Also, we
have drawn the Fj-structure function for the rho-vector meson in terms of the Bjorken
parameter as shown in figure 7. Notice that in this case the large-x region overall factor
becomes 125. The rest of the fitting parameters is the same. As shown in table 1, we find
discrepancies with respect to the lattice calculations up to about 30% for our results in
the case of the pseudo-scalar meson [ = 1, i.e. the pion. This is compatible with the fact
that large N calculations have discrepancies of the order 30%. For instance, in the case of
bottom-up models in five dimensions the results related to masses and decay constants of
mesons have discrepancies of order 5% [40, 41], while for the case of more involved calcu-
lations leading to the Al = 1/2 rule describing the kaon decays the discrepancies typically
rise up to 30% [42, 43] in comparison with experiments.

In addition, one can perform the same kind of calculations for the [ = 1 vector meson
(which represents the rho meson) taking into account the moments for Fy, by and go

29Recall that this divergence is just an artifact due to the fact that for exponentially small values of the
Bjorken parameter the interaction is no longer local.
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Figure 7. F) as a function of x for the three Dp-brane models. For the small-z region F is depicted
by a solid line, and it does not depend on the particular model. For larger values of the Bjorken
parameter, the dashed curve represents the D3D7-model while the dot-dashed curve represents the
Sakai-Sugimoto model and the D4D6D6-brane model.

structure functions. Also for the moments of the F; and F5 structure functions of the rho
vector meson we find a good agreement with discrepancies of order 30%. The F structure
function for the rho vector meson is displayed in figure 7 as a function of the Bjorken
parameter. The small-z region is represented by the solid line which is common for all the
three models we have considered. On the other hand, for large x the bell-shaped curves
correspond to the D3D7-brane model (dashed curve), while for the other two models we
obtain the smaller dot-dashed curve. For the large x region the curves agree with the
results of reference [44]. One should notice that the error bars displayed in figures 3, 4
and 5 of [39] for some moments can be as large as 100% or even larger. Thus, in order
to carry out a more precise comparison a refinement from lattice QCD calculations of
these moments would be very useful. It would be very interesting to know what future
experimental measurements have to say about this.

Comparison with other holographic dual model predictions can also be done. In [44]
the lowest order contributions to the DIS structure functions for the rho meson and the a;
axial-vector meson in the Sakai-Sugimoto model have been calculated. That approach is
different since they consider an effective Lagrangian which is not derived from string theory
but only takes into account the supergravity region, and therefore is only suitable for the
region 1/ VA < z < 1, which is not the region on which we focus since we have already
considered that region in our previous paper [13, 14]. From these structure functions they
found that the ratio Fy/(2xF}) is approximately equal to one, satisfying the Callan-Gross
relation in the interval 0.4 < x < 0.6. In the present paper, on the other hand, we have
proved that the Callan-Gross relation exactly holds for any value of the Bjorken parameter
for small x as we have already explained. On the other hand, we also obtain other new exact
relations among the structure functions for polarized vector mesons and for scalar mesons.
In addition, in [44] they only considered the structure functions for the lowest states of
vector and axial vector mesons while our results are valid for any scalar or polarized vector
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meson. Also, due to numerical difficulties in [44] only the region 0.2 < z < 1 was studied,
whereas we considered the region 1/v/A < 2 < 1 for the three Dp-brane models in our
previous papers [13, 14], and in the present one we consider the small z region, by using
string theory calculations from first principles.

5 Conclusions and discussion

In this work we have investigated deep inelastic scattering of leptons from spin-zero and
spin-one hadrons at small values of the Bjorken parameter x in terms of superstring the-
ory, by using the gauge/string duality. We have considered single-flavored scalar and vector
mesons in the large N limit and at the strongly coupled regime of the gauge field theo-
ries. This has been studied for different holographic dual models with flavor Dp-branes
in type ITA and type IIB superstring theories. We have derived the hadronic tensor and
the structure functions for scalar and polarized vector mesons, the latter having a very
rich Lorentz-tensor structure. For polarized spin-one mesons we have obtained the eight
structure functions at small values of the Bjorken parameter. Our most interesting result is
that we found new relations of the Callan-Gross type for several structure functions. These
relations have similarities for all different Dp-brane models that we have investigated. We
think that this can be interpreted as a signal of a universal behavior for confining gauge
theories which have a string theory dual description where mesons can be engineered with
flavor Dp-branes in the probe approximation. It is worth emphasizing that this effect does
not depend on supersymmetry nor on conformal symmetry of the dual gauge field theories.
It can be related to the isometries of the background: recall that in order to calculate the
tree-level Feynman diagrams for the ¢-, s-, u-channels and the contact term we consider
the interaction Lagrangian derived from the DBI-action of the probe flavor Dp-brane. This
Dp-brane wraps a cycle, SP~4. In the Kaluza-Klein decomposition of the fields defined on
the Dp-brane there are spherical harmonics factors Yl(Qp_4), which satisfy the eingenvalue
equations iQ;Y!(py_4) = v'9;Y!(Q)p_4). From this one can construct the graviton-meson-
meson interaction, by using the Nother’s theorem. This in fact is what we have done in
the parametric regime where 1/v\A < z < 1 [13, 14].

