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of the proton structure

David Jorrin”~ and Martin Schvellinger

+

Instituto de Fisica La Plata-UNLP-CONICET. Boulevard 113 e 63 y 64,
(1900) La Plata, Buenos Aires, Argentina
Departamento de Fisica, Facultad de Ciencias Exactas, Universidad Nacional de La Plata,
Calle 49 y 115, C.C. 67, (1900) La Plata, Buenos Aires, Argentina

® (Received 11 July 2022; accepted 5 September 2022; published 29 September 2022)

Symmetric and antisymmetric structure functions from electromagnetic deep inelastic scattering of charged
leptons off spin-1/2 hadrons are investigated in the framework of a top-down holographic dual description.
We consider the Brower-Polchinski-Strassler-Tan Pomeron, type IIB superstring theory scattering ampli-
tudes, and type IIB supergravity on AdSs x $3. In all cases, the hard-wall prescription is used. Different
kinematic regions of the Bjorken variable x, as well as the squared momentum of the virtual photon Q?, are
studied in detail for F} and ¢¥ structure functions of the proton. Also, the virtual Compton scattering
asymmetry of the proton A is investigated. Comparison with data from several experimental collaborations
is presented. In addition, the holographic Pomeron leads to predictions for the mentioned observables for very
small x values. In particular, we present predictions for g7 at Q2 around 10 GeV?, for data expected to be
measured in a future electron-ion collider. Limitations of this holographic dual approach are discussed.
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I. INTRODUCTION

Deep inelastic scattering (DIS) of leptons off hadrons is
one of the most important experiments in the history of
modern high energy physics. First experiments of the DIS
of electrons off protons started at the two-mile accelerator
at the Stanford Linear Accelerator Center in late 1967 [1,2].
These experiments, together with the theoretical develop-
ments which encompassed those discoveries, led to a
profound understanding of the structure of nature within
the domain of quantum chromodynamics (QCD). Very
important further experimental and theoretical develop-
ments have produced an immense advance in the compre-
hension of the hadron structure.' The next step towards the
understanding of the hadron structure will be the exper-
imental program at the Electron-Ion Collider (EIC). It will
lead to the possibility of exploring very small values of the
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'Several of these experimental collaborations are cited in
Sec. III for the structure function F,, in Sec. IV for the
antisymmetric function g;, and in Sec. V for the virtual Compton
scattering asymmetry of the proton.
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Bjorken parameter, x, and simultaneously, a wide range of
the squared virtual-photon momentum, Q2. In this para-
metric region, the physics of the nucleon and nuclei
structure is dominated by the gluons. It is also expected
that the EIC will provide unprecedented access to the
spatial and spin structure of the proton, neutron, and light
ions [3]. These are strong motivations to develop new
models as well as to explore their ability to predict
the behavior of the hadron structure functions in this
kinematic domain.

Our present work focuses on two very interesting
aspects. On the one hand, it analyzes the comparison of
models derived from string theory, in terms of the gauge/
string theory duality, with data for symmetric and anti-
symmetric structure functions from several experimental
collaborations within the already explored kinematical
ranges. We will see how with using a very few parameters,
many experimental data are fitted very well for small and
moderately small values of the Bjorken parameter. On the
other hand, the formulas used to fit data are also valid for a
kinematic regime, where there are no experimental data
yet (i.e., for very small x and Q? around 10 GeV? for the
antisymmetric structure function g?). Thus, this also gives
predictions for experimental data expected to be measured
at the EIC. These are compelling reasons for the develop-
ment of the work we present in this article.

For polarized charged leptons and polarized hadrons, the
DIS differential cross section corresponding to a final
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polarized lepton in the solid angle dQ and in the final
energy range (E', E' + dE'), is given by [4]

d*c al, F

- = Hv
a0de ~ amg E W

(1.1)
This is in the laboratory frame where the hadron
carries four-momentum P, = (M, 0), while the incoming

and outgoing lepton four-momenta are k, = (E, 1?) and

k, = (E' I_g) respectively. M denotes the nucleon mass,
and a, is the fine structure constant. This expression
assumes the exchange of a single virtual photon between
the incoming lepton and the hadron. The differential
cross section is defined in terms of the so-called leptonic
tensor /,,, and the hadronic tensor W**. The virtual photon
which probes the hadron structure carries four-momentum

q, = k, — k. The four-dimensional Minkowski metric is
defined mostly plus 7, = diag(—1, 1, 1, 1). There is also a
spin four-vector corresponding to the incoming baryon, S,
with the normalization §,$* = M 2, In addition, the Bjorken
variable is defined as

2
X = Q ,
2P - q

(1.2)

where 0 < x <1 corresponds to its physical range and
Q% = ¢*. In the DIS limit, Q% becomes very large, while x
is kept fixed. For a spin-1/2 baryon, one may write the
following decomposition for the hadronic tensor [4,5]:

(A)

s q9,4, 1§-q
W) (n,w = ) [F( A +159 0 q2>],

2P-q

1 P.q P.qg S-q
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where the symmetric part is
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and the antisymmetric part is given by

A Eupod” S-q
Wi == f sy + |- 50 ()
_gﬂyﬂgq/’P"

T (1.5)

F3(x,q2).

Notice that in QCD for the electromagnetic DIS the
functions g3, g4, g5, and F3 do not appear. On the other
hand, for N = 4 supersymmetric Yang-Mills theory, with a
certain kind of IR deformation, F5 is nonzero [6—8]. This
IR deformation is such that there are massless Nambu-
Goldstone modes emerging from the spontaneous breaking
of the R symmetry [6].

The optical theorem based on the unitarity of the S matrix
relates the forward Compton scattering (FCS) amplitude to
the DIS cross section. Thus, there are the relations,

W) =22m[T] and WS =22m[T)]. (1.6)

where 7" is given by the time-ordered expectation value of
the product of two electromagnetic currents inside the
hadron,2

2 . . .
'We also use the variable x to represent the four-dimensional
Minskowski spacetime coordinates x = x, = (xg, X1.x2, X3).

T, =i / d*x e (P|T{J,(x)J,(0)}|P). (1.7)

In addition, for longitudinally polarized hadrons,
the longitudinal spin-spin asymmetry A for lepton +
proton — lepton + X can also be measured [4]. This is
constructed from differential scattering cross sections of
electrons with a parallel (—) or antiparallel («) spin
aligned with respect to the direction of motion. Let us
take it along the x3 coordinate. On the other hand, protons
can be polarized parallel (=) or antiparallel (<) with
respect to the direction of motion of the lepton beam.”’ The
longitudinal spin-spin asymmetry is defined as

doZ —do=
1= Zos T dos (1.8)
= =

In order to simplify some equations, the notation has been
abbreviated by defining the differential cross sections as
do = d*c/(dQdE") with arrows indicating the correspond-
ing polarization states. The longitudinal spin-spin asym-
metry can be written from the virtual Compton scattering
asymmetries A; and A, as

3Also, the hadrons can be perpendicularly polarized, both up
(f) or down ({}). We shall focus only on the longitudinally
polarized case of both leptons and hadrons.
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where

g1 — (4M2X2/Q2)92
F, ’

A = (1.10)

which is a function that we study in Sec. V and compare
with experimental data for the proton A%, and also,

2M
A, = X91+92’

Vo P

where F| is a symmetric structure function in Eq. (1.4),
while ¢g; and g, are antisymmetric structure functions
in (1.5). In addition, D and # in Eq. (1.9) are given by

(1.11)

E—¢E
p=—_%C_ (1.12)
E(1 +¢€R)

and

G

1.13
E—¢E"’ (L13)

while ¢ in the two previous equations is defined as

1
= : : (1.14)
1 +2(1 +§)tan2(9/2)
with v = E — E’, while
Fz 4']‘42%2
R = 1 -1, 1.15
2XF1< " 0* (1.13)

has been defined as the ratio of the longitudinal to trans-
Verse Cross sections.

Since in the DIS limit # and A, are very small, from
Eq. (1.9), we can write

and within the same approximation R becomes
F2 — 2.X'F1
R~ —r+—. 1.17
ZXF] ( )
Finally, one obtains
g1
A; ~2x(1 +R) =, (1.18)
Fy

which is to be compared with A? in Sec. V.
In order to calculate the mentioned relevant quantities
related to observables, the problem is how to calculate the

tensor 7T, taking into account the nonperturbative effects
due to QCD soft processes. There are several approaches
for different parametric regions in terms of Q? and the
Bjorken parameter (for a review, see, for instance, the
books [9-11]). Specially important is the DGLAP formu-
lation where the splitting functions, written in terms of
the gluon Bremsstrahlung by quarks and the quark anti-
quark pair production from a gluon, play a fundamental
role [12-14]. Particularly, for scattering at small angles
and high energies, the description involves a soft-Pomeron
Regge pole corresponding to a glueball and a hard BFKL
Pomeron, which emerges from the leading order QCD
calculations at weak coupling [15-17]. In [18], it has been
constructed a unified description of the soft and hard
Pomerons. The resulting object is known as the Brower-
Polchinski-Strassler-Tan (BPST) Pomeron, which for neg-
ative values of the r-channel Mandelstam variable leads to
results similar to those obtained from the BFKL Pomeron.
On the other hand, for positive ¢ values it gives the expected
Regge behavior. The BPST Pomeron is based on the gauge/
string theory duality. In the context of DIS, this duality has
been developed by Polchinski and Strassler in the pioneer-
ing article [19]. They firstly considered the supergravity
regime, where the s channel dominates both for glueballs
and spin-1/2 fermions, and then studied the small-x region
where superstring theory scattering amplitudes provide the
leading contribution in the large-N . limit of the dual gauge
theory for DIS of charged leptons from glueballs. The
calculation of the full hadronic tensor for a spin-1/2 hadron
from type IIB superstring theory scattering amplitudes has
been done in [8].

Also, hard scattering in the gauge/string theory duality
framework was previously considered in [20], obtaining a
crucial result, namely: fundamental strings propagating in
certain curved spaces lead to the correct power-law
behavior for high-energy scattering amplitudes of hadrons.
In that particular case, they considered type IIB closed
strings propagating in AdSs x S° (with a sharp IR cutoff
leading to a confinement scale in the dual gauge theory)
representing the hard scattering of 2 — m glueballs. The
warp factor of the curved AdS space-time leads to the
power-law behavior for the scattering amplitude, which is
totally different in comparison with the typical soft (expo-
nentially decaying) behavior obtained from propagation of
strings in Minkowski space. The warp factor also provides
a mechanism to understand the size of hadrons from a dual
string theoretical perspective [21], which is deeply related
to the developments presented in [19].

The calculation of the F, structure function from the
BPST Pomeron has been originally done in [22], and their
results include the conformal case (where there is no IR
cutoff), the hard-wall BPST Pomeron, and also the cor-
rections coming from the eikonal approximation. Their
main result was to show how good is the description of the
small-x range of DIS of data from HERA [23] in terms of
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TABLE L

Main results of the present work for different fits of the proton structure function F,(x, Q). In lines 11 and 12, the values of

the constant Cy;, corresponding to the contribution from the string theory scattering amplitude to the linear combination with the hard-
wall BPST Pomeron, are 9 x 107> 4 x 1075 and 9 x 107> 4 3 x 107>, respectively. N, represents the number of experimental points
in each fit. In lines 1 to 10, there are four parameters, while in lines 11 and 12, there are five parameters. Lines 6, 8 and 10 include data
from the JLab Collaboration (considering a BPST Pomeron with an IR hard-wall cutoff), which is explained in the main text.*

