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We use holographic QCD to study Pomeron- and Reggeon-mediated central production in Regge
regime hadronic scattering. We focus specifically on η production in proton-proton collisions. While
previous work studied the Pomeron-mediated process, the mesonic Regge trajectories (“Reggeons”)
we now incorporate contribute significantly at experimentally probed energies. We use the five-point
open string amplitude (in flat space) to construct approximate propagators for the Reggeon states,
and the five-point closed string amplitude for the Pomeron. Using these “holographic” Reggeons
and Pomerons, and low-energy couplings derived in the Sakai-Sugimoto model, we compute the
differential and total cross sections at
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our result and the measured value may indicate that our model systematically underestimates the
values of the relevant coupling constants.
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I. INTRODUCTION

The holographic approach to hadronic physics is built on the conjecture that there exists a duality (or mapping)
between non-supersymmetric gauge theories such as QCD, and string theory on a hyperbolically curved background.
AdS/CFT —or, generically, gauge-string duality— is a weak-strong mapping: perturbative calculations in the curved
space string theory yield first principles predictions for strongly coupled hadronic physics. This idea has been used to
analyze light meson and glueball states with reasonable success [1, 2], and has also been extended to study baryons
[3].

Most work in holographic QCD assumes vanishing string length (α′ → 0). In this approximation, the curved space
string theory reduces to supergravity, a (relatively) tractable classical field theory with a finite number of fields. Since
string theory excitations are either massless or have masses proportional to the inverse string length, the α′ → 0
limit truncates the string spectrum to massless fields of spin 2 or less. This is certainly a reasonable approximation
for very light states and very low energies. However, empirical evidence suggests that there are finite mass hadronic
excitations which are not captured by this approximation [4]. These include higher spin states such as the ρ3 and
ρ5, as well as some of the more esoteric spin 1 mesons like the h1/b1 [5]. Even at low energies, then, it is clear that
supergravity cannot be the whole story.

The problem with the supergravity limit is most apparent, however, in the Regge regime of hadronic scattering.
(That is: high center-of-mass energy s and small momentum transfer t processes.) In fact, the first string theories[6]
were developed as phenomenological models for Regge regime hadronic scattering – because ordinary point particle
theories did not do the job.

The Regge regime’s small momentum transfer (t << 0) implies that the incoming states exchange strongly coupled
objects (i.e. mesons or glueballs). At the same time, the amplitude for exchanging a spin J state scales as sJ , so
higher spin excitations dominate for large center of mass energy s. Summing up the contributions from all t-channel
poles requires an excursion into the complex J plane, and yields an amplitude that is proportional to sα(t), where α(t)
is a linear function [7]. One of the great revelations of this program was the fact that this linear function is precisely
the same as the one that describes the Regge trajectories of the mesonic spectrum. String amplitudes in flat space
exhibit precisely this kind of Regge-regime behavior.

Outside the Regge regime, of course, flat space string amplitudes fail to capture the behavior of hadronic scattering.
This – and the advent of QCD – led to the abandonment of string theory as a viable description of hadrons. While
this is certainly true of flat space string theories, gauge-string duality suggests that a curved space string theory – the
holographic dual of QCD – might do the trick.

The Regge regime is thus essential to understanding (and testing) gauge-string duality. It is a setting in which the
holographic approach produces results that are distinct from phenomenological setups such as the chiral Lagrangian.
It also opens the door to a wealth of experimental data that can shed light on parameters appearing in low-energy
processes.

Regge regime scattering has received less attention in the holographic QCD community because an honest treatment
of the string dual requires prohibitively complicated curved space string calculations. Progress in this area thus requires
some form of approximation. For instance, the nice work of [8] studied 2→ 2 and 2→ 3 string scattering in a simplified
spacetime (AdS5), and using a perturbative expansion in the inverse AdS radius. This helped to elucidate the nature
of the Pomeron trajectory (discussed in more detail below) in a holographic context, and made a connection between
the “hard” (perturbative) Pomeron and the “soft” Pomeron of the Regge regime. It is also possible to analyze the
structures of Reggeon and Pomeron trajectories and how they impact scattering in soft or hard wall holographic QCD
models [9]. Finally, work has been done on using effective string theory in an arbitrary number dimensions to compute
Regge trajectories [10].

Others have used a more phenomenological approach, aiming to apply gauge-string techniques to actual experi-
mental data. The practical approach of [11], which we adopt here, is as follows. (1) We assume that string scattering
amplitudes in weakly curved backgrounds have roughly the same structure as flat space amplitudes, but that the
defining parameters (e.g Regge slopes and intercepts) take on different values than in flat space. (2) Furthermore, the
Regge regime amplitudes are determined in terms of low energy couplings calculable in the supergravity limit. We
make predictions for Regge regime scattering processes by studying the exchange of the lightest mesons or glueballs,
and “Reggeizing” the result: in other words, replacing single particle propagators with the Regge regime propagators
we derive from string scattering.

In sum, this hybrid approach is intended to bridge the gap between low-energy AdS/QCD models where hadronic
couplings can be worked out explicitly, and the high-energy Regge-regime processes.

In this paper we use the famous Sakai-Sugimoto model of holographic QCD [1], which is based on a D-brane
intersection in Type IIB string theory. For a generic point in parameter space, this model in principle displays
the full complement of hadrons – including arbitrarily high spin states. The “correct” approach would then be to
study Regge-regime scattering in this curved space stringy arena. However, even determining the effective slope of
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the hadronic Regge trajectories (related – but not equal – to the string length) in this background is prohibitively
difficult.

To make any numerical statements, we are forced to work in a limit where the model is tractable – that is, where
both (1) the string coupling is small (dual to large Nc), and (2) the characteristic string length is small (dual to
large λ and zero-slope Regge trajectories, so that higher spin particles have effectively infinite masses). This is, as
stated above, a classical field theory for which we have a known action: supergravity plus the Dirac-Born-Infeld
and Chern-Simons actions for D-branes. The action allows us to explicitly write down couplings between effectively
four-dimensional supergravity fields, which are dual to mesons and glueballs of at most spin 2.

The “bridge” between this theory of low-spin, low-energy hadrons and Regge regime scattering originally proposed
in [11] makes use of the fact that these low-spin hadron couplings determine (up to t/s corrections) the way that
the Regge trajectory of higher spin states above each low-spin hadron couples. As we cannot calculate the slopes of
these trajectories in Sakai-Sugimoto, these values must be inferred through comparison with data. The slope and
intercept of the ρ-meson trajectory may be determined using the known masses of higher spin ρ-mesons. The slope
and intercept of the glueball trajectory, meanwhile, are determined by fitting to elastic proton-proton scattering, since
we lack direct experimental data about the glueballs.

This approach led to promising results for high center-of-mass energy pp and pp̄ scattering where Pomeron exchange
dominates [11]. In gauge-string duality, this is equivalent to the external protons exchanging a single closed string.
Though distinct from standard Regge phenomenology in a variety of ways, this string-inspired analysis yielded a similar
form for the scattering amplitude. In [12], a 2 → 3 scattering process was studied, in the hopes of illuminating the
distinguishing characteristics of the gauge-string approach. The focus was on the pp→ ppη and pp→ ppη′ processes,
mediated by double Pomeron exchange. The five-point closed string amplitude has more complex structures than
the four-point amplitudes of [11]. In particular, the relatively small mass of the η implied a kinematic regime with
an amplitude clearly distinct from that of naive Regge phenomenology, where central interaction vertices—not just
propagators—are modified in the Regge regime. The pp → ppη process has an additional advantage: it is natural-
parity violating, so that in the dual model the coupling arises from a Chern-Simons action. This means, in practice,
that its interaction with Pomeron or Reggeon trajectories is dictated by a small number of couplings, whose values
are relatively model independent (as described in more detail below). It can thus be used as a means to study gauge-
string duality in general, rather than just one specific low energy model. In [13], a similar approach was applied to
the central production of tensor glueballs, showing that the method can be generalized to various processes.

In this work, we complete the study of the pp → ppη process in the Regge regime. The work of [12] included
only Pomeron exchange. Here, we include Reggeon exchange as well, which gives a significant contribution at the
energy (

√
s = 29.1 GeV) where experimental data exists. This process requires us to generalize the techniques of

[12] to include open string processes. New subtleties arise in defining the Reggeziation prescription for open string
amplitudes, and the modification of internal open string vertices.

The outline of this work is as follows: in Section II we briefly review holographic QCD and the Sakai-Sugimoto
model. We then sketch the derivation of and results for the relevant meson, glueball, and baryonic vertices, most
of which have already appeared in the literature. Using these vertices, we compute the differential cross section for
pp→ ppη mediated by the lightest (and lowest spin) particles on the Regge trajectories, in section III. In Section IV
we describe our new “Reggeization” procedure for lifting the low energy amplitudes to their Regge limit equivalents,
and compute the differential cross section, including both Pomeron and Reggeon contributions, in the Regge regime.
In Section V we display numerical results for the (differential) cross section and compare to existing data, finding a
significant discrepancy between the two. In Section VI we summarize our results and provide concluding thoughts.
Appendix A includes the details of the calculations for Reggeization.

II. LOW ENERGY COUPLINGS FROM HOLOGRAPHIC QCD

Holographic QCD is based on the assumption that there exists a string theory on a (hyperbolically) curved 5d
space that is dual to QCD. In other words, the physics of the 4d gauge theory (QCD) can be mapped onto objects
and processes in the 5d dual. While the exact form of the 5d dual theory is difficult to write down, approximate
frameworks capturing the symmetry and symmetry-breaking patterns of QCD can help us gain insight into hadronic
physics, and into gauge-string duality itself.

A variety of holographic QCD models have appeared in the literature, but most have the same general structure.
Weak coupling and weak curvature in the string theory map to large Nc and strong coupling in QCD. Perturbative
calculations in the string theory thus model strongly coupled large Nc QCD behavior. In general, holographic QCD
models make use of string theory in the presence of intersecting stacks of D-branes. When the number of branes in
the “color” stack is taken to infinity, we can treat the color stack entirely in terms of its supergravity background
(in other words, how the stack deforms spacetime). Closed strings living in the background have no color or flavor
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indices1 and are thus dual to glueball states. Open strings (coresponding to mesons) can only end on stacks of (probe)
D-branes that reproduce the flavor group. They transform in the (anti)fundamental of the flavor group, and are thus
associated with mesonic states. Baryons arise in a somewhat more complicated manner. In large Nc QCD, their
masses are proportional to Nc. In holography, this behavior is associated with wrapped D-branes which are point-like
on the flavor branes. They interact with the fields on the flavor brane: one can equivalently think of them, therefore,
as solitons of the flavor brane action.

For concreteness, we use the Sakai-Sugimoto model [1], which we now describe in more detail. This top-down
construction has the advantage (over successful bottom-up models such as [14]) that it contains relatively few free
parameters, and unambiguously prescribes all low-energy couplings via the supergravity action.

The supergravity background is generated by a stack of Nc D4-branes (Nc →∞). Wrapping the D4-branes around
a spacelike direction of finite radius [15] induces confinement in the gauge theory. The spacetime, as a result, assumes
a cigar-like geometry. In the limit of vanishing string length, the closed strings propagating on the curved background
reduce to the supergravity fields: the metric, the dilaton, etc. The graviton lives in 10d, but one can decompose
it according to the transformation properties of its components under the 4d Lorentz group. In addition to scalar
and spin 1 pieces, the graviton contains a part that transforms as a 2++ state in 4d. This corresponds to the spin 2
glueball, the lightest state on the Pomeron trajectory, which is the only glueball of interest to us here.

Adding stacks of Nf D8-branes and Nf D8-branes to the D4 background models the U(Nf )L × U(Nf )R flavor
symmetry. Open strings ending on these “flavor branes” are dual to mesons. When Nf � Nc, we can treat the D8s
as probes. That is, we neglect their backreaction on the D4-brane geometry, and simply find the energy-minimizing
shape they assume in the curved background. For this “cigar” background geometry, the D8 and D8 stacks join
together and form a U -shape. This is a geometric realization of chiral symmetry breaking: near the boundary of the
space (dual to high energies) the flavor configuration looks like two stacks of branes, symmetric under swaps of the
D8s and D8s. In terms of the field theory, this is symmetric under chiral symmetry transformations. Near the bottom
of the space (the tip of the cigar), the branes fuse into a single stack. The U(Nf )L × U(Nf )R flavor symmetry is
broken to U(Nf )V . The fields living on these flavor branes correspond to meson states. The only relevant field for us
is the non-abelian gauge potential AM . This has parts that transform as vectors under the 4d Lorentz group, which
correspond to vector mesons like the ρ and ω. The parts of AM that transform as scalars, meanwhile, correspond to
towers of pseudoscalars: the η, the πs, etc.