As for the glueballs [1] we have found four kinematical regimes in terms of the Bjorken
parameter. When 1/ VA < z < 1 the holographic dual description is in terms of supergrav-
ity and we have studied it in our previous papers [13, 14]. For this regime we found several
relations among the structure functions. We obtained 2F}(x) = Fa(x) and 2b1(z) = ba(x),
which we conjectured to be the pure supergravity version of 2xFj(x) ~ Fs(x) and
2xbi(x) ~ ba(x). In the present work, for small z, we have found that in addition to
the Bjorken parameter factor there is another factor which depends on the scaling dimen-
sions A of the meson wavefunctions, which does not dependent on x as shown in egs. (3.49)
and (3.50), respectively. Also, in [13] we obtained the relations: 2b3 = —by, bo = 3F5 and
by = 3F1, for l/ﬁ < x < 1in the tg — 0 limit. Now, for small and exponentially small x
some of these last relations are slightly different as shown in section 3 of the present work.
Notice that for small  we have obtained eqs. (3.41). By comparison we observe that
the relations become modified as we reduce the values of the Bjorken parameter towards
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small and exponentially small values. So, in the second kinematic regime corresponding to
exp (—ﬁ) Kr<kl/ v/ the holographic dual description goes beyond the supergravity ap-
proximation and it includes excited strings. The third regime z < exp (—ﬁ) corresponds
to the case when the size of the strings is comparable to the scale of the anti-de Sitter space.
Within this regime the interaction becomes non-local and the strings growth is taken into
account by a diffusion operator. There is a fourth regime where |Inz|A~%2 > In(A/q),
where ¢ is the momentum transfer and A is the confining IR scale. Here is where the
world-sheet renormalization group can be used to include the effect of strings growth. The
general picture in the planar limit of the strongly coupled gauge field theory corresponds to
the scattering of a lepton by an entire hadron. We would expect that deeper understand-
ing of string theory description in the exponentially small regime will reveal the parton
structure, and therefore we should recover the growth of the structure functions with ¢2.
We should keep in mind that the string theory scattering amplitudes we consider are in
flat ten-dimensional spacetime, and that as in [1] we fold it into the AdS wavefunctions.
The idea is that the momentum invariants in the inertial frame are of order the string
scale, therefore, it is expected that the scattering process should be localized on this scale.
This scale is small in comparison with the AdS scale R, so one can take the string theory
scattering amplitude in flat space and then consider the warped wavefunctions of the fields.
On the other hand, for the exponentially small x region this approximation is not longer
valid and a diffusion operator plays an important role.

We have answered several questions. On the one hand, we have obtained the
eight structure functions from holographic dynamical hadrons, and investigated the z-
dependence of the structure functions for small and exponentially small values of the
Bjorken parameter, in the planar limit and at strong coupling of the gauge theories. The
¢?-dependence we have obtained for 0 < z < 1/ VA for both scalar and vector mesons
structure functions is the one expected from the operator product expansion in the large
N limit at strong coupling. As pointed out for glueballs [1] by considering string scattering
on flat spacetime instead of a power-law falling with ¢? one obtains an exponential falling.
This indicates a very soft amplitude, and the reason is that there are no partons in this
case. On the other hand, in our calculations, similarly to what happens for the glueballs
the key point is that the curved geometry induces a power law behavior. Basically, as the
string goes from the bulk to the boundary its tension increases, and consequently its size
becomes smaller, of order of the inverse momentum transfer.

We must emphasize that the regime in the dual gauge theory that we are exploring is
the strongly coupled regime N > A > 1, and moreover this is studied in the planar limit.
Then, hadronic structure functions are calculated from a forward scattering amplitude, and
therefore we must consider the Regge physics of the string. In terms of the bulk theory,
when x ~ 1/ VX it turns out that for a local observer in the bulk the energy scale becomes
the string mass scale since § ~ 1/a’. So, in this parametric region the string dynamics
in the bulk becomes very important. Also notice that in QCD the Pomeron exchange
dominates the gluon structure function for the regime s ~ ¢?/x for small . The Pomeron
is a conjectured trajectory of glueball states. In string theory something similar happens
with the gravitons, where now one has to consider the lowest mode of the graviton in the
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curved space-time, which has an IR cutoff. This IR cutoff leads to a mass gap of order
1/R? and therefore the intercept becomes o/ /R? which is order 1/v/A. The contribution of
the Pomeron to the parton distribution functions, which is proportional to =9, is given
by the intercept of the Pomeron trajectory ag. Then, it is expected to have the behavior
Fy oc 2200/ and By oc 2~ 14HO1/VA) that we have found.

There are many open questions. One is to understand better the approximation we
have made in order to keep only the first term in the four-point string theory scattering
amplitude, particularly for spin-one hadrons. We expect to investigate it further in terms
of the operator product expansion of the string theory vertex operators on the string
worldsheet [21, 45-47]. Another issue we plan to report in a forthcoming work is about the
implications on observables such as the scattering cross sections for DIS [48].
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