Sieving

Model xrange N,  Ayh. p =222 % zo [GeV™!] Q' [GeV] Xior.
1 Hard-wall BPST <0.01 249 No 0.7776 +0.0019  105.01 £ 0.85 5.039 £0.076  0.4632 +0.0122 1.34
2 Hard-wall BPST <0.01 228 4 0.7791 £ 0.0016  103.14 £ 0.798 4.959 +0.062 0.4332 +0.0115 1.07
3 Hard-wall BPST <0.01 305 No 0.7743 +0.0016  105.42 £0.80 5.0104 +0.0741 0.4838 £0.0099 1.28
4  Hard-wall BPST <0.01 280 4 0.7729 +0.0014 103.73 +£0.757 4.894 +0.061 0.4715+£0.0093 1.086
5 Hard-wall BPST <0.1 548 No 0.8314 + 0.003 139.25 +1.12 10.57 £ 0.99 0.5400 +0.015 12.08
6 HwBPST & JLab <0.1 583 No 0.8329 +0.0028 139.22 +1.09 10.62 +£0.96  0.5328 +=0.0143 11.48
7 Hard-wall BPST [0.01,0.1] 243 No 0.9176 +0.0037 158.06 £+ 1.06 3.903 +0.298 0.5012 £0.0265 2.23
8 HwBPST @ JLab [0.01,0.1] 278 No 0.9207 +0.0032 158.44 +1.03 4.193 £0.295 0.5082 +0.0178 1.99
9 Hard-wall BPST [0.01, 0.1] 201 4 0.9194 +0.0032 157.96 £+ 0.80 3.751 +£0.205 0.4782 +£0.0307 1.25
10 HwBPST & JLab [0.01, 0.1] 236 4 0.9283 +0.0028 159.00 £0.92  4.402 +0.249 0.4991 £0.0133 1.10
11 BPST @ str.th. [0.01, 0.1] 243 No 0.9135 +0.0039 157.90 +0.83 3.537 +£0.250 0.4765 £0.0536 2.18
12 BPST @ str.th. [0.01,0.1] 204 4 0.9165 +0.0028 159.64 +=7.11 3477 +£0.065 0.4049 £0.1691 1.24

the exchange of a single BPST Pomeron. Considering the
hard-wall BPST Pomeron, they found that for a combined
HI1-ZEUS dataset which originally contained 249 points,
after excluding “ouliers” by using a sieving method (with a
Ay2.x = 4), the fit turns out to be quite good. They found a
)(<21.o.f. per degree of freedom equal to 1.07 for the range
0.1 GeV? < Q% <400 GeV? and the Bjorken parameter
smaller than 0.01. For comparison, with the new results that
we have obtained in our present work, we display the
mentioned fit of Ref. [22] in the second line of our Table I.
One should notice that when using the BPST Pomeron,
there are only four free parameters to fit all the data in the
mentioned kinematical ranges. Using the parameters of the
F, fit obtained in [22], one of the remarkable results of
Ref. [8] was to derive the contribution from the exchange of
a holographic Pomeron to the calculation of the antisym-
metric structure function g; and perform its comparison
with data for the proton from the COMPASS Collaboration
[24-26]. In this case, it appears only one additional
parameter to fit 30 experimental points of reference [26],
obtaining x5, = 1.074, which is also a very good fit.
Thus, given the success of confronting the holographic
calculations for both symmetric and antisymmetric struc-
ture functions with experimental data of the proton within
0.1 GeV? < Q% < 400 GeV? and 2.43 x 107% < x < 0.01

“Notice that the central values for all parameters shown in lines
1 and 2 coincide with their corresponding central values of the fits
obtained in [22]. However, their corresponding errors are slightly
different in comparison with the ones shown in that reference. We
have checked it carefully and conclude that our results presented
in Table I are correct.

ranges for F, [22], and 0.062 GeV? < Q? < 2.41 GeV?
and 5.1 x 107 < x < 0.01 for g, [8], in this work, we aim
at exploring how well the fits behave by including more
data from other experimental collaborations for both
structure functions, and also considering a range of x 10
times larger than the x range studied in these two previous
papers. Specifically, for F%, we consider an initial set of
305 points, in comparison with the initial dataset used in
[22] with 249 points of H1-ZEUS, for the same range
243 x 107° < x < 0.01. Moreover, we then extend the
range to 0.01 < x < 0.1, which has 278 data. In the whole
range of the Bjorken parameter that we explore, we study
583 experimental points. This is explained in Sec. III. Then,
in Sec. IV B, we also consider an extended parametric
range for g, almost duplicating the number of data with
respect to those included in [8], and still obtaining a very
good comparison between theory and experiment.

We should emphasize that all situations in our analysis
correspond to the full range of the virtual-photon momen-
tum transfer that we study, while the range of the Bjorken
parameter is 10 times larger than the one considered in
[8,22], respectively. Thus, the number of experimental
points in our present work is more than twice in comparison
with the number of data considered in these references
(going from 249 to 583 points for F%, and from 30 to 151
points for g%, respectively). In addition, in Sec. V, we
further develop the holographic dual approach to inves-
tigate the virtual Compton scattering asymmetry of the
proton and compare it with experimental data, obtaining a
good level of agreement. To our knowledge, this is the first
holographic dual study of AY. We discuss different aspects
of the limitations of this analysis. The main depart from
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experimental results occurs for the parametric region
0.1 < x < 1, where valence quarks play a very important
role, while the top-down holographic dual model we study
does not describe fundamental quarks. We discuss these
issues in the last section of the work.

II. SPIN-1/2 HADRON STRUCTURE FROM A
TOP-DOWN HOLOGRAPHIC DUAL APPROACH

In this section, we study predictions for the symmetric
and antisymmetric structure functions of the proton from a
holographic dual description based on type IIB superstring
theory. Let us emphasize that there is not an specific
holographic dual model of QCD, even in the large N, limit.
This may seem an obstacle for describing real hadrons in
terms of string theory dual models. However, there is a
compelling reason to investigate the large N, limit of gauge
theories like QCD from top-down models based on string
theory: there are important properties of the hadron
structure functions, which are ‘“universal,” in the sense
that thf%y are independent of any specific holographic dual
model.” Thus, this “universal” character should be reflected
on the comparison of the holographic dual model with
experimental data. Besides, in the case of strongly coupled
quark-gluon plasma (QGP), there is important agreement
between the top-down holographic dual description based
on type IIB superstring theory on an asymptotically AdSs-
Schwarzschild black hole times S° and lattice QCD
calculations at finite temperature (for a review, see [36]).
For instance, this is for the case of mass transport properties
such as the shear viscosity/entropy density ratio, both at
extremely large 't Hooft coupling [37], and at finite
coupling [38] and also, considering electric charge trans-
port, such as for electrical conductivity at large
coupling [39] and in the strong coupling expansion [40].
We can also mention the photoproduction rates [39],
including the strong coupling expansion [41,42], which
enter the calculation of direct photoemission rates that can
be compared with relativistic heavy-ion collisions experi-
ments at the Relativistic Heavy Ion Collider and at the
Large Hadron Collider. In addition, the DIS of electrons off
a QGP has been studied in [43], while the strong coupling
corrections have been derived in [44]. Another very
important reason is that top-down models have only a
few parameters inherited from the string theory side of the
duality. These are related to the number of D3-branes, N,

Universal properties from holographic mesons have been
obtained, for instance, for the relations among different structure
functions for scalar and vector mesons using very different
holographic dual models [27-30]. In type IIA superstring theory,
these relations were calculated for the Sakai-Sugimoto model
[31] and for the D4D6 anti-D6-brane model [32]. Also, in type
IIB superstring theory, in the case of the D3D7-brane model [33],
it has been obtained the same relations. For spin-1/2 fermions in
the supergravity limit, see Refs. [34,35], while in the string theory
and BPST-Pomeron regimes, see the article [8].

the fundamental string length squared, o = 2, the nor-
malization constants of the wave functions of the bulk
fields or their corresponding Kaluza-Klein modes after
dimensional reduction, and a certain cutoff to ensure IR
confinement of the gauge theory. In this sense, top-down
models are much more stringent than the bottom-up models
like AdS/QCD.

We consider the holographic dual description in terms of
the large N, limit of N' = 4 SYM theory, with all the fields
in the adjoint representation of SU(N,.). Thus, this holo-
graphic dual model does not contain fermions in the
fundamental representation. Therefore, one should expect
to have a “universal” description for the physics of DIS in
the parametric region where the valence quarks of QCD are
not relevant. This corresponds to low-x values, where the
dominant effects come from the gluon dynamics and the
quark antiquark sea in QCD. This is what we investigate in
this work, trying to understand the results of the compari-
son with experiments. We also discuss certain aspects for
large-x values, however in this case, focusing on the
limitations of the model in that parametric region.

In this holographic dual model, the baryon is represented
by a five-dimensional spin-1/2 Kaluza-Klein mode of the
ten-dimensional dilatino (1) of type IIB supergravity, after
dimensional reduction on S°. We consider the low-lying
Kaluza-Klein spin-1/2 fermion in AdSs. By using the
mapping of string/supergravity states onto SYM operators,
the corresponding A" =4 SYM theory operator is (’)86> (x) =
COTr(F Ap—y)(x). Its twistis 7 = A — s = 3, where A is
the conformal dimension of an operator of spin s.
This is a descendant operator of the N' =4 SYM theory
obtained by the action of three supercharges on

(922 (x) = Cl]-fizTr(Xi]X i,)(x). The construction of these
operators is done in terms of fields of the A" =4 SYM
gauge supermultiplet, namely: four left Weyl fermions
An—4; six real scalars Xj with j=1,...,6; and F,
representing the self-dual 2-form field strength.

Also, from the type IIB supergravity side, we may
consider the Kaluza-Klein modes for & > 0 from the
compactification on S°. On the gauge field theory side,
they correspond to local twist 7 =k + 3 spin-1/2 fermionic
operators Ozk‘@ (x) = Cffj_(i)kTr(F+/1N=4X,-1 LX) (%),
where [, runs from 1 to the dimension of the irreducible
representation of SU(4)g. They belong to the [I,k,0]
irreducible representation of the R-symmetry group. By
increasing the number of scalar fields k = 0,1,2,3, ... the
dimension of the corresponding irreducible representation
of SU(4), group of these fermionic operators increases as
4, 20, 60, 140, - --.

A crucial point in order to calculate the DIS cross section
is the relation to the imaginary part of the forward Compton
scattering amplitude given by the optical theorem. The
calculation of the FCS amplitude includes intermediate
states. From the bulk gravitational theory point of view, the
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nature of the intermediate states depends on the particular
kinematic region in which we are interested. There are three
distinct parametric regions in terms of the relation between
the ’t Hooft coupling (4, goof) and the Bjorken parameter x.
Basically, different parametric regions depend upon the
properties of the intermediate states in the FCS Feynman-
Witten diagram. Firstly, notice that in the large-N, limit,
only single hadron states contribute. This is represented in
the holographic dual model as a single closed string. Thus,
in terms of the ten-dimensional center-of-mass energy, 5,
there is the following relation:

(-9
(47[ gstringNC)l/za/x

(2.1)

where ggyine 18 the string coupling and o is the string
constant. Notice that A gooft = JsuringN¢- In the large N,

limit and for l;;{/c,zoﬂ < x < 1, only supergravity states can

be excited. Therefore, the intermediate states in the SYM
theory calculation just involve the fermionic single-trace
operators, which we just have described, with certain
selection rules worked out in [34,35]. In Sec. IT A, we
briefly review some results derived in these papers, which
will be important in order to understand the limitations
of the type IIB supergravity approach. At lower x values,
however, on the dual string theory side, massive type IIB
string theory modes must be considered. Thus, the calcu-
lation is done in terms of the four-closed strings scattering
amplitude with two dilatinos and two gravitons. For the
kinematic region of exponentially small x, the calculation
can be performed by assuming the exchange of a single
BPST Pomeron in the bulk theory. Notice that in the
construction within the framework of the BPST Pomeron,
hadrons are represented by their wave functions that are
approximated by Dirac-delta distributions as explained
in [22]. The remarkable property of the BPST Pomeron
is that it provides a unified framework containing both the
soft Pomeron for positive z-values and the BFKL Pomeron
for r < 0.

Beyond the large N, one should calculate 1/N?2 cor-
rections. In the supergravity sector, it implies the exchange
of two Kaluza-Klein modes, which for the DIS process
corresponds to two external states. Beyond supergravity,
within string theory, one should consider one-loop closed
superstring scattering amplitudes. Furthermore, in the
exponentially small-x regime, it should be necessary to
study two BPST Pomerons exchange. In this parametric
region, eikonal methods are relevant for the description of
DIS [45-49].° Since we focus on the large N, limit, all the
results discussed in this work correspond to tree-level

®The symmetric structure F, has been studied within the
eikonal approximation in [22], in comparison with HI-ZEUS
data. This nonlinear approximation is related to the saturation
effect, and it is small for Q> > 1 GeV?.

calculations. General nonlinear effects from the BPST-
Pomeron kernel associated with several structure functions,
as well as, the virtual Compton scattering asymmetry of the
proton will be investigated elsewhere.

A. A type IIB supergravity dual description
of hadron structure functions

In order to obtain the hadronic tensor, we have to
calculate the expectation value of two electromagnetic
currents inside the hadron. Notice that this can be expressed
as the operator product expansion (OPE) of certain oper-
ators of the N' = 4 SYM theory. At strong coupling and in
the planar limit, this OPE is dominated by protected
double-trace operators [19].

The metric of the AdSs x S° space can be expressed as

ds? = z772(d2? + n,, dx*dx”) + dQ3. (2.2)
The radius of S and AdSs is set to one. Indices a, b, - - - =
0, ...,4 correspond to AdSs space. For its boundary space,

we use greek letters p,v,--- =0, ...,3. In addition, the
five-sphere indices are denoted by greek letters
a,p,---=1,...,5. The radial coordinate z goes to zero

in the UV. The hard-wall model contains an arbitrary IR
cutoff at zy = 1/A in order to induce color confinement in
the dual gauge theory at the energy scale A.