As Nc →∞, the D4 branes deform the spacetime to a metric of the form

ds2 = g̃MNdx
MdxN =

(
U

R

)3/2 (
ηµνdx

µdxν + f(U)dτ2
)

+

(
U

R

)−3/2 (
f(U)−1dU2 + U2dΩ2

4

)
(1)

eφ = gs

(
U

R

)3/4

, F4 = dC3 =
2πNc
V4

ε4 , f(U) ≡ 1− U3
KK

U3
.

The xµ (for µ = 0, 1, 2, 3) denote flat “field theory” coordinates parallel to the D4 stack, while x4 ≡ τ represents
the direction wrapped by the D4s, with τ ∼ τ + 2πM−1

KK . The radial direction perpendicular to the D4 stack is U .
To eliminate a possible conical singularity, the radial coordinate U is bounded from below at a finite value U ≥ UKK .
The remaining directions form an S4 transverse to the branes with dΩ2

4 the associated metric and ε4 its volume form.
The length scale R describes the curvature of the spacetime. We can express the Yang-Mills coupling gYM and the
Kaluza-Klein mass MKK in terms of supergravity parameters UKK , the string coupling gs, and the string length ls:

MKK =
3U

1/2
KK

2R3/2
, g2

YM = 2πMKKgsls , R3 = πgsNcl
3
s =

g2
YMNcl

2
s

2MKK
. (2)

The low energy field theory will then depend only on these two free parameters, whose values we need to fix in order
to generate a fully predictive framework. We will take the standard approach of using the experimental values of the ρ
meson mass and the pion decay constant to do this. It is possible that better agreement between this model and QCD
might be obtainable by using a range of experimental values, but since we are interested only in a heuristic estimate
for our final results (and because we know that Sakai-Sugimoto is not an exact QCD dual) it seems reasonable to use
this simpler approach. In the Sakai-Sugimoto model [1], one finds

mρ = 0.67MKK and f2
π =

1

54π4
g2
YMN

2
cM

2
KK . (3)

1 The number of colors in QCD, Nc, is related to the radius of curvature of the background, but this does not mean that the closed strings
have color charge.
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The observed values are mρ = 776 MeV, fπ = 93 MeV.
As noted above, the flavor D8s assume a U -shaped solution in the (U, τ) plane, described by

τ(U) = ±U4
0

√
f(U0)

U∫
U0

dU(
U
R

)3/2
f(U)

√
U8f(U)− U8

0 f(U0)
. (4)

This solution depends on a constant parameter U0, which denotes the lowest radial point the flavor branes reach
along the U direction. We set U0 = UKK in what follows. The lowest (radial) point of the flavor brane stack thus
passes through the lowest point in the spacetime. In this case, the endpoints of the D8 stack as U → ∞ lie at
antipodal points on the τ circle.

The full system is described by the bulk supergravity and flavor brane actions:

S = Sgrav + SDBI + SRR , (5)

Sgrav =
1

2κ2
10

∫
d10x

√−g
{
e−2φ

(
R+ 4(∇φ)2

)
− (2π)4l2s

2 · 4!
F 2

4

}
, (6)

SDBI = −T8

∫
d9xe−φ Tr

√
−det (g̃MN + 2πα′FMN ), (7)

SRR = T8

∫
D8

C ∧ Tr

[
exp

{
F

2π

}]√
Â(R) . (8)

Here κ10 is the 10-dimensional Newton constant, T8 = (2π)−8l−9
s is the D8-brane tension, g̃MN is the pullback of the

background metric onto the D8-branes, and FMN = ∂MAN −∂NAM − i[AM , AN ] denotes the field strength of U(Nf )-
valued gauge fields living on the branes. The traces run over U(Nf ) indices, with normalization Tr(T aT b) = δab/2.
The D8-branes wrap the S4 transverse to the D4-branes in (1), but we will assume that none of the fields depend on
these coordinates. We can thus trivially integrate out the S4 in what follows.
SDBI is the standard DBI D-brane action. When decomposed order by order in fields, it yields kinetic and

interaction terms for the brane gauge fields.
In the Ramond-Ramond (RR) action, meanwhile, C denotes a sum over background RR forms. In our case, the

only non-zero contribution comes from C3, whose field strength is proportional to the volume form on the S4. Since
the integral is over the D8 worldvolume, we have to fill in the six remaining directions in the wedge product with
factors of the gravitational curvature two-form R, and the gauge field strength two-form F . These factors will appear
in the expansion of the exponential

eF/2π = 1 +
1

2π
F +

1

2!(2π)2
F ∧ F +

1

3!(2π)3
F ∧ F ∧ F + . . . (9)

and of the A-roof genus Â(R), a sum over Pontryajin classes (pi):

Â(R) = 1− 1

24
p1(R) + · · · = 1 +

1

192π2
TrR∧R+ . . . (10)

Note that this trace, unlike the one in SRR, is over the Lorentz indices of the curvature two-form, related to the
Riemann tensor as RMN = 1

2R
MN

AB dxA ∧ dxB . We stress that the central vertices in our 2 → 3 process will come
entirely from these Chern-Simons terms, and are related to the gauge and mixed gauge-gravitational anomalies in
QCD. As a result, the couplings and the low energy amplitude are relatively model-independent.

In principle, the above actions contain all of the possible excitations in the system, including baryons. As noted
above, baryons are solitons of the flavor brane fields, but treating them as classical solitons is not only analytically
difficult, it ignores the fermionic nature of these objects. It will be more convenient and accurate, then, to introduce
an effective action for the protons, that appropriately models their fermionic properties. We describe this effective
action, Sf , in subsection II C.

Let us now consider the relevant parts of the spectrum and couplings in more detail. Each brane and bulk field
can be decomposed in a Kaluza-Klein tower of modes along the U direction. The free equation of motion for the
field amounts to an eigenvalue equation as a function of U , with the eigenvalue being the 4d momentum squared,
k2. Solutions to the equations of motion which vanish rapidly as U → ∞ are “normalizable modes” and serve as
the KK basis in which to expand the 10d fields. Individual meson and glueball states are dual to normalizable
modes associated with a given eigenvalue – i.e. a given fixed value of the 4d mass squared. The cigar shape of the
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geometry (i.e. confinement) gives rise to a discrete spectrum. Each 10d field generates a tower of states, with the
same spin, C, P quantum numbers, but higher and higher masses. The masses are inversely proportional to the radius
of compactification in the τ direction.2 Evaluating the supergravity action on these mode expansions, and integrating
out the U direction, one finds an effective 4d Lagrangian with an infinite number of 4d mesons and glueballs, along
with couplings between them. Here, we are only interested in the lightest of these KK states, equivalent to the lightest
states on the leading meson and glueball Regge trajectories – which dominate in the Regge regime.

A. Glueballs

The 10d graviton hMN contains pieces that transform as spin 0, spin 1, and spin 2 objects in 4d. These are dual
to spin 0, 1, and 2 glueballs. Only the latter (hµν) is relevant to our analysis. The glueball spectrum was originally
derived in [2]. Here we simply rewrite [2]’s results in terms of our coordinates and parameters.

We expand the action (6) to second order in small perturbations h̃AB around the background metric g̃AB given in
(1):

gAB = g̃AB − h̃AB . (11)

Choosing a gauge where h is traceless we can write the spin 2 piece as an expansion over eigenfunctions along u, a
dimensionless version of the radial coordinate U :

u ≡ U

UKK
, (12)

so then

h̃µν(x, U) =

(
UKK
R

)3/2

u3/2
∞∑
n=1

T̃n(u)h(n)
µν (x) , (13)

where T̃n(u) are the wavefunctions in the u direction, and h
(n)
µν are the coefficients in the expansion (which correspond

to 4d states). Note that in terms of u, the function f(u) appearing in the metric is f(u) = 1−u−3. Since we are only

interested in the lightest of these spin 2 glueball states, we drop the (n) indices and take T̃ (u) ≡ T̃1(u).

Varying (6) with respect to h̃µν , one finds an equation of motion that defines the radial wavefunction T̃ (u):

∂u

[
u4f∂uT̃

]
= −m2

g

R3

UKK
uT̃ = −9

4

(
mg

MKK

)2

uT̃ , (14)

where m2
g is the eigenvalue (on shell modes have p2 = −m2

g). Imposing the boundary conditions that the wavefunction

be normalizable as u → ∞, and well-behaved at u → 1 (which is U → UKK) restricts the possible values of m2
g to a

discrete tower. These are the masses of the 2++ glueballs. The lightest mass state has m2
g = 1.57M2

KK [2]. Evaluating
the action on the equations of motion yields

Sglueball =

[
gsN

3
c `sM

3
KK

35π

∫ ∞
0

u T̃ 2 du

] ∫
d4x

[
∂ρhµν∂νhµρ −

1

2
∂ρh

µν∂ρhµν −
m2
g

2
hµνhµν

]
. (15)

Choosing the normalization condition for T̃ (u) to be

1 =
2gsN

3
c `sM

3
KK

35π

∫ ∞
0

u T̃ 2 du (16)

we can integrate over u to find the canonically normalized 4d kinetic terms in the action for the massive spin 2 glueball
state:

S
(2)
glueball =

1

2

∫
d4x

[
∂ρhµν∂νhµρ −

1

2
∂ρh

µν∂ρhµν −
m2
g

2
hµνhµν

]
. (17)

2 The are actually two different types of KK towers. The first is the spectrum of normalizable modes, which is discrete due to the
confinement induced by the cigar-shaped geometry. There is also a KK decomposition on the x4 circle. The latter is not relevant to the
present treatment, as it generates hadronic excitations suppressed in the Regge regime. We ignore it in what follows. One might also
worry about the fermion states appearing in supergravity action. By imposing anti-periodic boundary conditions along the τ direction,
however, these also become heavy and do not appear in this analysis.



7

B. Mesons

The meson spectrum and wavefunctions are determined by expanding the DBI action to quadratic order in the
brane gauge field AM . The u-dependent wavefunctions for these states were determined and discussed in [1]. We
review the essential results here.
AM contains modes which transform as 4d spin 1 and spin 0 states, dual to (axial) vector mesons and pseudoscalars,

respectively. As we did for the glueballs, we can expand solutions to the spin 1 and spin 0 states’ equations of motion
in the basis of u-dependent wavefunctions on the D8 branes. Again, the boundary conditions produce a discrete
spectrum. The corresponding wavefunctions alternate parity under exchange of D8 branes to D8s, which corresponds
to switching U(Nf )L ↔ U(Nf )R in the dual field theory. The lowest modes (the ones of interest to us) have even
wavefunctions and correspond to vector states such as the ρ and ω, with the next modes up having odd wavefunctions
and corresponding to axial vector states3.

The quark mass is zero in the Sakai-Sugimoto model, so the pseudoscalars, which include π and η, are the Goldstone
bosons of chiral symmetry breaking. Their duals are housed in the longitudinal part of AM — which makes sense
because AM is dual to the (broken) axial current. Our gauge choice for the AM solution essentially determines
whether the pseudoscalars are carried in the AU or in the longitudinal part of Aµ, ∂µAµ (which are related by a gauge
transformation). We will use AU = 0 gauge in what follows. Note that the Sakai-Sugimoto framework implicitly
assumes that the vector flavor symmetry is preserved, so all mesons of given spin and parity have the same mass (e.g.
the ρ and the ω).

Expanding the DBI action to quadratic order in Aµ (again, assuming no dependence on the S4), we have

SDBI = −g
2
YMN

2
c

108π3

∫ ∞
1

d4x duTr

[
3

4
√
uf(u)

ηµνηρσFµρFνσ +
2

3
M2
KK

√
uf(u)ηµνFµuFνu + . . .

]
. (18)

Note that u only parameterizes half of the D8-D8 stack, so we impose the even(odd)-ness of the wavefunctions as a
boundary condition at the bottom of the space. In the UV (as u→∞), the solutions must decay quickly enough to
guarantee a canonically normalized kinetic term in the 4d action. Overall, we have

Aµ(x, u) =
∑
n=1

A(n)
µ (x)ψn(u) + ∂µφ(x)ψ0(u) , (19)

where φ(x) represents the massless Goldstone bosons (η and π, e.g.), and A
(1)
µ corresponds to ρ and ω mesons. The

ψn’s obey the equation of motion and orthogonality relation

−4

9

√
uf(u) ∂u

(√
u2f(u) ∂uψm

)
= − m2

n

M2
KK

1√
uf(u)

ψn and
N2
c g

2
YM

36π3

∫
du

1√
uf(u)

ψnψm = δmn . (20)

These expressions hold for all of the flavor generators, so that ρ and ω have the same wavefunction.
The mode φ is massless, and its wavefunction ψ0 is

ψ0(u) = 4π
√

3NclsMKKg
2
YM

∫ u

1

du′
1

u′
√
u′3 − 1

(21)

This mode corresponds to the pseudoscalar mesons. Everywhere we take Nf = 3. We are ultimately interested in an
η final state, which is a linear combination of the T 0 and T 8 components:4

η = cos θmη
8 − sin θmη

0 . (22)

θm = −11.05o is the (experimentally observed) mixing angle. Note that both the η0 and η8 appear in our analysis:
the former couples to glueballs in the central vertex, while both couple to the vector mesons.