The matrix element of two electromagnetic currents
inside the hadron is obtained from the Gubser-Klebanov-
Polyakov-Witten ansatz. Thus, we have to evaluate the
supergravity action on shell, taking into account all
possible intermediate states. The first step is to derive
the effective five-dimensional supergravity action involving
two dilatino fields and a massless vector field. This has
been done in [34] from the covariant type IIB supergravity
equations of motion. The relevant part of the action can be
written as

Sim = K/ dz d4x\/—gAdSS <l%/—1;y”3;i;

by - bl .
i A P Rl + i%sz“bzabﬂ;) (2.3)

where /1?5 are the five-dimensional Kaluza-Klein modes of
Eq. (2.11) obtained from the dimensional reduction of the
ten-dimensional dilatinos (2.10) on the five-sphere. Also, it
has been defined the following constants involving angular
integrals of spinor spherical harmonics on the five-sphere:

5 5
— ;
blkj = <1+2<k:|:]+§:!:§>>

« / 195 (042,10, + 40 / 19 (0F)'0}.

(2.4)
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where ®,f are spinor spherical harmonics satisfying
Eq. (2.13). 7, are the Gamma matrices and v* are the
Killing vectors on the five-sphere. The charge Q is given in
Eq. (2.13). The normalization constant K in (2.3) is
obtained from comparison with the type IIB supergravity
action [50]. The massless vector field Bl is a linear
combination of off diagonal fluctuations of the metric
tensor and vector fluctuations of the Ramond-Ramond
four-form potential,

Bl(x) = Al(x) — 16D} (x), (2.5)
being Al(x) the Kaluza-Klein modes obtained from the
five-dimensional reduction of metric fluctuations,

hae = )_Ad (X)Y3 (y), (2.6)

while @} (x) are the Kaluza-Klein modes of the Ramond-
Ramond four-form field fluctuations,

aaaﬁy = ZCD{; (x)eaﬁyéevaylse(y)- (27)
Is

Label I5 stands for (Is,l,15,1,,1;) associated with the
vector spherical harmonics on $°, Y/5¢(y). The masses of
the vector fields B are M%,z =[>—1 with [ > 1. They
transform in the 15, 64, 175, - - - irreducible representations
of SU(4), for I =1, 2, 3, ---, respectively. Since in the
gauge/gravity dual calculation we only consider the vector
mode whose boundary value couples to the U(l), R-
symmetry current of the N' = 4 SYM theory, we only need
the corresponding massless vector modes, B, (x), satisfying
the boundary condition,

B,(x,z = 0) = n, '~ (2.8)
while the solutions to the corresponding Maxwell-Einstein
equations are

B, (x,z) = n,e"*qzK,(qz).

Bl(x,z) = in- ge'1*zK(qz), (2.9)
where K;(gz) are the Bessel functions of second kind.
The field strength is given by F,;, = V,B} — V,Bl. Also,
we use X, = 5 (Ya¥p — 7574), Where these Gamma matri-
ces are defined on the AdSs.

This dimensional reduction from first principles has been
done in our previous work [34,35]. This procedure allows
us to calculate all the constants derived from explicitly
solving angular integrals of the spinor spherical harmonics,
thus obtaining selection rules for the Kaluza-Klein modes
which take part in the interactions.

The ten-dimensional dilatino field can be written as

Axey) = (z(f,y))'

Then, from the five-dimensional reduction, one obtains the
Kaluza-Klein modes,

(2.10)

Axy) =Y (G (0Of () + 47 (0)0; (1))

(2.11)

where
:t . 5 i .
DO =F i| k+ > O, with k>0. (2.12)

An important aspect is that the spinor spherical harmonics
are charge eigenstates, which can be seen from the
following expression:

1
(v“D{, - ervyv(,> OFf = -iQeE.  (2.13)

The five-dimensional masses of the Kaluza-Klein modes of
the dilatino field are m,f In addition, £ indicate the two
towers of masses associated with the irreducible represen-
tations 4%, 20%, 60*, --- (), or 4, 20, 60, --- (+) of the
SO(6) ~ SU(4) isometry group. Here, we label coordinates
x on AdSs and y on $°.

The calculation of all the structure functions both
symmetric and antisymmetric ones has been done in detail
for fermionic operators of twist 7 = 3 in [34] and for the
higher-twist operators of N' = 4 SYM theory in [35]. The
most general expression is

Fy=BoF" +B3FL + B, ppFs + 3, FF+ L FL T+ p2FP-,
(2.14)

and similarly, for g; structure functions. The f’s are
coefficients obtained from angular integrals of spinor
spherical harmonics ®F. To understand the different con-
tributions in Eq. (2.14), let us recall that this is obtained
from the optical theorem. Therefore, it has been calculated
from the forward Compton scattering in the bulk of the
AdSs, which means that in each contribution there is
the “product” of two interaction vertices from the five-
dimensional action (2.3) and a fermion internal propagator
connecting them. F" represents the contribution from the
minimal coupling on both vertices from the five-dimen-
sional action. FY comes from the Pauli term in both
vertices. F™ includes one minimal coupling vertex and
a Pauli vertex in the other interaction vertex, in the FCS
Feynman-Witten diagram. In addition, F¥* corresponds to
the case where the internal fermion in the FCS diagram in
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AdSs has a quantum number k £ 1, in comparison with the
quantum number of the external states (which is k for both
the incoming and outgoing states). The corresponding
vertices are indicated in Fig. 1 of Ref. [35], while the full
expressions for all the contributions to the structure
functions are also detailed in that reference, and we shall
not reproduce them here. In Secs. IIC and IVC, we
discuss the results of the fit for ', and g;, in comparison to
experimental data of the proton for this range of the
Bjorken variable.

B. DIS from type IIB superstring theory
scattering amplitudes

1/2
j‘"t Hooft) <

which from the holographic dual perspective

Now, we focus on the parametric region exp (—

1/2
X <Ly ‘t Hooft>

can be described by type IIB superstring theory scattering
amplitudes. The calculation of all structure functions for
spin-1/2 fermions has been done in Ref. [8]. In this region,
at strong coupling and large N, the holographic dual
description of the DIS process, in principle, requires full
closed string theory scattering amplitudes in AdSs x S°,
which are unknown. Fortunately, the dominant 7-channel’
contribution is well described by a local approximation
where the closed string theory scattering amplitudes are
calculated in ten-dimensional Minkowski space.8 The idea
is that from the closed string theory scattering amplitude
one can build up an effective Lagrangian from which it is
possible to calculate the holographic dual FCS amplitude
and finally, derive from it the structure functions. As in the
previous subsection, we associate the ten-dimensional
dilatino with the spin-1/2 fermionic operators of the gauge
field theory, which in turn we will assume to represent the
dual of the spin-1/2 hadrons. At this point, one should
recall that there is a difference in the holographic dual
calculation of the symmetric and the antisymmetric struc-
ture functions for spin-1/2 fermions. While from this
holographic dual viewpoint, the symmetric structure func-
tions can be derived from a graviton exchange, the
antisymmetric ones require a gauge field exchange con-
tribution leading to an effective Lagrangian with a Chern-
Simons term and a Pauli term. This has been worked out in
full details in [8].

Firstly, let us very briefly recall the derivation of the
symmetric structure functions. The external states of the
type 1IB superstring theory scattering amplitude are two
ten-dimensional dilatino fields [which are Neveu-Schwarz-
Ramond (NS-R) fields], and two graviphotons (each being

7Herf:, 7 denotes the #-channel Mandelstam variable in ten
dimension, which is defined in Eq. (2.18).

This approximation was originally proposed in [19], then
developed for the holographic Pomeron in [18], while in [7], it
was applied for the calculation of all the structure functions for
the glueball. Furthermore, it was extended to spin-1/2 fermions
in Ref. [8].

in a particular polarization state of the graviton NS-NS
field). Now, we consider small values of the Bjorken
variable. Using the relation between the four-dimensional
Mandelstam variable s and the Bjorken variable, namely:

—(P + q)* =~ ¢*/x, small x values are related to large
center-of-mass energy +/s. Thus, taking into account the
1/z* warp factor of the metric (2.2), the corresponding ten-
dimensional Mandelstam variable 3 = z%s is also large
in the AdS (anti-de Sitter) bulk. This implies that the 7
channel becomes dominant, which tells us that if a spin-j
particle is exchanged, its contribution gives a factor /. In
this case, the leading process implies the exchange of a
Reggeized graviton, being j ~ 2.

The starting point now is the four-point closed-string
theory scattering amplitude in ten-dimensional Minkowski
space, which by virtue of the Kawai-Lewellen-Tye rela-
tions, factorizes as the product of two open-string theory
scattering amplitudes as follows:

A(1,2,3,4) = 4ix3 G(o 3.7, 1) K59 (1, 2,3, 4)
® K&r(3,1.2.4). (2.15)

In this expression, the open string theory kinematic
factors are denoted by K,,,. Fermionic modes are indicated
with tildes. The kinematic factor involving only bosons is
given by

Kb5(1,2,3,4) =

op 5'1"59’555?[—1/% inyunipo +

(2.16)

while for two bosons and two fermions, the factor is

K'r(3,1,2,4) = 5M’:2 Wy [35(k2 () g

(FM')(I/; - )a/)’k%’) + -]

(2.17)

Ny’ N (

Terms leading to subdominant contributions in the dual
DIS process are indicated with dots. 'V stands for the ten-
dimensional Gamma matrices. &; indicates polarization of
bosons, while u; is used for polarization of fermions. We
use capital latin letters for ten-dimensional bosonic indices
and greek letters a, f for spinor indices.

The ten-dimensional Mandelstam variables are defined
as

—(ky +k3)?,
(2.18)

=—(ki+ky)?  T=—(k+ky)* and =

being k; and k, the ten-momenta of the first and second
graviphotons. On the other hand, the ten-momenta of the
two dilatinos are k3 and k4. The polarizations of the
graviphotons and dilatinos are
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WN=g" @ and (M)l =ur @&, (2.19)

respectively. From these expressions, one obtains the
following effective action, where the label (S) indicates
that the symmetric structure functions can be derived
from it:

S =2 Im[52G(o! 3.1.1)|C / &% /Grgs. FonpFuP 2y MM 2,
(2.20)

where

a/S EZ

64

I'(—dy/4
H (=ax/4)

$G(.5.1,0) = - T(1+ay/4)

(2.21)

x=3.Li

Next, one evaluates the effective action (2.20) on shell,
and using of the optical theorem, one obtains

1
Sym % v % v
Sa = n,n;Im [T’(’S)] = —nﬂnyW’(‘S),

5 (2.22)

from which the symmetric structure functions are derived,
obtaining the full symmetric structure functions for a
spin-1/2 hadron,

1 (AN 22|d)PC
Fix,¢*) === — 1913, 2.23
l(x I ) x2 <q2> 4(4”’1t Hooft)l/2 b ( )
2t +3
Fy(r,q?) = 2222 F (x, g2), (2.24)
T+ 2
while
93(957 q2> = 94(357 ‘]2> =95 (x, 612) =0, (2-25)
and

I _ 2 L+ I = )T (@)
I, _/0 dww"K5(w) = 2"2 T(20) )

_n+1

v Ta-10m

(n+1), I, (2.26)

N =

for the Bessel functions of second kind, and the twist
7= A —s, where A is the conformal dimension of the
operator with spin s. The functions g3, g4 and g5 are zero
in this parametric region. Let us emphasize that from the
t-channel graviton exchange, there are no contributions to
the antisymmetric structure functions.

Next, we briefly show how the antisymmetric structure
functions can be derived from type IIB superstring theory.
In this case, the holographic dual calculation is given
through a gauge field exchange in the 7-channel within the
AdS-bulk geometry. Thus, one has to derive the effective

Lagrangian from type IIB superstring theory and then
calculate the antisymmetric structure functions. The four-
point closed string theory scattering amplitude must have
external R-R states, since the massless gauge fields AS, of
the five-dimensional SU(4) gauged supergravity are linear
combinations of two low-lying Kaluza-Klein modes on S°,
coming from both NS-NS (graviton /,,y) and R-R (a R-R
4-form field Cy,...ps,) string states. Thus,

A(1,2,3.4)

(2.27)

where the Italic numbers indicate R-R fields. In addition,

PR 5 B
K (1,2,3,4) = s, T uyitsUyguy,

(2.28)

o

while the second kinematic factor is given in (2.17). The
polarizations of the dilatino fields are given in Eq. (2.19).
On the other hand,

uf @, = (Collis))™, with Tys) = (Fy) ., 15,
(2.29)

are the polarizations of the 4-form field. Cy, is the charge
conjugation matrix. The leading amplitude necessary to
write the effective Lagrangian becomes

s x s o N 16
A(1,2,3,4) = —ik* G(d, 5,1, i¢)§2E (F3)mnty s

X (FaN> My Wiy, (2.30)

As for the symmetric structure functions, the relation

between the effective on shell action and the hadronic
tensor is

1
| =—n,n; Wiy,

oA
i = mmIm [Ty " (A)

o (2.31)

After the evaluation of this action,

12 A2 7—1
n,ny;Im [T’(’f\)]:e””/"’nﬂnjqﬂPGq_2Q zlei < > 7.,

12Vam2 \¢*
(2.32)

where Q = d4;-QF, being ds3- the complete symmetric
symbol for the SU(4) gauge group in the five-dimensional
gauged supergravity obtained from reduction of type IIB
supergravity on the 5-sphere. This contribution (2.32) is
related to the Chern-Simons term [8]. Then, the antisym-
metric structure functions are
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1 /A2 ! 2112
ng(x,qz):—(—2> o zlel” 7 (2.33)
N X

q \ A7 A+ Hooft -

where

T 2 T T
7, = /da)w2r+2 Ko(a))Kl(a)> _ %F ( ;(if(z)+2) i
2

(2.34)

and ¢{3(x.¢%) = g5%(x.¢*) = 0.

At this point, it is very important to emphasize that
there are examples of holographic dual models similar to
N =4 SYM in the UV, which in the IR show sponta-
neously broken R symmetry [6]. For these models, our
present calculation leads to

Cs 2y L cs 2y

F0 ) = P o (239)
We shall assume this behavior in the present work as
in the work developed in Refs. [6,8]. In addition, there
is a second contribution due to a Pauli (P) term in the
effective Lagrangian, which is also related to the gauge
field exchange in the AdS-Feynman-Witten diagram for

the FCS process. For g, there is the relation between the
Chern-Simons and the Pauli contributions as follows:

a9
d33CﬂC d33CQC

which depends on the twist 7 of the SYM theory operator.
Therefore, at low x, we have g, = ¢ + .

From the string theory and supergravity point of view,
there are very different mechanisms responsible for the
antisymmetric structure functions. In the supergravity
regime, F3, g1, ¢, 93, gs, and gs, are related to the
right-handed dilatino in AdSs near the boundary. At lower
x values, however, these functions are derived from the
non-Abelian Chern-Simons and Pauli terms in the five-
dimensional effective action.

(r—1). (2.36)

C. The BPST Pomeron

The exponentially small x region, x < exp (=4 ;) is
described by the BPST Pomeron. Now, it is convenient to
reinstate the radius R = (47gingN.)"/* in the AdSs x §°
metric. The holographic calculation that we follow holds
for N.>> A¢hoort > 1 and ggying << 1, being perturbative
from the string theory perspective. The ambient space is

described by world sheet fields,
XM(6),067) = M + XM (6, 6,), (2.37)
where xM indicates the zero modes for each M =0, ...9.
If one considers fixed zero modes, then the Gaussian

integral on X’ leads to exactly the same as it would do
in ten-dimensional Minkowski space. This gives the ten-
dimensional flat-space S matrix that would be seen by a
local observer,

S = i/d4x/d6yV _GAlocal(x’ y)7 (238)

where it has been integrated over the zero modes.
Notice that due to the metric warp factor, there is the
simple but crucial redshift,

<

Pl =
0d =

Plas (2.39)
being P/, the inertial four-momentum measured by a local
observer in the bulk, while p/; is the same component of
the four-momentum corresponding to the gauge theory at
the boundary of the AdS space. Recall that x =0, 1, 2, 3
are Minkowski four-dimensional indices.

Now, one may write Ajyq(x,y) as

Atoca (5, y) = 11o(P) [ [ €7 ®(v;),  (2.40)
i=1

where 7,((P) is the flat-spacetime string theory scattering
amplitude of m external states ¥(y;). Then,

S= i(2”)45(4)(2ipi) / d6)’ﬁ \/I‘P(yi)ﬁo(i’)- (2.41)
i=1

Now, let us apply this to 2 — 2 particle Regge scattering.
From the warp factor of the metric, the redshift leads to

2 2
- b4 -
S10d = 5754 and  fjoq = ﬁud- (2.42)
We know that
t19(P) = ggtn'ngaBF(P V'), (2.43)

where

N I'(—ad%/4)
F(PJa_)_K(pﬁ)[H m} (2.44)

X=3.1,0
which, for |f| <5, with §+7+4 & =0, can be approxi-
mated by

F(PV) ~ K(PVa) (s O (o 45)

(1+a7/4))

Then, plugging these expressions in Tlo(i)), one obtains the
2 — 2 four-dimensional scattering amplitude,
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74(5’ t) - /d6y\/zg§tringal3K(P \/(7)(015)2+a/;/2

I(-a7/4) _,
x F(l + a/;/4)) Hi:llp(yi)- (2'46)
It means that the relevant exponent in the Regge limit
is j=2+d7/2=2+dtz*/(2R?).

There are two very different physical situations. On the
one hand, for positive f and 0 < ¢ < s, the maximum value
of the exponent corresponds to the maximum value of the
radial coordinate z; (recall that 0 < z < zg). Therefore,

Jvax = 2+ 12/ (2R?). (2.47)
This is the IR region of the gauge theory. Thus, this is a
nonperturbative effect for the gauge theory, related to
Regge physics associated with the soft Pomeron. On the
other hand, when # <0 and 0 < |7| < s, the maximum
value of the exponent is
JMax = 2. (248)
This is the UV region of the gauge theory, i.e., for z — 0. In
the gauge theory, this corresponds to the (hard) BFKL
Pomeron. In this way, both the hard-BFKL and soft-Regge
Pomerons become unified within a single holographic dual
description. This is a very important result obtained in
Ref. [18]. In this context, Brower, et al. [22] obtained the
structure function F, derived from the BPST Pomeron.
This function has four parameters, namely: g3, p, zo, and
Q', and it is given by

FZBPSTHW (x’ Qz)

5o/ log(0/0' log? (00’22
_ GOy, (e s
R e+ F(x0,Q0e ),
(2.49)
where
F(x,0.0) = 1 =2z pr,) 2”62 erfe(y(x, 0. Q"))
(2.50)
and
log (z50'0) +pt
n(x,0,0') = 8(@Q0) +pry (2.51)
VP T
where
pQ
(%, 0, Q') = log <2Q/x> : (2.52)

is a longitudinal boost. The parameter Q' ~ 1/7/, being 7/
the support of the Dirac-delta distribution, which approx-
imates the hadron wave function [22]. Thus, z’ should be of

the order of the hadron size. g, is an overall constant,

= 2/\/AcHoot» and zg is the IR cutoff energy of the gauge
theory. The presence of this cutoff is indicated by the label
HW (hard-wall model).

In addition, in Ref. [8], it has been obtained the
antisymmetric structure function g;. This equation was
obtained assuming that the kernels for j~ 1 (Reggeized
gauge field exchange) and j~2 (Reggeized graviton
exchange) can be approximately described in the same
way [8]. There are important changes of this derivation with
respect to the derivation of the symmetric function F,,
since in the 7 channel, there is a Reggeized gauge field
exchange instead of a Reggeized graviton. Thus, for
instance, for r <0 and 0 < |f| < s, i.e., the UV region
of the gauge theory jy.x = 1. The parameters p, z, Q' are
to be obtained from the F, fit to experimental data.
Therefore, there is only one new free parameter C to fit
to all g; data. The corresponding expression for g, (x, Q%) is

Cp_l/ze(l_g)'[h
7

_log2(0/0)) ) _log? (00')
x e 7 +F(x,0,0)e .

(2.53)

g (x, Q%) =

III. COMPARISON WITH EXPERIMENTAL
DATA FOR F}(x,0%)

In this section, we carry out an extensive comparison
with modern experimental data from several collaborations
for the proton. Most of data correspond to very small x
values. In this range, it turns out that the dual description, in
terms of the holographic Pomeron, fits data very well.
Recall that in this kinematic range, gluon dynamics are
dominant; thus, the top-down description we study is able
to capture these effects. In this sense, there are similarities
between N/ =4 SYM and QCD.

On the other hand, for larger values of the Bjorken
parameter, the dual supergravity description based on
N =4 SYM theory is not good to fit experimental data.
This is due to the lack of matter in the fundamental
representation in this model, thus not allowing us to
describe valence quarks, whose physics dominates the
hadron structure for this kinematic regime.

We present the results starting in Sec. IIl A with the
situation that fits better, i.e., the exponentially small-x
domain described in terms of a single BPST Pomeron
exchange. Then, for the intermediate region, we consider
two descriptions that we explain in two subsections. In
Sec. IIB 1, we use a second single BPST Pomeron
exchange, while in Sec. III B 2, we also add the contribu-
tion from type IIB superstring theory scattering amplitudes.
For larger values of x, in Sec. III C, we show the results of
the fit using type IIB supergravity.
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TABLE II. Main results of this work for the fit of g,(x, Q%). The first two lines correspond to fits to data within the ranges
5.1 x 107 <x < 0.01 and 0.062 GeV? < Q% < 2.41 GeV?. In lines 3 to 9, we display the corresponding fits in the ranges 0.01 <
x < 0.1 and 0.57 GeV? < Q% < 19.7 GeV?. Lines 1 to 5 include data for ¢¥ (x, 9*) from SMC [52], E143 [53], COMPASS [24-26],
and HERMES [54] Collaborations. Lines 8 and 9 also include data from the CLAS Collaboration [55]. More details are explained in the

main text.

Model xrange N,  Sieving Aym p C 70 [GeV™'] Q' [GeV]  4ior
1 Hard-wall BPST <0.01 56 No 0.7729  0.0145 £ 0.0015 4.894 0.4715 1.14
2 Hard-wall BPST <0.01 54 7 0.7729 0.162 £ 0.0014 4.894 0.4715 0.94
3 Hard-wall BPST [0.01, 0.1] 69 No 0.9194 0.064 + 0.003 3.751 0.4782 2.69
4 Hard-wall BPST [0.01, 0.1] 60 6 0.9194 0.062 £ 0.002 3.751 0.4782 1.37
5  Hard-wall BPST [0.01, 0.1] 54 4 0.9194 0.062 £ 0.002 3.751 0.4782 1.15
6  Hard-wall BPST [0.01, 0.1] 69 No 0.9283 0.062 £ 0.003 4.402 0.4991 2.78
7  Hard-wall BPST [0.01, 0.1] 55 4 0.9283 0.061 £ 0.002 4.402 0.4991 1.14
8§ HwBPST @ CLAS [0.01,0.1] 95 No 0.9283 0.053 £ 0.003 4.402 0.4991 3.57
9 HwBPST @ CLAS  [0.01,0.1] 55 4 0.9283 0.051 £ 0.002 4.402 0.4991 223

A. F% at low x and the BPST Pomeron

In the range of the Bjorken variable 2.43 x 107 <
x < 0.01, Brower et al. have found that by using the
BPST Pomeron with an IR cutoff, the structure function
F, gives a remarkably good fit [22] in comparison with
experimental data of the proton, corresponding to the
HI1-ZEUS Collaboration [23] of HERA small-x DIS
scattering experiments. In this case, the values of Q” are
within the range from 0.1 GeV? to 400 GeV?.

In order to check the consistency with previous results,
firstly we have carried out a similar fit as the one obtained
by Brower et al. [22]. The parameters are detailed in the
first line of Table I. It includes 249 experimental points,
while the BPST Pomeron has four free parameters. The fit
leads to y2,,, = 328, with the value per degree of freedom
X3op = 1.34 and a P-value 0.00031. Then, in order to
improve this fit, we have implemented a sieving procedure
following [51]. This allows one to make a robust fit, by
excluding in a consistent way a limited number of points
(considered as “outliers”) whose individual A)(% values are
larger or equal to a certain value AyZ, =4. All the
information about AyZ,. together with the total number
of points included in each fit for all cases are displayed in
Table I (and Table II for g,). Technical details of the sieving
procedure are described in the Appendix. Also, some
figures showing y3 ; for different values of Ay, are
presented.

We take the following definitions: the y* per degree of
g

Naor”

freedom is given by y3 ; = where Ny, is the

difference between the number N, of experimental points
included in the fit and the number of parameters, with

N,
2 _ E 2
Xtotal = A)(i ’
i=1

being the Ay? defined in Eq. (A2) in the Appendix. The
P-value is defined as follows:

(3.1)

P2, Naor) = 1 © et 2 gy
total® £V d.o.f. 2Nd_o,f./2F[Nd of /2] |

2
X total

(3.2)

F, as a function of the Bjorken parameter is depicted
in Fig. 1 for 17 values of Q2. In this case, points with
Ay? > Ay?. = 4 have been excluded, leading to a total
of 228 points and y3,; = 1.07, with »2 , =240 and
P =0.22066. This very good fit, similar to the one
obtained in Ref. [22], motivates us to investigate this
structure function including more data and extending the
kinematic range. This fit is given in the second line of
Table 1.

Next, in the same range of the Bjorken parameter,
we include data of other experimental collaborations
which increases the total number of points to 305 (before
sieving). We consider a more recent paper of H1-ZEUS
Collaboration [56], as well as data from BCDMS
Collaboration [57], NMC Collaboration [58], E665
Collaboration [59], and from SLAC Collaboration [60].
What is interesting now is the possibility of dealing with
more experimental points, which can be seen by visual
inspection of Fig. 2, in the range of 0.001 < x < 0.01 and
for Q% < 6.5 GeV?, in comparison with Fig. 1. In this case,
the hard-wall BPST Pomeron fits the whole set of 305
points leading to a normalized y3 ; = 1.28 (in this case,
Ko = 383 and P = 0.00095). The corresponding set of
parameters is presented in the third line of Table I. Then,
carrying out a sieving with Ay2,, = 4, there are 280 points
left and the corresponding normalized y3 ,; gives 1.086,
which is still very good with the addition of having 30 more
points than in Ref. [22] (now we obtain y2 , = 300 and
P = 0.1535). This is shown in line 4 of Table I. In Fig. 2, we
show F, as a function of the Bjorken variable for different
values of Q7. In addition, Fig. 3 displays F, x 2/ as a
function of Q7 for different values of x. The integer i is
indicated in this figure. This factor is included to facilitate
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1.75 A —— Q2=90GeV?
—— Q2=60GeV?
12071 —— Q2=35GeV?
1.25 A — Q2=22GeV?
1004 --- Q%2=15GeV?
Ty --- Q%2=10 GeV?
0.75 4 Q2=6.5 GeV?
0.50 - --- Q2=3.5GeV?