Integrating out the u direction, one finds the quadratic action for the mesonic states of interest,

S(2)
meson =

∫
d4x

[
−1

4
f (ρ)
µν f

(ρ)µν − 1

2
m2
ρρµρ

µ − 1

4
f (ω)
µν f

(ω)µν − 1

2
m2
ωωµω

µ

− 1

2
∂µη∂

µη − 1

2
m2
ηη

2

]
, (23)

3 For this work we are only interested in the neutral version of the ρ-meson, which for notational simplicity we will refer to as ρ.
4 The π state also plays a role in the process we are studying, since it is included in solitonic configurations that are dual to protons.

However, we will treat the proton using an effective fermion action, so the only part of the pseudoscalar action we are interested in here
pertains to the η particle.
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where we have defined

f (ρ)
µν ≡ ∂µρµ − ∂µρν , (24)

and similarly for ω.

C. Protons

In AdS/QCD models, baryons are dual to finite volume D-branes. In the Sakai-Sugimoto model specifically, they
are D4-branes embedded in the worldvolume of the D8-branes, wrapping the S4. In terms of the worldvolume fields,
these wrapped branes are 5d, curved space solitons for which no analytic solutions exist. The solutions have been
studied in various limits [3], and a full (numerical) solution was found in [16].

All of these classical treatments are flawed, however, in that they treat baryons as a spinless states. Spin arises
only with the semi-classical quantization of the collective coordinates on the soliton. It is helpful, then, to introduce
an “effective” fermion field B on the D8-brane worldvolume, with a u-depended effective mass [17–21]. This is
somewhat ad-hoc because this field does not appear in the DBI action, but it does more accurately model the Lorentz
transformation properties of the proton states (and hopefully the proton-meson and proton-glueball couplings). Many
of the parameters appearing in the action are derived by assuming that the baryon is a 5d instanton. The effective
fermion technique is therefore an educated guess at the semi-classical quantization of the baryon states.

We use this effective fermion approach in what follows. Our starting point is the 5d action of [19], which encodes
both the effective fermion’s kinetic terms and its coupling to the graviton [18] and gauge fields:

S =

∫
d4x dw

[
−iB̄γMDMB − imb(w)B̄B + g5(w)

ρ2
b

e2(w)
B̄γMNFMNB

]
(25)

Note that our conventions differ slightly from those of [19]. The indices M,N run over the 5 dimensions {0, 1, 2, 3, w},
where w is a (dimensionful) redefinition of the dimensionless radial coordinate u,

w =
3

2MKK

∫ u

1

du′√
u′3f(u′)

, (26)

chosen so that the radial coordinate has finite range [−wmax, wmax], with

wmax =
3

2MKK

∫ ∞
1

du√
u3f(u)

=
3

MKK

√
πΓ[ 7

6 ]

Γ[ 2
3 ]

. (27)

The 5d vector field AM transforms in the adjoint of the full Nf = 3 flavor brane gauge group. Since we are interested
in protons alone, however, we can just look at the U(2) corresponding to isospin in the field theory:

AM =
1

2
ÂM I2 +

1

2
Aamσ

a (28)

where σa are the sigma matrices, and I2 is the 2 × 2 identity matrix. Â contains the ω meson, while A3 contains
the ρ. The gauge covariant derivative DM is given by DM = ∂M − iAM as usual, and the field strength FMN is
FMN = ∂MAN − ∂NAM − i[AM , AN ].

We have written the 5d action in terms of effective w-dependent “couplings” e(w), g5(w) and “mass” mb(w). These
are simply names for the various metric factors that appear as coefficients in 5d action. e(w) is the (inverse) coefficient
of the gauge kinetic term,

1

e2(w)
=

π f2
π

2MKK
u(w) . (29)

The baryon’s (w-dependent) “mass” is then given by

mb(w) = m
(0)
b · u+me with m

(0)
b =

λNc
27π

·MKK and me ≈
1

3
m

(0)
b (MKKρb)

2 (30)

where the first term comes from wrapping the D4-brane around the finite volume S4, and the second comes from the
Coulomb energy of the baryon. ρb represents the size of the soliton,

ρ2
b =

√
3

10

Nc
π3f2

π

. (31)



9

The 5d fermion B is a four-component spinor, and a two-component (fundamental) representation of U(2) isospin.
The first component of the isospin fundamental corresponds to the proton, the second to the neutron.

The quadratic order terms in the fermion action are

Sf ⊃
∫
d4x dw

[
− iB̄γM∂MB − imb(w)B̄B

]
(32)

We can split B into two spinors BL,R, where γ5BL,R = ±BL,R. Assuming, separation of variables we can write these
as an expansion in terms of w-direction eigenfunctions,

B(xµ, w) =
∑
n=1

(
fLn(w)B

(n)
L (xµ)

fRn(w)B
(n)
R (xµ)

)
. (33)

As before, we are only interested in the first state on the KK tower, and drop the (n) index in what follows.
The 5d equation of motion for the fermion,

γm∂mB +mb(w)B = 0 , (34)

becomes (after some simplification)

fR(w)σ̄µ∂µBR(xµ) + ∂wfL(w)BL(xµ) +mb(w)fL(w)BL(xµ) = 0 (35)

fL(w)σµ∂µBL(xµ)− ∂wfR(w)BR(xµ) +mb(w)fR(w)BR(xµ) = 0 . (36)

If we want to reassemble the 4d Weyl spinors BL,R into a single 4d Dirac spinor B, we need

∂wfL(w) +mb(w)fL(w) = mBfR(w), −∂wfR(w) +mb(w)fR(w) = mBfL(w) (37)

where mB is a 4d mass.
By analyzing the equations of motion, we can show that fL(w) = ±fR(−w). One can then solve (numerically) for

the fL(w) eigenfunctions, which must obey the normalization condition

1 =

∫ wmax

−wmax

|fL(w)|2 dw =

∫ wmax

−wmax

|fR(w)|2 dw , (38)

in order to guarantee a canonically normalized 4d kinetic term. The 4d action for the proton is then just the usual
action for a massive Dirac fermion,

Squadratic
f =

∫
d4x
[
− iΨ̄γµ∂µΨ− imBΨ̄Ψ

]
. (39)

Here Ψ stands for the isospin component of the spinor B that corresponds to the proton.

D. Low energy couplings

The couplings involving mesons and glueballs are calculated in the literature [1, 12, 22]. Most of the proton-
proton-meson [19–21] and -glueball couplings [11] are also known. We just sketch the 10d origins of these couplings
here.

1. Meson-meson-meson and glueball-glueball-meson vertices

The central vertices in the pp → ppη process of interest couple two glueballs to the η, or two vector mesons to
the η. These natural parity-violating couplings come from the Ramond-Ramond action, SRR. Expanding in the
gravitational curvature R and gauge field strength F , we find

SRR =

∫
D8

C3 ∧
[

1

768π3
Tr(F ) ∧ Tr(R∧R) +

1

48π3
Tr(F ∧ F ∧ F )

]
+ . . .

=

∫
D8

dC3 ∧
[

1

768π3
Tr(A) ∧ Tr(R∧R) +

1

48π3
ω5(A)

]
+ . . . , (40)
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where ω5(A) is the Chern-Simons five-form. Again, we assume no fluctuations along the S4. The background RR
four-form F4 = dC3 is (crucially) proportional to the volume form on the S4, so integrating out the S4 just gives
a factor proportional to the volume of a unit S4. The first term in equation (40) contains the glueball-glueball-η
coupling, and was studied in [12]. The second term consists of gauge fields alone, and produces meson-meson-η
couplings derived in [1, 22], which generate the Reggeon-Reggeon-η vertex. While naively one might think that there
also glueball-meson-eta couplings, it is straightforward to see that they must vanish: the coupling will involve a factor
of the epsilon tensor, and there is no way to contract this into the Lorentz indices of the glueball and meson states in
a way that yields a non-zero result. This will simplify our calculations significantly in later sections.

The 4d effective couplings are integrals over u of products of wavefunctions. For instance, writing the gauge field
as a sum of even and odd parity parts, V and A, the gauge Chern-Simons piece gives

SRR ⊃
Nc

24π2

∫
M5

Tr[A ∧ dA ∧ dA+ 3A ∧ dV ∧ dV ] (41)

=− Nc
12π2

∫
M5

εµνρσ Tr[Aµ ∂uAν ∂ρAσ +Aµ ∂νAρ ∂uAσ + 3Aµ ∂uVν ∂ρVσ + 3Aµ ∂νVρ ∂zVσ] (42)

where in the final equality we use the fact that we are in Au = Vu = 0 gauge. Inserting wavefunction expansions5 for
V = vµ(x)ψV (u), integrating by parts, and using the cyclicity of the trace, we find

SRR ⊃
Nc
4π2

∫
M5

εµνρσ Tr[T aT bT c]
{

(ψ′0ψ
2
V ) ∂µφ

a ∂νv
b
ρ v

c
σ

}
. (43)

Integrating over the u direction, we obtain (constant) 4d couplings, with action terms of the form

SRR ⊃ −
∫
d4x εµνρση

{
gρρη ∂νρρ ∂µρσ + gωωη ∂νωρ ∂µωσ

}
(44)

The numerical values for all coupling constants are collected in table I, in section V.
The (more complicated) glueball-glueball-η vertices [12] are derived from the mixed gauge-gravitational Chern-

Simons term in a similar way. The first term in the second line of the RR action (40) takes the form

SRR ⊃
Nc

1536π2

∫
d5xε̃MNPQR Tr(AM )RNPSTR

TS
QR . (45)

Because the (gauge index) trace is over AM alone, only the U(1) part of the D-brane gauge field couples to the gravitons
(housed in the Riemann tensors). We are interested in η, which lives in the longitudinal part of Aµ. Plugging in the
wavefunctions in the radial direction and integrating out we are left with interaction terms of the form

SRR ⊃
∫
d4xεµνρσ η

{
ĝhhη∂µh

α
ν ∂σhρα + g̃hhη∂µ∂

αhβν∂ρ (∂βhσα − ∂αhσβ)
}
. (46)

As was noted in [12], the structure of the above expression is dictated by the form of the Chern-Simons action.
This structure is therefore relatively model-independent, though the specific values of the coupling constants depend
on the details of the Sakai-Sugimoto model. The structure of this coupling will play a significant role in the behavior
of the Pomeron-mediated portion of the cross section for central production.

2. Proton-proton-meson and proton-proton-glueball vertices

The proton-proton-meson and proton-proton-glueball couplings come from the fermion-fermion-gauge field and
fermion-fermion-graviton terms in Sf . The former, described in detail in [19, 20], are obtained by plugging the mode
expansions of the fermions and gauge fields into Sf .