--- Q%2=2GeV?

0.25 A ——= 02=1.2 GeV?

0.00 - --- Q2=0.65 GeV?
------ 0Q2=0.4 GeV?

106 10-5 10-4 10-3 10-2 1071 e Q2=0.25 GeV?

X Q2=0.15 GeV?

FIG. 1. Best fit for F, obtained from the hard-wall BPST Pomeron in comparison exclusively with H1-ZEUS data for the proton
corresponding to low-x DIS at HERA. Other collaborations are included in others figures. From the initial 249 points in the ranges
243 x 1076 <x < 1072 and 0.1 GeV? < Q2 <400 GeV?, using a sieving with Ay2,, = 4, there are 228 experimental points left,
leading to y3 ; = 1.07. This reproduces the results of Brower et al. [22]. We only display 17 curves for certain representative values in
the above range of Q as indicated in the box at the right (in fact these are the same values of Ref. [22], chosen to compare with it). Also
notice that although the horizontal axis includes a range beyond x = 0.01, i.e., up to x = 0.1, in this figure, we do not display
experimental points for x > 0.01. The horizontal axis has a logarithmic scale. Error bars of data are shown for each point. In some cases,
dots representing data points are larger than the corresponding error bars.

the visualization of the curves. A natural question is now  Using the hard-wall BPST Pomeron of Eq. (2.49), we find
what happens if we try to extend the range of the Bjorken  that the normalized )(g.o.f. = 12.08, indicating that this
variable beyond x ~ 0.01. Since there is areasonable amount  particular fit does not work. The parameters are presented
of data (548 points in total), we may try, for instance, to in the fifth line of Table I. In addition, after using the sieving

consider a wider range such as 2.43 x 107® <x < 0.1.  method, the fit does not improve. This can be seen from

—— Q2=400 GeV?

—— Q?=250GeV?

2.00 Q2 =150 GeV?
1.75 — Q?=90GeV?
— Q?=60GeV?
1507 — Q?=35GeV?
1.25 - — Q?=22GeV?
1.00 - --- Q2=15GeV?
N --- Q2=10 GeV?
0.75 02=6.5 GeV?
0.50 --- 0?2=3.5GeV?

--- Q?=2GeV?

0.251 ——- Q?=1.2GeV?

0.00 - --- Q%2=0.65 GeV?
------ Q?=0.4 GeV?

1076 10-5 10-4 10-3 10-2 101 e Q?=0.25 GeV?

x Q2=0.15 GeV?

FIG. 2. F, structure function using a single BPST Pomeron exchange to fit data of HI-ZEUS Collaboration [56], as well as
data from BCDMS [57], NMC [58], E665 [59], and SLAC [60] Collaborations within the ranges 0.1 GeV? < Q2 < 400 GeV? and
2.43 x 107° < x < 0.01, corresponding to the proton. The horizontal scale is log x. The number of experimental points depicted has
been limited in order to be able to visualize how a few curves fit the data. Error bars are indicated. In total, the fit includes 280 data
points, while y3 _; is now 1.086. The same applies to Fig. 3.
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FIG. 3.

Curves for the fit of F, structure function as a function of log Q? using to the BPST Pomeron are drawn in comparison with

data from H1-ZEUS [56], BCDMS [57], NMC [58], E665 [59], and SLAC [60] Collaborations. Notice that the values of F' f have been
multiplied by 2%, where i, is the number of the x bin, ranging from i, = 15 (x = 0.0052) to i, = 26 (x = 0.0000085). The range of Q>

goes from 0.1 GeV? to 400 GeV?>.

Fig. 4, by looking closely at the region 0.01 < x < 0.1
where we can very easily see how the curves do not fit well
the experimental data. Also, in this case, one can observe
how the curves slightly depart from the experimental points
almost everywhere. It is interesting to notice that although
the functional form of F, derived from the hard-wall BPST
Pomeron shows a similar trend as shown by the experimental
data around x ~ 0.14, where it appears a pivotal point, it is
not able to fit the whole range 2.43 x 107% < x < 0.1 witha
reasonable value of y3 .. At this point, it is interesting
comment on the inclusion of the corresponding data from
measurements of the proton F, structure function taken at

Jefferson Lab Hall C, which we refer as the JLab
Collaboration [61]. These correspond to the ranges
0.06 GeV? < Q% < 2.8 GeV? and 0.009 < x <0.45. In
this reference, it has been presented two ways to obtain
F, from cross section measurements. The first one is the
Rosenbluth separation method, which leads to nine points,
from which only five belong to the region 0.009 < x < 0.1,
while the other four points correspond to 0.1 < x < 1. The
second one is the so-called model dependent method, and it
requires to assume the value of R in Eq. (1.17). This implies
that in the calculation that we perform for A, the quantity R
should be assumed to have some value rather than extracting

—— Q2=400 GeV?

—— Q2=1250 GeV?

2.00 Q2 =150 GeV?
1.75 - —— 0%2=90GeV?
—— Q2=60 GeV?
1207 — 02=35GeV?
1.25 - — Q%2=22GeV?
1.004 -—- Q2?2=15GeV?
Ty -—— Q2=10GeV?
0.75 0%=6.5 GeV?
0.50 -—— Q%2=3.5GeV?

--- Q?=2GeV?

0.25 1 ——— Q2=12 GeV?

0.00 - --- Q2=0.65GeV?
------ 02=0.4 GeV?

1076 10-5 10-4 103 10-2 10" e 0Q2=0.25 GeV?

0Q%2=0.15 GeV?

FIG. 4. Best fit of the structure function F, from a single hard-wall BPST Pomeron to the HI-ZEUS [56], BCDMS [57], NMC [58],
E665 [59], and SLAC [60] experimental points at 0.1 GeV? < Q% <400 GeV? and the extended range 2.43 x 1076 < x < 0.1,
corresponding to the proton. In total, there are 548 points. x5 ; = 12.08, which indicates that the fit does not reflect accurately the

experimental results, particularly for 0.01 < x < 0.1.
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0.75 1 Q2=6.5 GeV?
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——— Q2=2GeV?

0.25 1 ——— Q2=12GeV?
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------ 0?=0.4 GeV?
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x 0?=0.15 GeV?

FIG. 5.

Best fit of the structure function F, from a single hard-wall BPST Pomeron to the HI-ZEUS [56], BCDMS [57],

NMC [58], E665 [59], SLAC [60], and JLab [61] experimental points at 0.1 GeV? < Q% <400 GeV? and the extended range
243 x 107® < x < 0.1, corresponding to the proton. In total, there are 583 points. ¥ = 11.48, which indicates that the fit does not

reflect accurately the experimental results.

it as the result from a fit of data for the virtual Compton
scattering asymmetry of the proton, as we do in Sec. V. For
this reason, we consider the JLab Collaboration data [61] in
an different way in comparison with the previously men-
tioned collaborations. Indeed, it is very interesting the fact
that the model dependent method of [61] gives 35 additional
points within the region 0.01 < x < 0.1. Thus, we fit now
583 points in total. The results are shown in line 6 of Table I,
and also in Fig. 5. In addition, we should notice that for the
very small region x < 0.01, there are only three points,
corresponding to Q% < 0.1 GeV?2. This is a parametric
region out of the reach of the BPST Pomeron since saturation
effects are expected to set in. We observe that like in the case
of the fit of line 5, there is no improvement, even if we
consider sieving “outliers.” From this, we conclude that
there are some effects that a single holographic Pomeron
cannot capture if the x range is extended from very low
values towards moderately low values of x. This behavior
makes sense if we keep in mind that the construction of the
BPST Pomeron in principle attains to the exponentially
small-x values, while for moderately small-x values the
holographic dual top-down construction has been done in
terms of type IIB superstring theory scattering amplitudes.
On the other hand, the approach based on string theory
scattering amplitudes leads to a behavior of F, proportional
to the inverse power of the square of the virtual photon
momentum transfer. This effect of decreasing F, as Q®
increases for x fixed does not match the experimental data,
which in turn show an increasing trend for F, with Q2 for x
fixed. This is a motivation for considering the possibility of a
combination of the contributions from the string theory
scattering amplitudes and a BPST-Pomeron exchange for

the intermediate range 0.01 < x < 0.1. We implement it as
an effective top-down holographic dual description of the
data. All this suggests several possible directions to inves-
tigate that we describe below.

B. Fg at intermediate x and type IIB superstring theory

From the results of the previous subsection, we may
conclude that there is no way to fit reasonably well the set
of experimental data for an extended range of the Bjorken
parameter like 2.43 x 107 < x < 0.1 using a single BPST
Pomeron in this whole range. Therefore, since the para-
metric region 2.43 x 107® < x < 0.01 is very well repre-
sented by a single hard-wall BPST-Pomeron exchange,
now we focus on the range 0.01 < x < 0.1.° For this
region, one would have expected that the expression for
F, derived from string theory scattering amplitudes works
well. However, due to the Q? dependence, it is clear that it
cannot describe the data, because it shows the opposite
trend at fixed values of the Bjorken parameter. Thus, within
the top-down holographic dual approach that we are
studying, we propose to investigate two different possibil-
ities. They are effective descriptions that we describe
below. In the range 0.01 < x < 0.1, we initially consider
243 points from H1-ZEUS [56], BCDMS [57], NMC [58],
E665 [59] and SLAC [60] collaborations. Then, we add the
corresponding data from the JLab collaboration [61].

Notice that in this intermediate region, experimental data
correspond to the range 0.404 GeV? < Q% < 400 GeV?. This is
excluding the JLab Collaboration [61]. Next, in Fig. 8, we will
include JLab data [61] and describe it.

066024-15



DAVID JORRIN and MARTIN SCHVELLINGER

PHYS. REV. D 106, 066024 (2022)

—— Q?=400 GeV?
—— Q?=1250 GeV?

)

0.0 A

Q? =150 GeV?
— 0?=90GeV?
— Q?=60GeV?
—— Q?=35GeV?
— Q%2=22GeV?
--- Q%2=15GeV?
--- Q%=10 GeV?

Q?=6.5 GeV?
--- Q%?=3.5GeV?
-—- Q?=2GeV?
--- Q?=1.2GeV?
--- Q2=0.65 GeV?
------ Q2 =0.4 GeV?

102 2x1072
X

3x10724x 1072

6 x 10-2 10-1 e Q%2=0.25 GeV?
Q2=0.15 GeV?

FIG. 6. Best fit of the F, structure function of the proton from the BPST Pomeron to the HI+HERA [56], BCDMS [57], NMC [58],
E665 [59], and SLAC [60] Collaborations, for data within the ranges 0.404 GeV? < Q% <400 GeV? and 0.01 < x < 0.1, excluding
JLab data. The horizontal scale is log x. As in the previous figures, the number of experimental points depicted has been limited in order
to be able to visualize how a few curves fit the data. Error bars are indicated. The same applies to Fig. 7.

1. A single hard-wall BPST-Pomeron
exchange for 0.01 <x < 0.1

Let us consider the expression for F, obtained from the
hard-wall BPST Pomeron, but now with this equation let us
fit the data restricted to the range 0.01 < x < 0.1. Thus,
effectively we have two different fits with the BPST
Pomeron equation. The first one corresponds to line 4 of
Table I, in the range 2.43 x 107% < x < 0.01. The second
fit with another BPST Pomeron is carried out for
0.01 < x < 0.1, and the results for the four parameters is
given in line 7 of Table I, where 3 is 2.23 (y2,,, = 533
and Ng,¢ = 239), which is not good. Then, using the
sieving method with Ay2. =4, the number of data
reduces to 201, but now the normalized y3,; = 1.25

indicates a better fit (see line 9 of Table I, and also we
obtain y2 ., = 247, Ny 5. = 197 and P = 0.009). Figure 6
displays the corresponding fit of F, as a function of x, and
Fig. 7 as a function of 02, both in logarithmic scales for the
horizontal axis. Considering a hard-wall BPST Pomeron,
we can observe how the behavior of the curves of this fit
approaches the pivotal point near x ~ 0.1. Also, notice that
curves corresponding to the values Q% = 0.15, 0.25, and
0.4 GeV? in Fig. 6 do not display experimental points since
there are not data for these values of the square virtual-
photon momentum transfer, being these curves predictions
of the present description. The idea behind the use of two
BPST Pomerons, i.e., one for the exponentially small-x
region and a second one for the moderately small-x values,

103 4
x=0.018 (i=13)

& + x=0.035
X
N x=0.05

102 - x=0.08 (i=10)

10! . : :

107! 10° 10! 102

Q*(Gev?)

FIG.7. F, asafunction of log Q2, see caption of Fig. 6. F ” has been multiplied by 2%, where i, is the number of the x bin, which goes

from i, = 10 (x = 0.08) to i, = 13 (x = 0.018).
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FIG. 8. Best fit of the F, structure function from the BPST Pomeron to the HI+HERA [56], BCDMS [57], NMC [58], E665 [59],
SLAC [60], and JLab [61] Collaborations, for data within the ranges 0.06 GeV? < Q% < 400 GeV? and 0.01 < x < 0.1, corresponding
to the proton. The horizontal scale is log x. As in the previous figures, the number of experimental points depicted has been limited in
order to be able to visualize how a few curves fit the data. Error bars are indicated.

as we just have done, relies on the fact that in the derivation
of the BPST Pomeron, there is a direct relation between the

parameter p and the ’t Hooft coupling: p =2/ /A Hooft-
Recall that in QCD the coupling evolves. Therefore, one
may expect that the parameter p also evolves with Q2. This
suggests a Q> dependence of the structure functions derived
from the BPST Pomeron. On the other hand, the expres-
sions we use do not carry such a dependence, then a single
BPST Pomeron exchange with a fix value of p is expected
not to be able to reproduce data in a range beyond
exponentially small values of x. However, the second
BPST Pomeron somehow does the job, though in a very
limited way, that a continuous functional Q* dependence
would do.

Now, let us consider the addition of the data from the
JLab Collaboration [61] in the present range of the Bjorken
variable. More specifically, these data [61] are in the
ranges: 0.06GeV? < Q?<2.8GeV? and 0.009 < x < 0.45.
The result of the fit with 278 points is shown in line 8 of
Table I, obtaining an improvement with respect to the fit
shown in line 7, which excludes data from the JLab
Collaboration (this contains less points, 243). Thus, in
line 8 of this table, we show the result of this fit obtaining
X3os = 1.99, which is better than the value 2.23 shown in
line 7, where the JLab data are not included. Then, without
any sieving, we see that for this range of the Bjorken
parameter the inclusion of JLab data improves the fit using
a second BPST Pomeron. Moreover, by applying the
sieving with Ay2,, =4, one obtains y3 ; = 1.10, and
the number of points for 0.01 < x < 0.1 is 236. This is
shown in line 10, which is a better result compared with line
9. Thus, we learn that the inclusion of JLab experimental

points improves the fit within this region. The more
sensitive parameter that we can observe by comparison
of lines 7 with 8, and then 9 with 10, is z,. This is expected
since it is associated with the IR scale (Agcp), being the
JLab data measured at low values of Q. In Fig. 8, are
detailed the curves corresponding to the fit including JLab
data, considering the sieving of “outliers,” and also it is
shown the experimental points with their error bars.

2. Combined hard-wall BPST Pomeron and string
scattering amplitude

Next, we consider a linear combination of a contribution
to F, obtained from a hard-wall BPST Pomeron exchange
and a contribution from string theory scattering amplitudes.
The derivation of F, associated with the string theory
scattering amplitude for spin-1/2 fermions was obtained in
Ref. [8], and for twist 7 = 3 operators10 in the gauge theory,
this is given by

Strings,_ 2 1 A2 2
B (o) =G (25) . (39)

0

where the constant C; depends on 7 and on the normali-
zation constants of the bulk fields wave functions. The
functional form of F, that we use for the fit is of the form,

""Three is the lowest twist corresporgding to fermionic operators
of N = 4 SYM theory of the form O\ (y) = COTr(F, iy_4)(y).
Its twistis 7 = A — s = 3 as explained in Section II. This behavior
corresponds to the strongly coupled regime of the SYM theory.
The weakly coupled gauge theory is treated perturbatively, and the

OPE is dominated by twist-2 operators.
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FIG. 9. This figure displays the fit of the F, structure function from the BPST Pomeron plus the string theory scattering amplitude
contribution to the HI+HERA [56], BCDMS [57], NMC [58], E665 [59], and SLAC [60] data within the ranges 0.404 GeV? <
0?% <400 GeV?, corresponding to the proton. The horizontal scale is log x. The number of experimental points depicted has been
limited in order to be able to visualize how a few curves fit the data. Error bars are indicated in both figures.

FZBPSTHW+Strings,:3 (x, QZ) _ F2BPSTHW (x, QZ) Lc, 1 < é )2.
X
(3.4)

This effective model can be understood as follows. A
single BPST Pomeron exchange in this regime corre-
sponds to a Reggeized graviton exchange in the type 1IB
string theory framework. On the other hand, the string
theory scattering amplitude, which for the DIS limit in
which we are interested can be obtained in terms of an
effective supergravity Lagrangian through the calculation
of a 7-channel Feynman-Witten diagram, corresponds to
the exchange of a single graviton. Therefore, in terms of
the optical theorem, the DIS cross section is obtained from
the sum of the contribution of a Reggeized graviton (a
BPST Pomeron) plus a single graviton exchange 7-channel
contribution. The relative normalization constant is fixed
by fitting the expression (3.4) to the experimental data,
and we will shortly see that it is very small. As an
inspiration for these two contributions to DIS, one may
recall, for instance, a FCS related to inclusive processes,
described in terms of the Regge theory (for a review,
see [62]). Also, although the meaning is quite different,
concerning the proton + proton and proton + antiproton
hard-scattering total cross sections above the resonance
region, Donanchie and Landshoff [63] and Cudell et al.
[64] proposed a model with two types of contributions,
namely: a single Pomeron (P) exchange and a Regge (R)
exchange, of the form,

o0l (5) = AP sor(0)=1 4 AR gar(0)-1 (3.5)

where the constants A” and AR depend on each process. In
particular, Donnachie and Landshoff [65] predicted the
following expression for F,:

—a Q2 ap(0)
FZ(xv QZ) = Axl #(0) <Q2 + a>
ag(0)
) . (3.6)

- o5
1=ax(0)
+Bx <Q2 b
with certain constraints for the constants involved, which
ensure the fit to real photoproduction data when Q2
vanishes. In this model, the important prediction is the
behavior of F, as the Bjorken variable goes to zero, which
leads to a functional form proportional to x!~%(©) ~ x0.08
[9]. Thus, for F», the leading contribution comes from the
Pomeron exchange for extremely small x; however, there
is second contribution for larger values of x. The expres-
sion proposed by Donnachie and Landshoff [65] cannot
be extrapolated for extremely small values of the Bjorken
parameter, since Eq. (3.6) does not fit the experimental
data when extrapolating from intermediate values of x
towards very small values.

By considering Eq. (3.4), we obtain 3 = 2.18, with
the values of the BPST Pomeron parameters indicated in
line 11 of Table L. In addition, Cq = 9 x 107> £4 x 107,
Thus, we observe that there is a very small contribution
from the string theory scattering amplitude and the absolute
error of Cy is large (also notice that y2 , =519 and
N, = 238). Then, we can implement the sieving method
which leads to 204 points left, while 3 ; = 1.24 (see line
12 of Table I), which is very close to the case discussed in
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FIG. 10. Best fit of the F, structure function from the BPST Pomeron plus the string theory scattering amplitude contribution to the H1
+HERA [56], BCDMS [57], NMC [58], E665 [59], and SLAC [60] data for 0.01 < x < 0.1. The horizontal scale is log Q2. Ff has been
multiplied by 2%, where i, is the number of the x bin, ranging from i, = 10 (x = 0.08) to i, = 13 (x = 0.018).

the previous subsection with a hard-wall BPST Pomeron
in this specific range. Now, y2,., =247, N, = 199 and
P =0.01164. In conclusion, there is not a significant
improvement of the fit in comparison with the hard-wall
BPST Pomeron contribution shown in line 9. The results
are shown in Fig. 9, which can be compared with Fig. 6. For
0% = 0.15 GeV? and Q% = 0.25 GeV?, we have not found
experimental points. In this region, due to the inverse power
of Q?, the string theory contribution dominates compared
with the BPST Pomeron one. Thus, these two curves have a
rise towards x — 0.01. This feature is not shown for larger
values of Q2> 0.4 GeV?, where the BPST Pomeron
dominates. This effect becomes clearer by comparison of
Figs. 7 and 10, where while in Fig. 7 there is a monotonic
behavior along all the curves, in Fig. 10 we can observe a
different behavior.

C. F at 0.1 < x < 1 from type IIB supergravity

In Sec. I A, we have briefly described how to derive the
hadron structure functions in terms of type IIB supergravity
on AdSs x $°. In this section, we present the results of the
corresponding fit for the region 0.1 < x < 1 for F%.

In Fig. 11, we show the fit of the F, structure function,
considering the type IIB supergravity dual description, to
data from the BCDMS [57] and SLAC [60] Collaborations.
The inclusion of data from CLAS Collaboration [66] does
not improve the fit in this region. Figure 11 is presented to
illustrate how bad the dual type IIB supergravity descrip-
tion works in this case. Experimental points depicted as
dots with their corresponding error bars cannot be fitted
with the supergravity dual model. The reason why the
holographic dual description fails to describe data is due to
the fact that for 0.1 < x <1 the quark antiquark sea
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FIG. 11.

This figure displays the fit of the F, structure function from the type IIB supergravity description, within the ranges

1 GeV? < Q% < 100 GeV?, corresponding to the proton. Data are taken from the BCDMS [57] and SLAC [60] Collaborations.
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FIG. 12. Best fit of the antisymmetric structure function g;

(x, Q%) from expression (2.53) in the ranges 5.1 x 107 < x < 0.01

and 0.062 GeV? < 0? < 2.41 GeV? to data from SMC [52], E143 [53], COMPASS [24-26], and HERMES [54] Collaborations. The

parameters p, zg, and Q' have been obtained from the Fj > #¥

(x, Q?) fit. Thus, there is only one free parameter C to fit to a set of

56 points in total from these collaborations. Notice that for each value of x we add a constant C; = 12.1 — 0.7i to the gf, which goes

from 0 (x = 0.0036) to 4 (x = 0.009).

becomes very important, while the particular supergravity
dual model we consider does not contain quarks in the
fundamental representation. This is consistent with the
expectations of this model. We will discuss more on these
issues in Sec. VI. The dashed lines presented in Fig. 11
correspond to the supergravity dual description with
twist-3 operators of A" =4 SYM theory. Continuous
lines represent the fit using twist-5 operators correspond-
ing to the Kaluza-Klein state (2,2,2,2,2). We have shown
the results for these twists and particular Kaluza-Klein
states to show an example of a more general effect,
which cannot be improved within the dual supergravity
description.

IV. ANTISYMMETRIC STRUCTURE
FUNCTION g (x.0%)

In this section, we focus on the comparison of
the antisymmetric function g, (x, Q) with the results of
several experimental collaborations measuring properties
of polarized electromagnetic DIS of the proton. As in the
case of F,(x, Q%) developed in Sec. III, we firstly consider
the range 5.1 x 107 < x < 0.01 for the exchange of a
single holographic Pomeron. Then, we study the range
0.01 < x < 0.1. For the antisymmetric structure function,
the single holographic Pomeron exchange corresponds to a
Reggeized gauge field in the bulk. This is a significant
difference with respect to the BPST Pomeron used for
studying F,.

A. g¥ at low x from the holographic Pomeron
In Sec. IIT A, we have investigated the fit of the BPST

Pomeron for F% in the range 2.43 x 107° < x < 0.01,
which gives the values of the parameters p, zo, Q' and

the overall constant g3. Motivated by the very good results
obtained for F¥(x, Q%) within this range, we now fit the
holographic Pomeron associated with the antisymmetric
structure function g (x, Q) obtained in Ref. [8] to data
from SMC [52], E143 [53], COMPASS [24-26], and
HERMES [54] Collaborations for the proton.

Thus, firstly, we fit g'fPSTHW (x, Q%) from expression (2.53)
in the ranges 5.1x107<x<0.01 and 0.062GeV?<
0?<2.41GeV?, for which there are available data at
low x. The function (2.53) has three parameters p, z,, and
Q’, which we have already obtained by fitting to F, data.
Therefore, there is only one free parameter left, C, to fit to all
the data of g7’ In total, we have considered 56 data to fit C in
Eq. (2.53). The corresponding results are presented in the
first line of Table IL. x5 ; is 1.14. Also, we have obtained
X2 = 62, Ngor. =55 and the P-value is 0.24. Figure 12
shows the results of this fit in comparison with data as
explained in the caption. Next, we consider the sieving
procedure neglecting points such that their individual Ay? is
larger or equal to 7. This eliminates only two points. The
corresponding figure is similar to Fig. 12. This is indicated in
the second line of Table II. It is important to emphasize that
while in Ref. [8] there have been included only 30 points
from the COMPASS Collaboration with a restriction to
small values of Q2, in our present fits discussed here and
displayed in Fig. 12, we consider the whole range of
available Q7 for this measurement. This includes 56 exper-
imental points, and the fit presented in line 1 of Table II is
very good. On the other hand, for the second fit in line 2,
we have obtained y3 ; is 0.94, which is an indication of
overfitting. Also for this case, we have obtained )(tzolal =50,
Nyor =53, and P = 0.59. The parameters of the Pomeron
of these two lines correspond to line 4 of Table I, where the
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FIG. 13. Best fit of the antisymmetric structure function g?PSTHW (x, Q%) from expression (2.53) in the ranges 0.01 < x < 0.1 and
0.57 GeV? < 0% < 19.7 GeV? to data from SMC [52], E143 [53], COMPASS [24-26], and HERMES [54] Collaborations. The

parameters p, z,, and Q' have been fixed from the F’ ZBPST”W

to fit to 55 points from these collaborations.

corresponding errors are indicated. In these two cases, data
from JLab Collaboration are not included.