There are two types of 5d interaction terms, referred to as the minimal coupling, and the magnetic coupling. After
integrating out the S4, these become:

Sf ⊃ −
∫
d4x dw

[
B̄γMAMB +

u(w)Nc√
30MKK

B̄γMNFMNB
]

(47)

5 In principle these wavefunction expansions should sum over all KK states in the mass spectrum, but as we are only interested in the
lightest states we drop the rest of the sum in what follows.
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Again, AN refers to the 5d gauge field. As before, we work in Au = Aw = 0 gauge.
Selecting the lightest mass eigenfunction in Aµ and integrating over w, one finds the effective 4d minimal coupling

of the lightest vector to the fermionic isospin doublet:

SV ⊃ −λ(V )

∫
d4x

[
B̄γµvµB

]
. (48)

where

λ(V ) =

∫
dw |fL(w)|2ψV (w) . (49)

(50)

The couplings from the second term in (47),
[
B̄γMNFMNB

]
, are derived in a similar way [19, 20]. Note that there are

two types of couplings from this term: one that comes from the γ5µFwµ = γ5µ∂wAµ and one from γµνFµν . Integrating
out the w direction, one finds the effective 4d magnetic couplings to the lightest vector mesons:

SV ⊃
∫
d4x

[
λ̂(V )B̄γµvµB + λ̃(V )B̄γµνf (V )

µν B
]

(51)

where

λ̂(V ) = − Nc
MKK

√
2

15

∫ wmax

−wmax
dwu(w)|fL(w)|2∂wψV (w) (52)

λ̃(V ) =
Nc
M2
KK

√
1

30

∫ wmax

−wmax
dwfL(w)fR(w)ψV (w) . (53)

When we rewrite this in terms of couplings involving the physical proton, ρ, and ω, we find that the magnetic
couplings vanish for the ω, because the instanton carries only non-abelian field strength. For the ρ meson, the effects

of λ(V ) and λ̂(V ) simply add together. Thus we have action terms of the form

SV ⊃
∫
d4x
{
λppρΨ̄γ

µρµΨ + λ̃ppρΨ̄γ
µνf (ρ)

µν Ψ + λppωΨ̄γµωµΨ
}
. (54)

The glueball coupling [18] comes from the metric factor in the fermion kinetic term,

Sf ⊃
∫
d4x dw iB̄(g̃µν + h̃µν)γµ∂νB . (55)

This approximately gives a coupling of the graviton to the energy momentum tensor of the protons T (Ψ) at the bottom
of the D8 stack. In this case, we have the effectively 4d interaction

Sf ⊃ λpph
∫
d4xhµνT (Ψ)

µν . (56)

3. Form Factors

In addition to the couplings, we also include proton form factors at the interaction vertices with the glueballs and
mesons. The form factors associated with the vector mesons are commonly taken to have a standard dipole form,

Av(t) =
1(

1− t
M2
dv

)2 (57)

with an empirically determined dipole mass Mdv [23]. We follow that convention here.
There are no experimental data on glueball interactions with the proton. However, in the holographic dual theory,

the spin 2 glueball couples to the proton’s energy momentum tensor, so we can simply use the energy momentum
tensor’s form factor(s). The matrix element for the energy momentum tensor between proton states can be written
as

〈p′, s′|Tαβ |p, s〉 = ū(p′, s′)

[
Ag(t)

γαPβ + γβPα
2

+Bg(t)
i(Pασβρ + Pβσαρ)k

ρ

4mp
+ Cg(t)

(kαkβ − ηαβk2

mp

]
u(p, s) (58)
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Here, k = p − p′ and P = 1
2 (p + p′). As described in [11], only the first term contributes significantly to scattering

processes in the Regge limit. We approximate this with a dipole form as well,

Ag(t) =
1(

1− t
M2
dg

)2 (59)

with the dipole mass M2
dg calculated from a skyrmion treatment of the protons [24]. Both dipole masses are given in

table I, in section V.

E. Summary of Full Low-Energy Lagrangian

We can now assemble the low energy Lagrangian relevant to our model:

L = L(p)
0 + L(m)

0 + L(g)
0 + L(pm)

int + L(mm)
int + L(pg)

int + L(mg)
int , (60)

where the quadratic proton, meson, and glueball Lagrangians are given (in position space) by

L(p)
0 = iΨ̄/∂Ψ−mpΨ̄Ψ (61)

L(m)
0 = −1

4
f (ρ)
µν f

(ρ)µν − 1

2
m2
ρρµρ

µ −−1

4
f (ω)
µν f

(ω)µν − 1

2
m2
ωωµω

µ − 1

2
∂µη∂

µη − 1

2
m2
ηη

2 (62)

L(g)
0 =

1

2

[
∂ρhµν∂νhµρ −

1

2
∂ρh

µν∂ρhµν −
m2
g

2
hµνhµν

]
, (63)

and the interaction terms (in momentum space) are

L(pm)
int =

[
−λppρΨ̄γµρµΨ + iλ̃ppρΨ̄γ

µνf (ρ)
µν Ψ− λppωΨ̄γµωµΨ

]
Av(t) (64)

L(mm)
int = εµνρσ

{
gρρηη pνρρ(p) p

′
µρσ(p′) + gωωηη pνωρ(p) p

′
µωσ(p′)

}
(65)

L(pg)
int =− igppghµνΨ̄Γµν(g)Ψ (66)

L(mg)
int =

{
ĝhhηε

µνρσηηαβpµhνα(p)p′σhρβ(p′) + g̃hhηε
µνρσηηαβηγδpµpβhνγ(p)p′ρ (p′δhσα(p′)− p′αhσδ(p′))

}
, (67)

with

Γµρ(g) = λ̌pph

[
Ag(t)

2
(γµP ρ + γρPµ)

]
, (68)

for Pµ = p+p′

2 and t = −(p − p′)2. The values of these couplings, calculated as described above, are summarized in
Table I.

III. THE FEYNMAN AMPLITUDE AND THE CROSS SECTION

Having determined the effective Lagrangian for the low energy pp→ ppη process using the Sakai-Sugimoto model,
we can now calculate the low energy cross section for η central production mediated by the 2++ glueballs, and by the
ρ and ω mesons. In the next sub-section we introduce the kinematics and define variables. After that, we write down
the scattering amplitudes and determine the cross section.

A. Kinematics and Phase Space

Let us first review the kinematics of 2 → 3 scattering and approximations to be made in the Regge limit. We
denote the four-momenta of the incoming protons as p1 and p2, that of outgoing protons as p3 and p4, and that of η
as p5. In the “mostly-plus” convention, these satisfy the mass-shell conditions

p2
1 = p2

2 = p4
3 = p4

4 = −m2
p and p2

5 = −m2
η , (69)
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FIG. 1. The Feynman diagrams for double Reggeon exchange and double Pomeron exchange.

and energy/momentum conservation

p1 + p2 = p3 + p4 + p5. (70)

We will denote the momentum of the mediating mesons and glueballs as k1 = p1 − p3 and k2 = p2 − p4.
The Mandelstam variables that define the five-point amplitude can be written as

s = −(p1 + p2)2, t1 = −(p1 − p3)2, t2 = −(p2 − p4)2, s1 = −(p1 − p4)2, s2 = −(p2 − p3)2 . (71)

For scattering in the CM frame, we take

p1 = (E, 0, 0, p), p2 = (E, 0, 0,−p), p3 = (E3,q3, p3z), p4 = (E4,q4, p4z), p5 = (E5,q5, p5z) . (72)

In order to effectively compare with experimental results, we will be parametrizing in terms of four quantities:
{t1, t2, xF , θ34}. The third of these, xF , is the fraction of longitudinal momentum, defined according to

xF = −p5z

p
=
p3z + p4z

p
= x1 − x2 with p3z = x1p, p4z = −x2p. (73)

The fourth quantity, θ34, is the angle between the outgoing protons’ transverse momenta:

θ34 = θ4 − θ3, q3 = (q3 cos θ3, q3 sin θ3), q4 = (q4 cos θ4, q4 sin θ4). (74)

In what follows, we will consider a Regge limit such that

s� s1, s2 � t1, t2,m
2
i (75)

where mi stands for any of the external particle masses, and the quantity

µ ≡ s1s2

s
(76)

is held fixed.6 As was shown in [12], the cross section is in the Regge limit is dominated by the region of phase space
near xF = 0, allowing the the total cross section to be approximated as

σ ≈ 1

4(4π)4s2

∫ 〈
|A|2

〉
ln

(
s

µ

)
dθ34 dt1 dt2. (77)

We may also use the Regge limit to approximate

µ ≈ m2
5 − t1 − t2 + 2

√
t1t2 cos θ34, s1 ≈ s2 ≈

√
sµ, q3 ≈

√
−t1, q4 ≈

√
−t2 . (78)

6 In much of the literature, the symbol η is used for this quantity; our choice is made to avoid confusion with the η meson.
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B. Amplitude

The pp → ppη amplitude contains terms corresponding to the exchanges of vector mesons (both ρ and ω) and of
glueballs.7

A = Ag +
∑
ρ,ω

Av. (79)

The structures of the two vector-mediated terms are the same, only differing the the values of coupling constants and
masses. The Feynman diagrams for each are shown in Figure 1.

To write down this amplitude, we will need the following vertices and propagators. The propagator for the vector
mesons is

Dv
µν(k) =

i

k2 +m2
v

(
ηµν +

kµkν
m2
v

)
. (80)

where k is the momentum of the vector meson, and mv is the mass of either ρ or ω. Only the first term will contribute
to the Regge limit amplitude. The spin-2 glueball propagator, as given in [25] is

Dg
µρνσ(k) =

−idµνρσ
k2 +m2

g

(81)

where

dµρνσ(k) =
1

2
(ηµνηρσ + ηµσηρν)− 1

2m2
g

(kµkσηρν + kµkνηρσ + kρkσηµν + kρkνηµσ)

+
1

24

[(
k2

m2
g

)2

− 3

(
k2

m2
g

)
− 6

]
ηµρηνσ −

(k2 − 3m2
g)

6m4
g

(kµkρηνσ + kνkσηµρ) +
2kµkρkνkσ

3m4
g

, (82)

Here, k is the momentum of the glueball. Only the first term of this tensor will end up mattering in the Regge limit,
just as above.

The vector-vector-pseudoscalar vertex is given by

V αβ(v) = 2igεαβγδk1γk2δ (83)

where g is either gρρη or gωωη, and the glueball-glueball-pseudoscalar vertex is

V αεβφ(g) = 2iεµερβk1µk2ρ

{
ηαφ
(
ĝhhη − g̃hhη(k1 · k2)

)
+ g̃hhηk

φ
1 k

α
2

}
. (84)

Finally, we have the proton-proton-vector vertex

Γµv = i
(
− λγµ + λ̃[γµ, γν ]kν

)
(85)

where λ can be either λppρ or λppω and λ̃ is either λ̃ppρ or λ̃ppω = 0, and the proton-proton-glueball vertex

Γµρg =
iλ̌A(t)

2

(
γµP ρ + γρPµ

)
. (86)

where P ≡ (p+ p′)/2 with p = p1,2 and p′ = p3,4.
This leads to the amplitude terms

Ag =
(
ū3Γ̂µρu1

)
Dg
µραεV̂

αεβφDg
νσβφ

(
ū4Γ̂νσu2

)
, (87)

and

Av =
(
ū3Γµu1

)
Dv
µαV

αβDv
νβ

(
ū4Γνu2

)
. (88)

7 We could also include the exchange of axial vector mesons. However, as will be discussed in section IV, these terms are suppressed in
the Reggeization process, because the intercepts for their associated Regge trajectories are lower than those for the vector mesons and
glueballs.
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C. The Differential Cross Section

In order to calculate the differential cross section, we then want to find the square of the magnitude of the amplitude,
average over incoming spin states, and sum over outgoing spin states, which gives:〈

|A|2
〉

=
1

4

∑
spins

|A|2 (89)

In the Regge limit, using equations (79), (87), (88), and (89), the differential cross section for the low energy process
becomes

d3σ

dt1 dt2 dθ34
=
t1t2 sin2 θ34

(4π)4
ln

(
s

µ

){
16λ̃2

ppρg
2
ρρη(4λ̃2

ppρt1t2 − λ2
ppρt1 − λ2

ppρt2)

(t1 −m2
ρ)

2(t2 −m2
ρ)

2

+

[
λ̌2
pphA(t1)A(t2)s

(
ĝhhη − g̃hhη

√
t1t2 cos θ34

)
(t1 −m2

g)(t2 −m2
g)

− 2λ2
ppρgρρη

(t1 −m2
ρ)(t2 −m2

ρ)
− 2λ2

ppωgωωη

(t1 −m2
ω)(t2 −m2

ω)

]2}
. (90)

The overall factor of t1t2 sin2 θ34 in this expression comes directly from the natural parity violation: any vertex
structure we could write down that violates natural parity would yield such dependence. Furthermore, the term
associated with Pomeron exchange involves additional dependence on θ34, in a structure that derives from the Chern-
Simons action (and is thus independent of the specifics of the Sakai-Sugimoto model).

Note also that the first term in the curly brackets comes from the magnetic coupling between the protons and the
vector mesons; it applies only to the ρ meson, and does not end up contributing to the cross term A∗gAv +A∗vAg.

IV. REGGEIZING THE PROPAGATORS

In the Regge regime, central production of the η meson in pp collisions should involve exchange of meson and
glueball Regge trajectories. In this section we determine how to modify low energy amplitudes using the effective
Lagrangian (60) to include entire Regge trajectories of possible mediators.

The magnitude of the contribution from a given Regge trajectory is primarily determined by the value of the Regge
intercept. If the Regge trajectory of the mediator is described at positive t as J = α(m2) = α0 +α′m2

J , the amplitude

will be proportional to sα(0), which means the cross section scales as s2(α0−1). At the highest energies, the Pomeron
dominates: its intercept is αg0 = 1.08 (based on fitting to proton-proton scattering data [11]). The intercept for vector
mesons ρ and ω is αv0 = 0.456, from a linear fit to known meson masses [4]. As the energy decreases, the contribution
from these Reggeons increases. At the energies we are most interested in, the Reggeons provide the dominant
contribution. The next largest contribution would come from the axial-vector meson trajectories corresponding to
the a1 and f1 mesons. However, the known experimental masses suggest8 that the intercept for these trajectories is
even lower, αa0 ∼ −0.4, and that as a result their contribution is negligible at the energies we are working at. We
have therefore omitted them from this work.