In addition, we have done a fit by considering the four
parameters free, i.e., with values of p, z;, and Q' not to be
fixed by fitting to F,. In this case, 3 ; gives 0.6, whichisa
signal of overfitting. The idea of this fit was to compare the
values of the parameters with those presented in Table II.

B. g/ at intermediate x values

We proceed in analogous way as in Sec. III B 1, i.e., by
considering the exchange of a second single BPST
Pomeron in the intermediate range 0.01 < x < 0.1, and
using the same strategy but now considering another single
holographic Pomeron exchange related to a Reggeized
gauge field in the bulk. We have taken the parameters p,
20, and Q' from the fit of the BPST Pomeron of Sec. III B 1.
For this intermediate range of the Bjorken parameter and
0.57 < Q% < 19.7 GeV?, there are 69 points. All parame-
ters are indicated in the third line of Table II. Since 43 ; =
2.69islarge (whiley2,,, = 183 and N, = 69, we implement
asieving, with Ay2 . = 6, which excludes nine experimen-
tal points out of the original 69, and itleads to y3  ; = 1.37,
while y¢ ., = 81, N, = 60, and P = 0.03). Finally, if we set
Ay = 4, there are 54 points, while x5 = 1.15. In this
way, we can observe that as we reduce the value of Ay?2,,, in
the sieving procedure, the value of x5 ; becomes closer to
one, but the number of excluded experimental points turns
out to be more significant. In this case, we obtain y2,,; = 62,
N, =54, and P = 0.21. All parameters are displayed in
Table II. Figure 13 shows g, as a function of Q2 for
0.01 < x <0.1. Lines 3, 4, and 5 of Table II correspond
to the set of parameters for the BPST Pomeron obtained from
the fit of F, shown in line 9 of Table I, which does not

(x, Q?) fit. Thus, as in the previous figure, there is only one free parameter C

include the JLab Collaboration. Then, in lines 6 and 7 of
Table II, we have considered the corresponding fit of F,
corresponding to line 10 of Table I, which includes the JLab
Collaboration for the measurement of F} [61]; however,
we have not included data from CLAS Collaboration
for ¢! [55]. We observe that 7, = 1.14 signaling that
the fit is good after sieving (see line 7 of Table II). In
addition, by considering again the parameters of line 10 of
Table I (with data from JLab), if we include data for gf from
CLAS Collaboration [55] the fit worsens as shown in lines 8
and 9 of Table II.

C. gl at 0.1 < x < 1 from type IIB supergravity

As in Sec. III C, the model based on type IIB super-
gravity on AdSs x S° is not able to describe data for ¢ at
0.1 <x < 1. The reason is that we cannot model a
dynamical baryon in terms of fundamental quarks in terms
of these kind of models. This is because, these type of
models do not contain flavor Dp-branes, but, even if we
would include flavor Dp-branes, the baryon mass is
proportional to N, in the large-N_. limit. On the other
hand, it would be interesting to investigate in the range
0.1 <x <1 what happens with for supergravity dual
models in the Veneziano limit [67,68]. The Veneziano
limit [69] implies that both the number of colour degrees of
freedom N, as well as the number of flavors N are taken
very large, but their ratio is kept constant.

V. AP AT LOW x FROM THE HOLOGRAPHIC
POMERON

In this section, we investigate the virtual Compton
scattering asymmetry of the proton AY for low-x values
from g; and F, discussed in previous sections.
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FIG. 14. Proton virtual Compton scattering asymmetry as a function of the Bjorken parameter for different values of Q2. Experimental

data correspond to [24,52] Collaborations.

The relation of A} with the structure functions F% and ¢
is given by the expression,

AP = 2x(1+ R) 2L (5.1)
where R is defined from the following relation involving

the longitudinal and transversal cross sections:

F
R=2L_ 7L
or 2)CF1

(5.2)

We propose to fit A? with a constant R in Eq. (5.1), with
F, and g; obtained from our previous fits in this work in
terms of the holographic Pomeron with a hard wall. The
idea is that, although R is a function of x and 02, since its
variation is smooth [70], in principle, one may consider to
carry out two fits to data of AT in the parametric regions
0.001 < x < 0.01 and 0.01 < x < 0.1, where we use the
parameters already obtained from F, and g; in previous
sections. Thus, we calculate R, which is assumed to be a
constant. We consider the following form to calculate the
virtual Compton scattering asymmetry:

BPST,
gip (%, QZ)

AP(x,0%) =2x(1 +R .
0.0 =221 4 R) T

(5.3)

There are experimental points for A? for the proton in
different regimes of x and Q2 from [24,52] Collaborations.

In the region for 0.001 < x < 0.01 and Q% < 10 GeV?,
we have 32 experimental points of AY. As already com-
mented, the parameters for the structure functions F,
and g, are taken from our previous fits in this work.
In particular, we take the values g5 = 103.73, p = 0.7729,
Q' =0.4715 GeV?, and zy, =4.894. Thus, by using
Eq. (5.3) we obtain

C =0.0145,

with a very low Value)((zi'&f = 0.53, while R = 0.97 + 0.22.
This value of R is out of the expected range. For instance,
in [71], it was measured R = o /o7 for 0.03 < x < 0.1 and
1.3 < Q% < 2.7 GeV?. They considered increasing values
of both x and Q?, and within these narrow ranges, R
decreases from 0.45 to 0.17. In addition, in [72], R has been
fitted for 0.1 < x < 0.9 and 0.6 < Q% <20 GeV?, and it
decreases from 0.2 to 0.1. We do not have a clear
explanation for this behavior, considering that in principle
it should be smaller for very small values of the Bjorken
variable. In this sense, one should take this value of R with
caution since this is a poorly known quantity [26]. On the
other hand, the very low value of )(g.o.f indicates that this fit
is no good in this region.

On the other hand, for intermediate values 0.01 < x <
0.1, with 0 < 10 GeV?, there are 38 points. Then, we
obtain

C =0.062. (5.4)
having used the following set of parameters from the F,
and g, fits:

R=15796 p=09176 Q' =047GeV?> z,=3.75.

(5.5)

By implementing the sieving procedure with Ay2,, = 6,
it has been obtained a y3  ; = 1.11, which is very good, and
R =0.37 £ 0.06. This an expected value for R for these
values of x. Figure 14 shows experimental data of AY as a
function of the Bjorken parameter, for different values of Q2
together with the corresponding best fit for intermediate
values of x. Taking into account the error bars, it is observed
a little dependence on Q2, and the curves corresponding to
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fits for different Q? values reproduce the trend of exper-
imental data. These results are compatible with Fig. 5.6 of
Ref. [73], which shows a dependence of R with x and Q?2,
related to data from COMPASS Collaboration. In this case,
for small-x values R(x) seems to develop an x dependence,
while for intermediate values of x, it seems to be a constant
R =~ 0.4. Our results for intermediate values of x are
compatible with this constant behavior.

VI. CONCLUSIONS

In this work, we have presented several results, where the
common idea is to investigate how well string theory
holographic dual models fit experimental data related to
the proton structure functions. Moreover, in the case of
polarized DIS, the formulas used are also valid for a domain
of very small x and Q% > 10 GeV?, where it is expected to
have precision measurements by when the Electron-lon
Collider starts its experimental program. Thus, the pre-
dictions we discuss in this work will be even more
interesting in the forthcoming years, specially for polarized
structure functions of the proton.

In the Introduction and in Sec. II, we have very briefly
reviewed the basic aspects of the formalism needed to
understand the holographic dual models we have used to
compare with data. Then, in Sec. III, we have extended
the fits of F%(x,Q%) from 249 to around 500 points
from different collaborations, obtaining a very good fit,
described in Table I and in that section. The studied range
of x is ten times larger than the range considered in previous
works. This is very interesting since it tells us that the BPST
Pomeron has the ability to describe the parametric values
of the Bjorken variable where, in principle (and perhaps
naively), one would had expected that string theory
scattering amplitudes provide the relevant contribution.
Our results show that the BPST Pomeron works well.
On the other hand, the string theory scattering amplitudes
produce a (A?/Q?)™! factor, which behaves opposite to
the trend of experimental data. From the values obtained for
the fits of F%'(x, 0?) presented in Table I, we can observe
that p = 2/ /A¢ Hooft iNCreases from values of the Bjorken
parameter x < 0.01 towards the range [0.01, O.1]. This
shows a trend for the coupling A, yo01» Which decreases as x
increases. Taking into account that xs = 0?, at a fixed
center of mass energy /s, the Bjorken parameter becomes
proportional to Q7. It therefore means that by increasing x
in these conditions, we may expect that the 't Hooft
coupling decreases, which is consistent if Q? increases.
The values of the z; IR cutoff sightly decreases as x
increases, meaning that the IR energy cutoff increases less
than 2% (if we compare lines 2 and 9 of Table I). The
variation of Q', which is related to the proton mass, is about
6.5%. The larger variation among these parameters is
associated with the g% overall constant, which is just a

normalization. From this analysis, one may infer that the
results obtained using two different BPST Pomerons, one
for exponentially small x and another for moderately small
values of the Bjorken parameter, are consistent with
experiments. This suggests that there should be a depend-
ence of the holographic Pomeron with A yoor(Q?), not for
the superconformal N' =4 SYM theory, but for a gauge
theory with logarithmic running as in QCD. One should
keep in mind that each BPST Pomeron that we have used
has only four free parameter to fit more than 200 data for
each range of the Bjorken variable.

An interesting point to mention is related to five-
dimensional AdS/QCD models. In particular, considering
holographic light-front QCD and the Veneziano model, the
scale dependence of the nonperturbative gluon distribution
in the nucleon and the pion has been investigated in [74].
The mentioned gluon distribution was derived in [75]. In
[74], it has been argued that the QCD evolution of the gluon
distribution function g(x, u) to large values of the scale x>
leads to a single scale-dependent Pomeron. Then, the
Pomeron trajectory depends on the momentum transfer
squared ¢, and on the physical scale y of the amplitude, such
as the virtuality Q? of the interacting photon in inclusive
diffractive electroproduction. This is consistent with our
finding for DIS of electrons off protons obtained from top-
down string theory dual models, namely: a single-scale
independent BPST Pomeron cannot give a good description
of the experimental data of the proton structure functions;
instead, one needs to consider a second BPST Pomeron.
Once the two BPST Pomerons are considered for different
ranges of the Bjorken parameter, the description becomes
very good. As explained before, this result suggests that
there should be a single BPST Pomeron with a dependence
on A goot (@), the running 't Hooft coupling.

We should also notice that phenomenological studies of
meson spectroscopy using the soft-wall model [76] give a
better comparison with data than top-down models. This is
due to the fact that a quadratic dilaton profile leads to a dual
theory with linear confinement. In this case, the meson
masses squared mﬁ ¢ are proportional to S + n, with high
spin S and high radial excitation number 7. In the case of
mesons as well as baryons, their spectra have been obtained
using the light-front holographic dual framework, consid-
ering both the hard-wall and the soft-wall models [77]. The
results for the spectrum, elastic, and transition form factors
of the light-quark hadrons in terms of the QCD gap scale
are remarkably good. Hadron spectra from AdS/QCD,
including baryons, are revisited in Ref. [78]. Also, hadron
spectra have been obtained from deformed AdS back-
grounds in terms of the soft-wall model, including glue-
balls, scalar and vector mesons, and baryons with different
spins [79]. Recall that the soft-wall model is a bottom-up
approach. As commented in Ref. [80], it is very difficult to
derive it from superstring theory. In fact, there is no such a
derivation at present. Thus, this model may be interpreted
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as a local five-dimensional effective Lagrangian interpolat-
ing between the low-energy and high-energy limits of QCD
[76]. On the other hand, the interest of our present work is
to investigate whether certain holographic dual models
derived directly from superstring theory are able to describe
experimental data related to the structure of spin-1/2
baryons, in particular, the proton structure functions. The
motivation which drives our interest is an old question
about whether or not fundamental strings are related to
strong interactions. We know that qualitatively there is a
relation in terms of the gauge/string theory duality. The
question we investigate is at what extent fundamental
strings can describe the hadron structure, by direct com-
parison with experimental data of several observables.
We have also investigated the situation of polarized
DIS. In this case, there are two very relevant quantities,
namely: ¢¥(x, %) and the virtual Compton scattering
asymmetry A (x, 0?). For gf (x, 0%), the number of points
we have considered is about twice the number of points
considered in previous studies. The results of the fits using a
holographic Pomeron for x < 0.01 and a second one for the
range [0.01, 0.1] are very good. This reinforces the
idea previously commented about the need of considering
a running coupling in the holographic Pomeron. The
experimental data for polarized DIS are in the range
0.06 GeV? < Q% < 2.41 GeV? atlow x, and 0.57 GeV? <
0? < 19.7 GeV? at intermediate x. Moreover, the formulas
we have considered for this holographic Pomeron, which are
based on the exchange of a single Reggeized gauge field in
the AdSs x S° bulk, are valid for small x values and Q?
corresponding to the polarized DIS at the EIC. Thus, our
predictions will be very interesting for polarized data to be
measured at the EIC. In this case, there is only one remaining
free parameter to fit over 50 experimental data of g, (x, Q?).
Also in this context, with the values of the parameters
corresponding to the fits of F, and g, we have calculated the
virtual Compton scattering asymmetry A7 and then com-
pared this prediction with experimental data. In this case, we
have also obtained a very good level of agreement. For this
quantity, we have also obtained predictions for future EIC
measurements for Q> > 10 GeV? and very small x values.
Very important efforts have been carried out in the last
years to understand the origin of the proton spin. In this
search, the EIC was conceived to be the most powerful
collider to achieve this goal, through measurements with
high precision and wide range of Q. In the case of the
antisymmetric structure function of the proton g%, it is also
expected to obtain extremely precise measurements at
values of x down to 10~ [3,81]. Particularly, related to
the expectations of the EIC program concerning polarized
scattering processes, very interesting results have been
obtained for g¥' in Ref. [82]. They generated pseudodata
calculating that function and other observables. They
carried out an extrapolation to the kinematic region of
the expected EIC measurements of ¢F. During the

extrapolation from measured data for x in [1072,1] to
the expected new experimental data from EIC, it is assumed
that the parton distribution functions have certain form, and
also their Q% dependence is dictated by DGLAP evolution.
These two hypotheses, which are instrumental in the
analysis developed in Ref. [83], lead to predictions for
extremely low x values, that can be compared with the
results of our calculations using the holographic Pomeron.

A different approach has been developed by Kovchegov
et al. [84], also obtaining a different prediction for ¢! at the
EIC range for low x and the values of Q. Their evolution
equations consider the polarized color-dipole scattering
amplitude toward small values of x. This procedure leads to
predictions for helicity parton distribution functions and for
gt at small x from perturbative QCD.

At this point, an important question is why the holo-
graphic Pomeron works. For very low values of x, say
smaller than 0.01, we have shown that experimental data of
several observables are described well. In order to under-
stand it, we very briefly recall the argument of Brower,
et al. [18]. For simplicity, let us assume conformal
dynamics. Then, consider the 2 to 2 scattering amplitude
of states of a conformal field theory (for this case, N' = 4
SYM theory). This process is dual to the 2 to 2 scattering of
closed strings in type IIB string theory in the AdSs x S°
background. Using the metric (2.2), the radial coordinate z
is related to the energy scale of the NV =4 SYM theory at
the AdS boundary (z — 0 which corresponds to the UV
limit of the field theory). It has been shown in [18] that the
BPST Pomeron kernel for the Mandelstam variable ¢ = 0,
is given by the following expression:

/BPST

570
Kernel z,7,8)=
BPST( ) (47TDBPST In S) 1/2
xexp[~(Inz' ~Inz)*/(4Dgpsr In 5)],

(6.1)

where there is a diffusion constant: Dgpgr = 1/ (2/11/1_2100ﬁ)+

O(ﬂzhooft) and ngST =2- 2//11/I§ooft + O(l;%{ooft)' Now,
let us compare this expression with the BFKL Pomeron
kernel, which obviously has a very different interpretation,
being obtained from perturbative calculations in the
large N, limit. The corresponding single BFKL-Pomeron
exchange scattering amplitude between two hadrons whose
structure is described by the impact factors ®(p,) and
D,(p’, ), respectively, is given by

dp, [dp
E— ,l @, (p, )Kernelgpgy (p 1. p'.s)Pa(p')),
pP1 Py

(6.2)

where p | is the transverse momentum with which the first
hadron is probed by the BFKL Pomeron, and similarly, p’,
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is the transverse momentum with which the second hadron
interacts with it. A good approximation for this kernel gives

Kernelggr. (p1.p', . 5)

SngKL
~ <4”DBFKL In S)I/Q exp[_(ln Pﬁ_ —In pl)2/<4DBFKL In S)],

(6.3)
where now the diffusion constant becomes

7¢(3)

DBFKL = W’lt Hooft» (64)

and jEFKE = 141020, yoon. It is effectively a diffusion

kernel, with diffusion in In p,, over a diffusion time
7= In 5. It is important to stress that the BFKL Pomeron
is valid for small A, yoof» While the BPST Pomeron was
derived for large coupling. Now, let us compare the BPST
Pomeron kernel (6.1) with the BFKL Pomeron one (6.3).
One can see the identification of 1/z with p | . Notice that in
both cases, there is the same diffusion time. Thus, there is a
connection between the Reggeized gluon of pertubative
QCD and the Regge limit for a propagation of a closed
string in AdSs x $° [18].

Recall that a single holographic Pomeron exchange
dominates at large N, and at a large center of mass
energy /s. At finite N, the multi-Pomeron exchange
could become the leading contribution as s increases. In
this work, we have considered only a single holographic
Pomeron exchange, and the results of the comparison with
experimental data are very good. In any case, the question
of the role of 1/N?2 contributions is very important. In the
context of the BPST Pomeron, it was studied by consid-
ering the eikonal approximation in [45-49]. For F), it was
investigated in [18], concluding that the onset of saturation
occurs for very small values of Q2.

Another very interesting result is the fact, already
commented, that the expressions we use for the holographic
Pomeron are valid for extremely small-x values, and for Q?
typically larger than 1 GeV?, which avoids saturation
effects, and smaller than the domain where electroweak
interactions become relevant. In this sense, our predictions
offer the possibility to investigate and compare with the
situation of polarized DIS at the EIC.

For intermediate values of the Bjorken parameter, it was
derived the DIS hadronic tensor using a local approxima-
tion for the string theory scattering amplitudes for glueballs
in [19], for spin-1/2 hadrons in [8], and for mesons in [29].
First of all, let us emphasize that one crucial difference
between the holographic dual description of mesons is that
simply using probe flavor Dp-branes a dynamical meson
can be described in terms of fundamental open strings
attached to the flavor Dp-brane. On the other hand, glue-
balls are described as closed strings. However, there are no

dynamical baryons constructed from fundamental open
strings. This is because they must end on a baryon vertex,
for instance, a D5-brane wrapping the S° [85] (also
[86,87]). Thus, their masses scale as N,., which in the
gauge/string theory duality approximation is very large. In
this discussion, we neglect corrections of the order
1/NZ = Giying- related to the string coupling, corresponding
to the world sheet topology of the torus. The issue is that in
the string theory scattering amplitude calculation a certain
approximation is made, and consequently, it turns out that
diffusion in the radial coordinate is neglected. The result
for the spin-1/2 fermions is that the (A?/Q?)*! power
behavior is the opposite to the trend indicated by experi-
ments. On the other hand, it turns out that we can fit data
very well by considering a single-holographic Pomeron
exchange. As it was explained in this section, this is
compatible with a running coupling dependence of the
holographic-Pomeron kernel.

The supergravity dual description related to the s-
channel of forward Compton scattering cannot be used
to compare with data. The reason is that as explained in the
previous paragraph, there are not top-down holographic
models, even including flavors, with the ability of repre-
senting dynamical baryons composed of fermions in the
fundamental representation in the planar limit. Thus, since
for 0.1 <x <1 DIS is dominated by valence quarks,
apparently there is no known way top-down dual super-
gravity models give a correct description of DIS in the case
of baryons.

We should mention that in terms of the so-called holo-
graphic QCD (AdS/QCD or bottom-up models), many
important hadronic properties have been investigated.
Related to hadron structure it is interesting to mention,
for instance, the calculations with the soft Pomeron in
holographic QCD developed in Ref. [88]. A very interest-
ing result derived from holographic QCD is presented in
[89] where the authors fit F, as a function of the Bjorken
parameter for 249 points from HERA, for x < 0.01 and
0.1 < 0% <400 GeV? with a y3 ; = 1.7, which is to be
compared with the corresponding one for the BPST
Pomeron in this region (see line 1 of our Table I). While
in the BPST Pomeron fits (lines 1-4 of Table I) there are
four free parameters, in the case of Ref. [89], there are nine
free parameters. In a previous paper [90], it was considered
holographic QCD with nonminimal coupling contributions,
obtaining x5 ;= 1.1 using 14 free parameters. Also, the
BPST Pomeron in holographic QCD has been studied in
[91] for the calculation of F,. Generalized parton distri-
bution functions of quarks and gluons in holographic QCD
have been studied for different observables and compared
to experiments [92]. With respect to the Veneziano limit
that we commented before for top-down models, in [93],
the authors initiate a study of Regge theory in a bottom-up
holographic model for QCD.
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APPENDIX: BRIEF COMMENTS ON THE
SIEVING METHOD

In the fits to experimental data described in this work,
we have used the sieving method described by Block in
Ref. [51]. This method contains several steps that we
briefly explain below.

Step 1 : In order to carry out a robust fit to all data, one
firstly minimizes the Lorentzian squared function A3,
which is defined as

N
A2 = Zln(l + 0.18Ax2 (x;, @)),

i=1

(A1)

where «a = {ay,...,ay} represents the space of
parameters corresponding to the function that we want
to compare to data. A set of experimental data indicated
by y={yi,...,yn} corresponds to the values of x =
{x1,...,xy}, respectively. In the cases we present in this
work, x; can be either the value of the Bjorken parameter or
the value of the squared of the virtual-photon momentum
transfer, Q?, at which the structure function is measured.

1.20 1 o

1.18

1.16

Rx?

1.14 4

1.10 4

For instance, in the first situation, we have y; = F,(x;, 0?),
which corresponds to an experimental set of data for a
certain fixed value of Q2.

Then, one defines

Ayi (xj @) = <L(x,a)>2

O

(A2)

where y(x;,a) is the theoretical value and o; is the
experimental uncertainty corresponding to that point, y;.
This object will allow us to quantify how far a certain
experimental point y; lies from the signal and therefore,
to identify whether this point can be considered as an
“outlier.” Specifically, if y2, = > | Ay?(x;, @) obtained
after minimizing A(Z) is satisfactory, then one carries out a
conventional y? fit, and the uncertainties of the parameters
a can be calculated. As a standard convention, when y2. is
close to the number of degrees of freedom (N — M), it is
considered to be satisfactory. On the other hand, if y2,
turns out not to be satisfactory, one should follow step 2.

Step 2: Then, one uses the regressors obtained from
the fit with A} and calculates Ay?(x;, a) for each one of
the N points.

Step 3: Next, a certain value Ay?2,, is set to carry out the
sieving. It means that points such that Ay?(x;, @) > AyZ..
are to be excluded. The idea is to set AyZ,. as large as
possible in order to eliminate only “outliers,” thus trying to
minimize the number of points of the signal which would
be excluded arbitrarily by the sieving.

Step 4: With the not-excluded points in the previous step,
one calculates the usual )(fnin. This result has to be corrected
due to the truncation (elimination) of the points through the
discussed sieving mechanism. This correction is imple-
mented in terms of a factor R, which in turn depends upon
AyZax. If the corrected y2.  is acceptable in the conven-
tional sense, then one follows step 5. Otherwise, if the
corrected y2. is not acceptable, and if AyZ,, is not too
small, then one can still choose a smaller value of Ay2,.

300 . . °
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FIG. 15. Panel (a) corresponds to the normalized ;(ﬁ_o'f' as a function of AyZ,,.. Panel (b) shows the number of experimental points after

sieving as a function of AyZ,.
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and return to step 3. The limiting value for the algorithm to
work is AyZ. > 2 [51].

Step 5: From the fit developed in the previous step, using
the sieved data, one obtains the set of parameters a. Then,
the uncertainties of such parameters can be calculated
from the covariance matrix, which is a M x M square
matrix. Also, this matrix must be corrected by multiplying
it by a factor r,2, depending on Ay

It is worth to say that the value of )((21. o.r. Obtained from the
sieving is not necessarily closer to 1. This is due to the
normalization constant, which increases as Ay?2 ., decreases.

As an example, Fig. 15 displays the normalized y3
[panel (a)] and the number of experimental points
[panel (b)], after sieving, as function of Ay?2,, for the fit
of F, in the case of the BPST Pomeron for 0 < x < 0.01.
We can observe that Ay2,, = 4 is a good value for sieving
since the number of excluded experimental points is small
and )(?i,o‘f. is close to 1, even closer than for any other AyZ ...
Notice that still for smaller values of Ay2,, as 2 or 3, which
implies excluding more experimental points, the fit does
not improve in comparison with the mentioned case
for Ay2. = 4.
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