The trajectories described above are the effectively 4d trajectories one can (in principle) derive from the string dual
system. We now turn to the properties of these states in the dual model. Mesonic Regge trajectories correspond
to open string excitations, while glueball trajectories correspond to closed string excitations. Though these strings
live in a 10d curved space, the spacetime curvature is weak. We will therefore assume that we can model curvature
effect by simply shifting the 4d Regge trajectory parameters from their flat space values into agreement with physical
mesons and glueballs.

Our goal is to use 5-string amplitudes (of both open and closed strings) to understand how to “Reggeize” propagators
of light meson and glueball states, to take into account contributions from the whole trajectory. We will start
with calculations in flat-space bosonic string theory, and then modify these to account for the physical trajectories.
In previous work, this technique was applied to proton-proton scattering via Pomeron exchange, by analyzing the
Virasoro-Shapiro amplitude [11] and to central eta production via double Pomeron exchange, by studying the 5-closed-
string amplitude [12]. The procedure for proton-proton scattering via Reggeon exchange is based on a comparison of
Veneziano’s original result with the classic flat-space bosonic open string calculation [6]. Our results are also consistent
with what can be obtained by considering the analyticity requirements for multiparticle scattering amplitudes [26].

8 The available data here is much less reliable or comprehensive than for the vector mesons.
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We first briefly review the 4-string calculations in order to establish our procedure for generalizing flat-space bosonic
strings to physical Regge trajectories. We then summarize the previous results using the 5-closed-string amplitude.
Finally, we use our procedure on the 5-open-string amplitude. In appendix A we present the details of all relevant
calculations for this section.

A. Review of Reggeization Procedure for Elastic Proton-Proton Scattering

Suppose we were analyzing elastic proton-proton scattering via the exchange of Reggeons and Pomerons. In order to
Reggeize the propagators we should begin with the 4-open-string and 4-closed-string amplitudes in flat space bosonic
string theory, before modifying these amplitudes to account for the physical Regge trajectories.

For open strings, we want the exchanged states to have odd spin, so we should project out poles associated with
the exchange of even spin particles. (If we wanted to exchange even spin meson trajectories, we would project out
the odd states.) For the closed string this involves shifting the Regge trajectory so that the lowest particle on it is
spin 2. In both cases, we also need the Regge trajectories to have the physically relevant slopes and intercepts, and
require that the incoming and outgoing particles have mass equal to the mass of the proton.

The bosonic open string four-tachyon amplitude9 can be written as a sum of three terms,

A4
o(s, t, u) = Ão(s, t) + Ão(u, t) + Ão(s, u) . (91)

Each term takes the form

Ão(x, y) = iC
Γ[−ao(x)]Γ[−ao(y)]

Γ[−ao(x)− ao(y)]
, (92)

with ao(x) = 1 + α′x. α′ the Regge slope for bosonic, flat space string theory (so α′ is inversely proportional to
the string tension). In order to relate this to vector meson exchange in proton-proton scattering, we will replace the
function ao(x) with the Regge trajectory of vector mesons αv(x). This trajectory should satisfy

J = αv(m
2
J) = αv0 + α′vm

2
J , (93)

and in particular 1 = αv0 +α′vm
2
v for the vector meson. We also need to assume s+ t+u = 4m2

p, so that the incoming
and outgoing particles are protons. This implies we should have

αv(s) + αv(t) + αv(u) = 3 + α′v(4m
2
p − 3m2

v) ≡ χv , (94)

which we can use to rewrite dependence on u in terms of s and t. If we then expand these terms around poles
corresponding to t-channel exchange, we notice that only Ã(s, t) and Ã(u, t) possess such poles, and thus Ã(s, u)
should not really be a part of the Reggeization process. In addition, in order to only include particles on the vector
meson Regge trajectory (those with odd spins), we must use the difference between Ã(s, t) and Ã(u, t). In doing so,
terms corresponding to the exchanges of even spin particles cancel, while those corresponding to the exchanges of odd
spin particles add (see Appendix A for further details). Thus we write

A4
v = iC

Γ[αv(s) + αv(t)− χv]Γ[−αv(t)]
Γ[αv(s)− χv]

− iC Γ[−αv(s)]Γ[−αv(t)]
Γ[−αv(s)− αv(t)]

. (95)

We can then determine the appropriate Reggeization by expanding this expression around the αv(t) = 1 pole (corre-
sponding to exchange of the lightest vector meson) and comparing this with the Regge limit of it. By doing so, we
obtain the prescription

1

t−m2
v

→ α′v e
− iπαv(t)

2 sin

[
παv(t)

2

]
(α′vs)

αv(t)−1 Γ[−αv(t)] . (96)

This, notably, does not depend on the constant χv.
If we want to follow the same procedure for the glueball trajectory, we begin instead with the bosonic closed string

four-tachyon amplitude, which can be written as

A4
c(s, t, u) = 2πC

Γ[−ac(t)]Γ[−ac(s)]Γ[−ac(u)]

Γ[−ac(s)− ac(t)]Γ[−ac(s)− ac(u)]Γ[−ac(t)− ac(u)]
, (97)

9 The external states are not relevant to this analysis; we choose the tachyon amplitude for simplicity.
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where ac(x) = 1 + α′x
4 . We again replace the dependence on the function ac(x) with a dependence on the physical

Regge trajectory of glueballs, αg(x), which should satisfy

J = αg(m
2
J) = αg0 + α′gm

2
J . (98)

Note that we need to do make the replacement in such a way that poles exist only for even spin particles, and that the
lowest lying particle on the trajectory is a spin-2 glueball with mass mg, with 2 = αg0 +α′gm

2
g. This means replacing

ac(x) with αg(x)− 2. Note that if the incoming and outgoing particles are protons, we will have

αg(s) + αg(t) + αg(u) = 6 + α′g(4m
2
p − 3m2

g) ≡ χg . (99)

We can then achieve the desired result by writing

A4
g =

Γ
[
1− αg(t)

2

]
Γ
[
1− αg(s)

2

]
Γ
[
1− αg(u)

2

]
Γ
[
2− αg(t)

2 − αg(s)
2

]
Γ
[
2− αg(t)

2 − αg(u)
2

]
Γ
[
2− αg(u)

2 − αg(s)
2

] . (100)

Again we determine the appropriate Reggeization by comparing the pole expansion to the Regge limit, which gives
us

1

t−m2
g

→
(
α′g
2

)
e−

iπαg(t)

2

Γ
[
3− χg

2

]
Γ
[
1− αg(t)

2

]
Γ
[
2− χg

2 +
αg(t)

2

] (
α′gs

2

)αg(t)−2

, (101)

where the dependence on χg is introduced when we replace dependence on u with dependence on s and t. Note that
in this case, unlike for the open string amplitude, χg does not end up canceling out.

B. Review of the 5-Closed-String Reggeization Process

Having determined a Reggeization procedure for meson and glueball propagators appropriate to elastic proton-
proton scattering, we now turn to the more complicated case of central production, where there is a (possibly
Reggeized) central vertex. We begin with the Reggeization process for the glueball propagators in central η pro-
duction, analyzed previously in [12]. Our starting point is the dual 2→ 3 process: the closed bosonic string 5-tachyon
amplitude as analyzed in [27], which can be written as an integral over two copies of the complex plane:

A5
c = C

∫
d2ud2v |u|−2ac(t1)−2|v|−2ac(t2)−2|1− u|−2ac(s1)−2|1− v|−2a(s2)−2|1− uv|2ac(s1)+2ac(s2)−2ac(s)−2 . (102)

This amplitude is difficult to compute in closed form, though it can be written in terms of generalized hypergeometric
functions [28, 29]. However, we will examine it instead by taking the Regge limit under two different conditions,

depending on the value of α′µ
4 , where µ = s1s2

s is the kinematic parameter held constant in the Regge limit and α′ is

again the Regge slope for bosonic, flat space string theory. If α′µ
4 is large, then we obtain

A5
c ≈ 4π2C

(−iα′s1

4

)2ac(t1)(
− iα

′s2

4

)2ac(t2)
Γ[−ac(t1)]Γ[−ac(t2)]

Γ[ac(t1) + 1]Γ[ac(t2) + 1]
, (103)

which we recognize as essentially the product of two 4-closed-string amplitudes in the Regge limit. On the other hand,

if α′µ
4 is small then we obtain

A5
c ≈ −4π2C

{(
s

s2

)2ac(t1)(−iα′s2

4

)2ac(t2)
Γ[−ac(t1)]Γ[ac(t1)− ac(t2)]

Γ[1 + ac(t1)]Γ[1 + ac(t2)− ac(t1)]
(104)

+

(
s

s1

)2ac(t2)(−iα′s1

4

)2ac(t1)
Γ[−ac(t2)]Γ[ac(t2)− ac(t1)]

Γ[1 + ac(t2)]Γ[1 + ac(t1)− ac(t2)]

}
.

When we modify this to take into account a physical Regge trajectory of glueballs, we will be concerned with the

product
α′gµ

2 . The value of µ is primarily determined by the mass of the centrally produced eta meson: µ ∼ m2
η,
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and we know α′g = 0.3 GeV−2 based on fitting to proton-proton scattering data [11], which gives
α′gµ

2 ∼ 0.04. This
is clearly more consistent with using the second expression. If we were following the same procedure as we did for
the 4-string amplitudes, we would now want to modify this expression to fit the physical Regge trajectory and then
compare it to a pole expansion. The fact that we do not have the amplitude calculated exactly in closed form makes

this difficult. However, we can instead assume that in the large
α′gµ

2 limit we simply have two copies of the rule given

(101), and use this to deduce the rule for small
α′gµ

2 . This leads to the prescription

1

(t1 −m2
g)(t2 −m2

g)
→ − 1

s2
Pg = − 1

s2
e−

iπ[αg(t1)+αg(t2)]

4 Γ
[
3− χg

2

]2 [α′gs
2

]αg(t1)+αg(t2)

2

(105)

×


[
α′gµ

2

]α′g(t2−t1)

2 e
iπα′g(t1−t2)

4 Γ
[
1− αg(t1)

2

]
Γ
[
α′g(t1−t2)

2

]
Γ
[
αg(t1)

2 + 2− χg
2

]
Γ
[
α′g(t2−t1)

2 + 3− χg
2

]+

[
α′gµ

2

]α′g(t1−t2)

2 e
iπα′g(t2−t1)

4 Γ
[
1− αg(t2)

2

]
Γ
[
α′g(t2−t1)

2

]
Γ
[
αg(t2)

2 + 2− χg
2

]
Γ
[
α′g(t1−t2)

2 + 3− χg
2

]
 .

Note that there is some ambiguity here. In proton-proton scattering we introduced the dependence on the factor χg
to account for the fact that the incoming and outgoing particles had to have the masses of protons; it arose from the
mass-shell condition on the Mandelstam variables. Here we have assumed that some of the gamma function terms
must be shifted in a similar way. However, there is no real reason to suppose that exactly the same factor of χg should
be introduced: in fact we would naively expect that it should now also depend on the mass of the centrally produced
η meson.

It is also worth mentioning that the procedure used here (and for the 5-open-string amplitude) is different than
that used for the 4-string amplitudes. In those cases we were able to start from string amplitudes written in closed
form, in terms of gamma functions. Here, we chose to apply the Regge limit while the amplitude was still in integral
form. There is some evidence that this distinction might matter: applying a similar integral-based technique to the
4-closed-string amplitude generates a result that differs in the value of χg [30]. This is another reason to consider the
choice of χg in the above expression to be slightly suspect. However, changing the value of χg should not change the
result significantly, provided it is negative and O(1), so we will use the same value as before.

C. The 5-Open-String Reggeization Process

We turn finally to our new result: the procedure for Reggeizing the vector meson propagators connected to a central
vertex. This time we begin with the open bosonic string 5-tachyon amplitude, which can be written as

A5
o = 2iC

∫ ∞
−∞

∫ ∞
−∞

dx dy|x|−1−ao(t1)|y|−1−ao(t2)|1− x|−1−ao(s1)|1− y|−1−ao(s2)|1− xy|ao(s1)+ao(s2)−ao(s) . (106)

In the Regge limit, the integral is dominated by regions near four points, given by x ∼ ± 1
s1

and y ∼ ± 1
s2

. We can
therefore split up the region of integration into four separate pieces, each of which contains one of these points. These
four terms are analogous to the two expressions Ão(s, t) and Ão(u, t) that contributed to the Reggeization process for
elastic proton-proton scattering. Just as was required there, we will need to use a particular linear combination of
these terms that allows us to project out poles associated with the exchange of even-spin particles. These integrals,
like the ones we encountered in the 5-closed-string amplitude, are difficult to compute in closed form, so we again
expand in the large α′µ and small α′µ limits. Following this procedure for the large α′µ limit gives us

A5
o,odd ≈ 8iC e−

iπao(t1)
2 e−

iπao(t2)
2 sin

[
πao(t1)

2

]
sin

[
πao(t2)

2

]
(α′s1)ao(t1) (α′s2)ao(t2) Γ[−ao(t1)]Γ[−ao(t2)] (107)

which again is straightforward to identify as being essentially two copies of what we had for the 4-string amplitude.
On the other hand, small α′µ gives

A5
o, odd ≈ −8iC e−

iπ(ao(t1)+ao(t2)
4 cos

[
πα′(t2 − t1)

2

]
(α′s)

ao(t1)+ao(t2)
2 (108)
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×
{
e
iπα′(t1−t2)

4 (α′µ)
α′(t2−t1)

2 sin

[
πao(t1)

2

]
Γ[−ao(t1)] Γ[α′(t2 − t1)]

+ e
iπα′(t2−t1)

4 (α′µ)
α′(t1−t2)

2 sin

[
πao(t2)

2

]
Γ[−ao(t2)] Γ[α′(t1 − t2)]

}
.

When we modify this result to take into account the physical Regge trajectories, we will be concerned with the
product α′vµ. We know that α′v = 0.89 GeV−2 from a linear fit to known meson masses [4], which gives α′vµ ∼ 0.27.
This is certainly more consistent with the “small µ” limit than with the “large µ” limit, though the approximation
this leads to here will not be as good as the one used for the closed string case. The “small µ” limit comes from
expanding and keeping the leading term in a hypergeometric function, and if we use this treatment we expect the
next term to constitute a roughly 12% correction.

Following the same basic procedure we used for the 5-closed-string amplitude, we obtain the rule

1

(t1 −m2
v)(t2 −m2

v)
→ i

α′v
s
Pv = i

α′v
s
e−

iπ(αv(t1)+αv(t2)
4 cos

[
πα′v(t2 − t1)

2

]
(α′vs)

αv(t1)+αv(t2)
2 (109)

×
{
e
iπα′v(t1−t2)

4 (α′vµ)
α′v(t2−t1)

2 −1 sin

[
παv(t1)

2

]
Γ[−αv(t1)] Γ[α′v(t1 − t2)]

+ e
iπα′v(t2−t1)

4 (α′vµ)
α′v(t1−t2)

2 −1 sin

[
παv(t2)

2

]
Γ[−αv(t2)] Γ[α′v(t2 − t1)]

}
.

Recall that when we modified the 4-closed-string amplitude for proton scattering, we found that our Reggeization
procedure depended on a parameter χg that involved the masses of the proton and the spin-2 glueball, and appeared
as a consequence of the mass-shell condition. When we modified the 5-closed-string amplitude, we assumed that a
similar parameter must appear, though we had less direct information as to what exactly it should be. In comparison,
the modification of the 4-open-string amplitude did not end up depending on the analogous factor χv. Consequently,
we have not introduced any such factor here, either.

Our choice is again slightly ambiguous, given that the mass-shell condition on the Mandelstam variables will be
somewhat different for the central production process than for elastic scattering. However, since no modification
involving this fact was required for the elastic proton-proton scattering case, it seems reasonable to assume that none
is required for central production, either. In fact the above result may be somewhat more reliable than that obtained
for the exchange of glueballs, since it does not involve introducing a parameter whose exact value we do not know.
Furthermore, in the end we will find that the contributions from the exchanges of the ρ and ω Regge trajectories are
larger than that for the glueballs at the energies we are interested in.

Of particular interest in the above expression is the dependence on µ. We expect the differential cross section to be
maximized for small values of t1 − t2, which means the amplitude scales roughly with (α′vµ)−1. This is a substantial
dependence on µ which does not arise in the Reggeization of the glueballs. Most importantly, it introduces significant
additional dependence on θ34 into the result, which as will be discussed in the next section, is not consistent with
experimental results.

V. PREDICTIONS FOR η CENTRAL PRODUCTION

We can now compute the total cross section for η production, and perform a Monte Carlo simulation to estimate
the differential cross section. We can then discuss these results in comparison with experimental data. Our primary
focus will be studying the pp → ppη process at

√
s = 29.1 GeV, so as to compare the results with data from the

WA102 experiment run at that energy [31, 32]. We are interested in the total cross section at that energy, as well as
the differential cross section as a function of angle θ34, and of t1 and t2. We will also make predictions for a range of
s values, where we can examine the competing effects of Pomeron and Reggeon exchange.

Combining the results of sections III and IV, the Reggeized differential cross section is

d3σ

dt1 dt2 dθ34
=
t1t2 sin2 θ34

(4π)4 s2
ln

(
s

µ

) {
16α′2v λ̃

2
ppρg

2
ρρη(4λ̃2

ppρt1t2 − λ2
ppρt1 − λ2

ppρt2)Av(t1)Av(t2)
∣∣∣Pv∣∣∣2 . (110)
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parameter value source

mη 0.548 GeV known experimental value [4]
mp 0.938 GeV known experimental value [4]
αv0 0.456 value based on linear fit to experimentally known masses [4]
α′v 0.886 GeV−2 value based on linear fit to experimentally known masses [4]
αg0 1.08 value based on linear fit to proton-proton scattering data [11]
α′g 0.290 GeV−2 value based on fit to proton-proton scattering data [11]
Mdg 1.17 GeV the proton as a 4-dimensional skyrmion in the Sakai-Sugimoto model [11]
Mdv 0.843 GeV empirically determined dipole mass [23]
gρρη -1.9 GeV−1 the Sakai-Sugimoto dual model in [22]
gωωη -1.9 GeV−1 the Sakai-Sugimoto dual model in [22]
ĝhhη 0.0222 GeV−1 Sakai-Sugimoto calculation in [12]
g̃hhη 0.0482 GeV−3 Sakai-Sugimoto calculation in [12]
λppρ -3.59 Sakai-Sugimoto effective fermion calculation in [19]

λ̃ppρ 4.0 GeV−1 Sakai-Sugimoto effective fermion calculation in section (II D 2)
λppω -12.53 Sakai-Sugimoto effective fermion calculation in [19]

λ̌pph 9.02 GeV−1 effective fermion fields in the Sakai-Sugimoto model, in [18]

TABLE I. Parameters appearing in the differential cross section.

+
∣∣∣λ̌2
pphAg(t1)Ag(t2)

(
ĝhhη − g̃hhη

√
t1t2 cos θ34

)
Pg + 2iα′v(λ

2
ppρgρρη + λ2

ppωgωωη)Av(t1)Av(t2)Pv
∣∣∣2}

The values of all parameters appearing here are shown in table I. All of the coupling constants are derived from
low energy calculations in the Sakai-Sugimoto model. The proton and η particle masses are taken from experimental
data [4], and the slope and intercept of the vector meson Regge trajectory are derived from a linear fit to known
experimental mass values. The slope and intercept of the Pomeron trajectory are derived from a fit to experimental
proton-proton scattering data. In evaluating the total and differential cross sections, we will restrict the t-values to
the range −0.6 GeV2 < t1, t2 < 0, because outside of this range we expect significant perturbative QCD effects.

Note that it is not possible to compute both the slopes and intercepts of the Pomeron and Reggeon trajectories
within the context of the Sakai-Sugimoto model: the Regge trajectories are fundamentally not “low energy” constructs.
In order to build these trajectories honestly on the string side of the duality, it would be necessary to understand the
quantization of strings in the curved spacetime background. It would be possible to use the Sakai-Sugimoto model
to find the masses of the lowest lying particles on each trajectory, and use these in place of dependence on the Regge
intercepts. However, this approach would still require data fitting to find the slopes, and would introduce additional
sources of discrepancy between the Sakai-Sugimoto model and QCD into our calculations. We therefore concluded it
would be best to use experimental data to guide us in all trajectory parameter choices.

The total cross section computed using this model at
√
s = 29.1 GeV is

σtot = 236 nb , (111)

which is roughly an order of magnitude smaller than the experimental value

σtot, exp = 3859 nb , (112)

However, it should be remembered that coupling constants and masses computed in the Sakai-Sugimoto model are
generally only accurate to around 15%, and our “small µ” approximation in the Reggeization procedure should also
introduce an error of about 12%. There is also evidence based on recent experimental work involving photoproduction
of the f1(1285) meson that the Sakai-Sugimoto model, with the values of mρ and fπ used to fix free parameters, may
systematically underestimate coupling constants [33]. If all of the values of coupling constants were too small by
roughly 10%− 15%, this could lead to the total cross section being suppressed by a factor of 1/3 or more.

We can also consider a range of different center-of-mass energies,
√
s, shown in figure 2. As expected, at smaller

values of
√
s, vector meson exchange dominates; at larger values of

√
s, glueball exchange dominates. For mid-range

values, these two processes tend to cancel against each other, leading to a smaller total cross section. The growth
of the total cross section with increasing

√
s once the glueball dominates is slow, which makes sense given that the

dominate scaling behavior is σ ∼ s2(αg0−1), which implies σ ∼ (
√
s)0.32. The value we are using to compare to data

is shown in red: it is clear from its location that in this regime the Reggeon exchange is the dominant effect.
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FIG. 2. The total cross section as a function of
√
s. The red dot indicates the value

√
s = 29.1 GeV.

It is worth remembering that we chose to fix the Regge trajectory parameters for the Pomeron by using a fit to
experimental high energy elastic proton-proton scattering data. This is not completely consistent with the value of
the glueball mass mg that is found by using the Sakai-Sugimoto model, and if we had used it to help fix the value
of αg0, we would have gotten a larger intercept value. This in turn would imply a larger Pomeron contribution at
the energy

√
s = 29.1 GeV, along with a shift in the energy at which Pomeron exchange begins to play a significant

role. As long as we stick with the regime where Reggeons dominate, however, this affects the results by only a small
amount.

In figure 3 we show the distribution of simulated events over different values of t1 and t2. Here we find that the
differential cross section is maximized around t1, t2 ≈ −0.05 GeV2. The number of events drops off significantly for
larger values of |t1| and |t2|, which supports our restriction to the range −0.6 GeV2 < t1, t2 < 0.

Figure 4 shows the dependence of the differential cross section at
√
s = 29.1 GeV as a function of θ34. This differential

cross section has a maximum around θ34 = 1.9 radians. Here we see possible disagreement with the experimental
result, which gives a result roughly symmetric around θ34 = π

2 , consistent with an amplitude proportional to sin2 θ34.
The additional angular dependence in our model arises from two places: the structure of the coupling constants for
glueball exchange, and the dependence of the cross section of µ, which is particularly strong for Reggeon exchange.
At
√
s = 29.1 GeV the dominant contribution is Reggeon exchange, so the θ34 behavior of glueball exchange is not

the primary effect here. This implies that the source of our disagreement may lie in the Reggeization procedure.

VI. CONCLUSIONS AND FUTURE DIRECTIONS

In this work, we built a holographic model for the central production of η mesons in proton-proton scattering via the
exchange of Reggeons and Pomerons. Our model was constructed in two stages: (1) the calculation of a low-energy
cross section for central η production via the exchange of mesons and glueballs, and (2) the generalization of this
cross section to include the effects of exchanging full Regge trajectories (as opposed to single particles). Given this
Regge regime prediction, we compared our results to experimental data and found that the total cross section was
almost an order of magnitude smaller than the measured value.

Our differential cross section showed dependence on the Mandelstam variables t1 and t2 consistent with our ex-
pectations: the magnitude of the cross section fell off sharply for larger values of |t1| and |t2|, with comparatively
insignificant contributions outside the range −0.6 GeV < t1, t2 < 0, where our model best applies. More interest-
ing was the dependence showed on θ34. The experimental data is clearly consistent with the dominant effect being
the factor of sin2 θ34 associated with natural parity violation, but does not show strong evidence for any other fea-
tures. In contrast, our model shows a significant asymmetry in its dependence on θ34 that can be traced back to our
Reggeization procedure for the vector mesons.
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FIG. 3. A histogram showing the number of events for different values of t1 and t2, with 106 total events.
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FIG. 4. A histogram showing the number of events as a function of θ34, with 106 total events.
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This suggests that our Reggeization procedure may not be ideal. In fact, our method involved taking the Regge
limit of the string amplitudes while they were still in integral form. An alternate approach would be to write the
5-tachyon amplitude in terms of hypergeometric functions in a form with manifest symmetry under exchanges of the
external particles, and only then take the Regge limit. This is more consistent with what has been done for elastic
proton-proton scattering previously, and it might produce a somewhat different result, perhaps more consistent with
the experimental data.

However, some of the discrepancies could arise in part from model-dependent uncertainties, and do not necessarily
indicate a flaw in the Reggeization procedure (or gauge-string duality). In choosing our Regge trajectory parameters,
we used a linear fit to known meson masses for the Reggeon and a fit to very high energy elastic proton-proton
scattering for the Pomeron. The slope and intercept for the Pomeron trajectory obtained this way are not in close
agreement with the Sakai-Sugimoto model calculation for the mass of the lowest spin-2 glueball state: the trajectory
would give this a value of mg = 1.781 GeV, while the Sakai-Sugimoto model gives a value of mg = 1.485 GeV. We
could instead have used the Sakai-Sugimoto glueball mass along with a fit value for the slope of the trajectory to
estimate the intercept; this would have led to a larger intercept, and thus to a larger contribution to the total process
by the glueballs.

In order to compute the low energy cross section via gauge-string duality, furthermore, we used the well-known Sakai-
Sugimoto construction in the supergravity limit. It is important to note also that determination of free parameters
in the Sakai-Sugimoto model (which we fix with the pion decay constant and ρ meson mass), which could cause
changes to the couplings in the range of 15%. The couplings computed in AdS/QCD models are only accurate to
10%-15%, and the terms in our cross section each carry six factors of coupling constants, all told, making our results
reasonably consistent with experimental values. Interestingly, our results also corroborate the recent suggestion from
experimental measurement of f1 photoproduction [33], that the Sakai-Sugimoto model systematically underestimates
the values of low-energy coupling constants involved in these Regge regime processes.

It would be interesting to better understand corrections to Sakai-Sugimoto parameters as one departs from the
strict supergravity limit of ls → 0 (dual to λ → ∞ and zero-slope Regge trajectories). In this work we used a semi-
phenomenological approach to include some of these 1/λ corrections by “Reggeizing” single-particle propagators and
vertices, thus incorporating the propagation and interaction of entire (finite slope) Regge trajectories. By changing
the values of parameters appearing in flat space amplitudes (e.g. the Pomeron slope), and determining them by
fitting to Regge regime scattering data, we were also including the effect of a non-vanishing spacetime curvature.
As we implicitly integrated out the “extra” dimensions to leave a theory of 4d strings, some 1/λ corrections to
Sakai-Sugimoto’s supergravity limit are (again, implicitly) included in the values of parameters in the amplitude.

One could thus study the discrepancy between Sakai-Sugimoto’s low energy parameters and Regge regime data
using the technique of [11]. We could take the form of our differential cross section as an ansatz, and actually fit
to the experimental data, allowing the various coupling constants to be parameters in the fit. This would help to
quantify the discrepancy between low-energy AdS/QCD and higher energy processes. (To do this in a meaningful way,
of course, one would need much more data than is available at present! Though since the same coupling constants
arise in different scattering processes, one could gather a bit more data even at present by applying the approach
detailed here to natural-parity-violating production of other mesons.)

Of course, there are other 1/λ corrections to the Sakai-Sugimoto model that do not simply add higher mass particles
to a Regge trajectory. In principle, a corollary to our approach could be to study couplings which are next-to-leading
in the Riemann tensor – which is one place other 1/λ corrections would explicitly appear as one moves away from strict
ls = 0. Loop corrections to the diagrams used in this work (equivalent to 1/Nc corrections) are another possibility.
Recall, however, that the Regge regime is advantageous precisely because such corrections, which involve internal
momenta, tend to be suppressed in t/s. It might be more illuminating, therefore, to work backwards: one could write
down all possible natural parity violating couplings that could appear in the process of interest, and see where and
how their coefficients appear in the differential cross section. We leave this long but interesting program to future
work.

Overall, our model for central η production is in weak agreement with the experimental data, but it may still be
consistent with the quality of agreement between the Sakai-Sugimoto model and experimental results that have been
obtained elsewhere. Discrepancies between the two may add to our understanding of the limitations of AdS/QCD
models, and perhaps to ways in which they might be improved.
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Appendix A: Reggeization Procedures

1. Open 4-String Process

a. In Bosonic String Theory

If we write down the open string 4-tachyon amplitude, this is

A4
o(s, t, u) = Ão(s, t) + Ão(u, t) + Ão(s, u) , (A1)

where each term is in the form

Ão(x, y) = iC
Γ[−ao(x)]Γ[−ao(y)]

Γ[−ao(x)− ao(y)]
. (A2)

Here, ao(x) = 1+α′x is the leading Regge trajectory of open string states, so that the mass of the open string tachyon
is m2

To = − 1
α′ . This means that the mass shell condition guarantees s+ t+ u = 4m2

To = − 4
α′ and therefore

ao(s) + ao(t) + ao(u) = −1 . (A3)

Suppose we begin with a t-channel propagator associated to the exchange of a single particle (string state), and
we want to replace this with a propagator that takes into account the exchange of a whole Regge trajectory, in the
Regge limit. What we want to do is compare the expansion of the string amplitude around the appropriate pole with
the same amplitude’s Regge limit. We find that of the three terms above, only Ão(s, t) and Ão(u, t) have the right

behavior in the Regge limit, and only these have poles in the t-channel. Thus we can ignore Ão(s, u). The other two
each have poles associated with a0(t) = n, where n is any non-negative integer. The pole expansion then gives

Ão(s, t)
∣∣∣∣∣
ao(t)=n

≈ iC
(ao(s) + 1) · · · (ao(s) + n)

n!(n− ao(t))
, Ão(u, t)

∣∣∣∣∣
ao(t)=n

≈ (−1)n × iC (ao(s) + 1) · · · (ao(s) + n)

n!(n− ao(t))
(A4)

while the Regge limits are

Ão(s, t)
∣∣∣∣∣
s�t

≈ iC e−iπao(t) (α′s)
ao(t)

Γ[−ao(t)], Ão(u, t)
∣∣∣∣∣
s�t

≈ iC (α′s)
ao(t)

Γ[−ao(t)] . (A5)

Suppose we want to model the exchange of a Reggeon consisting just of the odd spin string states, using the vector
(spin 1) particle propagator. Then it’s clear we must take the difference between Ão(s, t) and Ão(u, t) as our starting
point: this projects out the even spin particles. Thus we could write

A4
o, odd = Ao(u, t)−Ao(s, t) (A6)

and comparing the expansion around ao(t) = 1 to the Regge limit gives

1

t−m2
1

→ −α′ e− iπao(t)
2 sin

[
πao(t)

2

]
(α′s)ao(t)−1 Γ[−ao(t)] . (A7)

b. Modifications for Physical Reggeons and Proton-Proton Scattering

If instead we want to use physical Reggeons, which will consist of a trajectory of odd spin particles for which the
lowest spin particle is a vector meson, we need to start with a physical trajectory

αv(x) = αv0 + α′vx (A8)

such that the meson trajectory (either ρ or ω) has

J = αv0 + α′vm
2
J = αv(m

2
J) , (A9)

If we are modeling elastic proton-proton scattering we also need to assume s+ t+ u = 4m2
p and therefore

αv(s) + αv(t) + αv(u) = 3 + α′v(4m
2
p − 3m2

v) ≡ χv (A10)
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We then should start with a “string inspired” amplitude, which will have poles where αv(t) is an odd integer, the
lowest of which will correspond to the vector meson. Written in terms of just s and t, we will say this is

A4
v = iC

Γ[αv(s) + αv(t)− χv]Γ[−αv(t)]
Γ[αv(s)− χv]

− iC Γ[−αv(s)]Γ[−αv(t)]
Γ[−αv(s)− αv(t)]

. (A11)

A pole expansion of this expression around the αv(t) = 1 pole then gives

A4
v

∣∣∣∣∣
αv(t)=1

≈ iC(2αv(s) + 1− χv)
1− αv(t)

(A12)

and the Regge limit is

A4
v

∣∣∣∣∣
s�t

≈ iC
(

1− e−iπαv(t)
)

(α′vs)
αv(t)

Γ[−αv(t)] . (A13)

Putting these pieces together leads to the Reggeization prescription

1

t−m2
v

→ −α′v e−
iπαv(t)

2 sin

[
παv(t)

2

]
(α′vs)

αv(t)−1 Γ[−αv(t)] . (A14)

2. Closed 4-String Process

a. In Bosonic String Theory

Now we want to repeat this process for closed Bosonic strings, where the 4-tachyon amplitude is

A4
c(s, t, u) = 2πC

Γ
[
−ac(t)2

]
Γ
[
−ac(s)2

]
Γ
[
−ac(u)

2

]
Γ
[
−ac(s)2 − ac(t)

2

]
Γ
[
−ac(s)2 − ac(u)

2

]
Γ
[
−ac(t)2 − ac(u)

2

] , (A15)

Here, ac(x) = 2 + α′x
2 is the leading Regge trajectory of closed string states, which should only include even spin

particles, and the mass of the closed string tachyon is m2
Tc = − 4

α′ . This means we have s+ t+ u = 4m2
Tc = − 16

α′ and

ac(t) + ac(s) + ac(u) = −2 . (A16)

We can use this to rewrite the amplitude in terms of just s and t, giving

A4
c(s, t) = 2πC

Γ
[
−ac(t)2

]
Γ
[
−ac(s)2

]
Γ
[
1 + ac(s)

2 + ac(t)
2

]
Γ
[
−ac(s)2 − ac(t)

2

]
Γ
[
1 + ac(t)

2

]
Γ
[
1 + ac(s)

2

] , (A17)

This has t-channel poles whenever ac(t) is an even integer. If we expand around one of these poles, we obtain

A4
c(s, t)

∣∣∣∣∣
ac(t)=2n

≈ 2πC

[ (
1 + ac(s)

2

)(
2 + ac(s)

2

)
· · ·
(
n+ ac(s)

2

) ]2
(n!)2

(
n− ac(t)

2

) . (A18)

Notice that the leading s-dependence of the numerator here is s2n. Usually we expect the exchange of a mediator of
spin J to include a factor of sJ in it, so here the natural interpretation would be that 2n = J . This agrees with the
fact that the closed string states correspond only to even spin particles. In the Regge limit, we obtain

A4
c(s, t)

∣∣∣∣∣
s�t

≈ 2πC e−
iπac(t)

2

(
α′s

4

)ac(t) Γ
[
−ac(t)2

]
Γ
[
1 + ac(t)

2

] . (A19)

If we suppose we are attempting to Reggeize a closed-string tachyon propagator, this gives

1

t−m2
Tc

→ −α
′

4
e−

iπac(t)
2

(
α′s

4

)ac(t) Γ
[
−ac(t)2

]
Γ
[
1 + ac(t)

2

] . (A20)



26

b. Modifications for Physical Pomerons and Proton-Proton Scattering

Suppose instead we want to use a physical pomeron (a Regge trajectory of even spin glueballs), for which the lowest
spin state is a spin-2 glueball. Then we need to start with

αg(x) = αg0 + α′gx (A21)

such that the glueball trajectory has

J = αg0 + α′gm
2
J (A22)

We also want to assume we are analyzing elastic proton-proton scattering, so that we should have s + t + u = 4m2
p

and therefore

αg(s) + αg(t) + αg(u) = 6 + α′g
(
4m2

p − 3m2
g

)
≡ χg . (A23)

If we want to modify the Virasoro-Shapiro amplitude in such a way that it has poles on the physical Regge
trajectory, we should begin with a “string inspired” amplitude, where we replace ac(t) with αg(t)−2, so that the first
pole corresponds to the spin-2 glueball being exchanged. We can then rewrite this just in terms of s and t, which
gives us

A4
g(s, t) =

Γ
[
1− αg(t)

2

]
Γ
[
1− αg(s)

2

]
Γ
[
1− χg

2 +
αg(s)

2 +
αg(t)

2

]
Γ
[
2− αg(t)

2 − αg(s)
2

]
Γ
[
2− χg

2 +
αg(s)

2

]
Γ
[
2− χg

2 +
αg(t)

2

] . (A24)

If we expand this around the αg(t) = 2 pole, we obtain

A4
g

∣∣∣∣∣
αg(t)=2

≈ 2πC

Γ
[
3− χg

2

] (
1− αg(t)

2

) , (A25)

and on the other hand the Regge limit is

A4
g

∣∣∣∣∣
s�t

≈ −2πC e−
iπαg(t)

2

(
α′gs

2

)αg(t)−2 Γ
[
1− αg(t)

2

]
Γ
[
2− χg

2 +
αg(t)

2

] , (A26)

so this leads to the Reggeization procedure

1

t−m2
g

→ α′g
2
e−

iπαg(t)

2

(
α′gs

2

)αg(t)−2 Γ
[
3− χg

2

]
Γ
[
1− αg(t)

2

]
Γ
[
2− χg

2 +
αg(t)

2

] . (A27)

3. Closed 5-String Process

a. In Bosonic String Theory

The 5-tachyon scattering amplitude in closed bosonic string theory can be written in terms of a double integral,
where each integral is over the complex plane, as

A5
c = C

∫
d2u

∫
d2v |u|−ac(t1)−2 |v|−ac(t2)−2 |1− u|−ac(s1)−1 |1− v|−ac(s2)−2 |1− uv|ac(s1)+ac(s2)−ac(s)−2 . (A28)

In the Regge limit, this integral is dominated by the region where

u ∼ 1

s1
, v ∼ 1

s2
(A29)
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which allows us to rewrite it as

A5
c

∣∣∣∣∣
Regge

≈ C
∫
d2u

∫
d2v |u|−ac(t1)−2 |v|−ac(t2)−2 e

α′s1
4 (u+ū)+

α′s2
4 (v+v̄)+α′s

4 (uv+ūv̄) (A30)

We can perform this integral in two separate cases: where α′µ
4 = α′s1s2

4s is large, and where it is small. In each case
we follow methods laid out in the appendix to [27].

Supposing that α′µ
4 is large, it is necessary to split it up into four pieces, depending on the signs of the real parts

of u and v, and choose s1 and s2 to have appropriate signs so that each piece separately converges. We can then
perform a change of variables

w = ±α
′s1

4
u, z = ±α

′s2

4
v (A31)

for each piece. This leads to

A5
c

∣∣∣∣∣
Regge

≈ C
[
1 + e−iπac(t1)

] [
1 + e−iπac(t2)

] (α′s1

4

)ac(t1)(
α′s2

4

)ac(t2)

(A32)

×
∫
d2w

∫
d2z |w|−ac(t1)−2 |z|−ac(t2)−2 e

−(w+w̄)−(z+z̄)+ 4
α′µ (wz+w̄z̄)

We can then expand in 4
α′µ as a small parameter. The leading term will simply give us

A5
c

∣∣∣∣∣
Regge, α

′µ
4 �1

≈ C

2πe−
iπac(t1)

2

(
α′s1

4

)ac(t1) Γ
[
−ac(t1)

2

]
Γ
[
1 + ac(t1)

2

]

2πe−

iπac(t2)
2

(
α′s2

4

)ac(t2) Γ
[
−ac(t2)

2

]
Γ
[
1 + ac(t2)

2

]

(A33)

which is clearly just two copies of the Regge limit of the 4-string amplitude.

On the other hand, if α′µ
4 is small it makes more sense to use a change of variables that will replace either the

integral over u or the integral over v with an integral over uv. In fact, we must do each of these and add the results,
because each captures a different saddle point present in the original integral. That is, we can write

A5
c

∣∣∣∣∣
Regge, α

′µ
4 �1

≈ I(s1, t1, s2, t2) + I(s2, t2, s1, t1) (A34)

with

I(s1, t1, s2, t2) = C

∫
d2u

∫
d2v |u|−ac(t1)−2 |v|ac(t1)−ac(t2)−2 e

α′s
4 (u+ū)+

α′s2
4 (v+v̄)+

α′s1
4 (uv+ ū

v̄ ) . (A35)

Then we again have an integral that should be divided into four separate pieces, depending on the signs of the real
parts of u and v. In each piece, we choose the signs of s and s2 in order to ensure convergence and perform a change
of variables to

w = ±α
′s

4
u, z = ±α

′s2

4
v (A36)

which gives us

I(s1, t1, s2, t2) = C
[
1 + e−iπac(t1)

] [
1 + eiπ(ac(t1)−ac(t2))

] (α′s
4

)ac(t1)(
α′s2

4

)ac(t2)−ac(t1)

(A37)

×
∫
d2w

∫
d2z |w|−ac(t1)−2 |z|ac(t1)−ac(t2)−2 e−(w+w̄)−(z+z̄)+α′µ

4 (wz + w̄
z̄ ) .
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We can then expand this integral in α′µ
4 , our small parameter, and the leading term will just give us

I(s1, t1, s2, t2) ≈ 4π2C e−
iπac(t2)

2

(
α′s

4

)ac(t1)(
α′s2

4

)ac(t2)−ac(t1) Γ
[
−ac(t1)

2

]
Γ
[
ac(t1)

2 − ac(t2)
2

]
Γ
[
1 + ac(t1)

2

]
Γ
[
1 + ac(t2)

2 − ac(t1)
2

] (A38)

When we also use the fact that s1, s2 ≈ √sµ, we obtain in total

A5
c

∣∣∣∣∣
Regge, α

′µ
4 �1

≈ 4π2C e−
iπ(ac(t1)+ac(t2))

4

(
α′s

4

) ac(t1)+ac(t2)
2

(A39)

×


(
α′µ

4

)α′(t2−t1)
4

e
iπα′(t1−t2)

8

Γ
[
−ac(t1)

2

]
Γ
[
α′(t1−t2)

4

]
Γ
[
1 + ac(t1)

2

]
Γ
[
1 + α′(t2−t1)

4

]

+

(
α′µ

4

)α′(t1−t2)
4

e
iπα′(t2−t1)

8

Γ
[
−ac(t2)

2

]
Γ
[
α′(t2−t1)

4

]
Γ
[
1 + ac(t2)

2

]
Γ
[
1 + α′(t1−t2)

4

]
 .

We are more interested in this approximation, because in the physical process we live in the “small µ” regime. In
principle to follow the same procedure we did for the 4-string process, we should now compare this Regge limit to a
pole expansion. This is somewhat difficult because we don’t have the exact amplitude in closed form. Instead, we
will assume that the “large µ” regime indeed just gives us two copies of the Reggeization procedure for the 4-string
process, and use this to deduce the appropriate procedure for the “small µ” regime. This gives

1

(t1 −m2
Tc)(t2 −m2

Tc)
→

(
4

α′

)2

e−
iπ(ac(t1)+ac(t2))

4

(
α′s

4

) ac(t1)+ac(t2)
2

(A40)

×


(
α′µ

4

)α′(t2−t1)
4

e
iπα′(t1−t2)

8

Γ
[
−ac(t1)

2

]
Γ
[
α′(t1−t2)

4

]
Γ
[
1 + ac(t1)

2

]
Γ
[
1 + α′(t2−t1)

4

]

+

(
α′µ

4

)α′(t1−t2)
4

e
iπα′(t2−t1)

8

Γ
[
−ac(t2)

2

]
Γ
[
α′(t2−t1)

4

]
Γ
[
1 + ac(t2)

2

]
Γ
[
1 + α′(t1−t2)

4

]
 .

b. Modifications for Physical Pomerons and Proton-Proton Scattering

Now we need to establish how to modify the Reggeization procedure to account for the physical Pomeron trajectory
and the masses of the protons. To do this properly we ought to begin by writing the exact amplitude in a way that
is symmetric in all five external particle momenta, and then use the appropriate mass-shell conditions to rewrite this
in terms of {s, s1, s2, t1, t2} and the masses of the particles. Our experience with the 4-string process suggests that
in doing so we would introduce a dependence on factors such as the χg we saw earlier. Since we do not have the
amplitude in closed form, we will instead simply propose the following modification, which ensures the correct pole
structure and is based on what we saw for the 4-string amplitude:

1

(t1 −m2
g)(t2 −m2

g)
→ − 1

s2
Γ
[
3− χg

2

]2
e−

iπ(αg(t1)+αg(t2))

4

(
α′gs

2

)αg(t1)+αg(t2)

2

(A41)

×


(
α′gµ

2

)α′g(t2−t1)

2

e
iπα′g(t1−t2)

4

Γ
[
1− αg(t1)

2

]
Γ
[
α′g(t1−t2)

2

]
Γ
[
2− χg

2 +
αg(t1)

2

]
Γ
[
3− χg

2 +
α′g(t2−t1)

2

]
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+

(
α′gµ

2

)α′g(t1−t2)

2

e
iπα′g(t2−t1)

4

Γ
[
1− αg(t2)

2

]
Γ
[
α′g(t2−t1)

2

]
Γ
[
2− χg

2 +
αg(t2)

2

]
Γ
[
3− χg

2 +
α′g(t1−t2)

2

]


4. Open 5-String Process

a. In Bosonic String Theory

The 5-tachyon scattering amplitude in open bosonic string theory can be written as the double integral

A5
o = 2iC

∫ ∞
−∞

∫ ∞
−∞

dx dy |x|−1−ao(t1)|y|−1−ao(t2)|1− x|−1−ao(s1)|1− y|−1−ao(s2)|1− xy|ao(s1)+ao(s2)−ao(s) . (A42)

In the Regge limit, these integrals should be dominated by regions near the four points in the xy-plane given by

x ∼ ± 1

s1
, y ∼ ± 1

s2
. (A43)

We can split up the regions of integration to produce four terms of the form

Ã±,±o = 2iC

∫
Re±

dx

∫
Re±

dy |x|−1−ao(t1)|y|−1−ao(t2)|1− x|−1−ao(s1)|1− y|−1−ao(s2)|1− xy|ao(s1)+ao(s2)−ao(s) , (A44)

each of which contains one of these saddle points. These four terms are analogous to the terms Ão(s, t) and Ão(u, t)
we have in the 4-string case, and we will want to take a linear combination of them in order to project out poles
associated with the exchange of even spin particles. Specifically, the combination

A5
o,odd = Ã+,+

o − Ã−,+o − Ã+,−
o + Ã−,−o (A45)

will work (as will become apparent shortly.) With an appropriate change of variables, we can rewrite them as

Ã±,±o = 2iC

∫ ∞
0

dx

∫ ∞
0

dy x−1−ao(t1) y−1−ao(t2) (1∓ x)−1−ao(s1) (1∓ y)−1−ao(s2) (1− (±)(±)xy)ao(s1)+ao(s2)−ao(s) .

(A46)
Working in the Regge limit near x ∼ 1

s1
and y ∼ 1

s2
then gives us

Ã±,±o

∣∣∣∣∣
Regge

≈ 2iC

∫ ∞
0

dx

∫ ∞
0

dy x−1−ao(t1) y−1−ao(t2) e±α
′s1x±α′s2y+(±)(±)α′sxy . (A47)

Again, at this point our treatment will be different depending on whether α′µ is large, or small. If it is large, then
we should proceed by performing the change of variables

w = ∓α′s1x, z = ∓α′s2y (A48)

and obtain

Ã+,+
o

∣∣∣∣∣
Regge

≈ 2iC e−iπao(t1) e−iπao(t2) (α′s1)ao(t1) (α′s2)ao(t2) B , (A49)

Ã−,+o

∣∣∣∣∣
Regge

≈ 2iC e−iπao(t2) (α′s1)ao(t1) (α′s2)ao(t2) B , (A50)

Ã+,−
o

∣∣∣∣∣
Regge

≈ 2iC e−iπao(t1) (α′s1)ao(t1) (α′s2)ao(t2) B , (A51)
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Ã−,−o

∣∣∣∣∣
Regge

≈ 2iC (α′s1)ao(t1) (α′s2)ao(t2) B , (A52)

with

B =

∫ ∞
0

dz

∫ ∞
0

dww−1−ao(t1) z−1−a0(t2) e
−w−z+ zw

α′µ . (A53)

If we then expand in the small parameter 1
α′µ , the leading term will just give us

B
∣∣∣∣∣
α′µ�1

≈ Γ[−ao(t1)]Γ[−ao(t2)] . (A54)

Then we have

A5
o,odd

∣∣∣∣∣
Regge, α′µ�1

≈ −8iC e−
iπao(t1)

2 e−
iπao(t2)

2 sin

[
πao(t1)

2

]
sin

[
πao(t2)

2

]
(α′s1)ao(t1) (α′s2)ao(t2) Γ[−ao(t1)]Γ[−ao(t2)]

(A55)
Note that at this stage it is very clear the above linear combination will have no poles for ao(ti) equal to an even
integer, and (just as we did for the closed 5-string amplitude when µ was large), we are essentially obtaining two
copies of the 4-string result.

On the other hand, if we have α′µ small, we should replace either the integral over x or the integral over y with an
integral over xy, and in fact each of these captures the effect of a different saddle point, so we need to do both and
add them together, giving

Ã±,±o

∣∣∣∣∣
Regge,α′µ�1

≈ I±,±(s1, t1, s2, t2) + I±,±(s2, t2, s1, t1) , (A56)

with

I+,+(s1, t1, s2, t2) = 2iC

∫ ∞
0

∫ ∞
0

dx dy x−1−ao(t1) y−1−ao(t2)+ao(t1) eα
′sx+α′s2y+

α′s1x
y , (A57)

I−,+(s1, t1, s2, t2) = 2iC

∫ ∞
0

∫ ∞
0

dx dy x−1−ao(t1) y−1−ao(t2)+ao(t1) e−α
′sx+α′s2y−α

′s1x
y ,

I+,−(s1, t1, s2, t2) = 2iC

∫ ∞
0

∫ ∞
0

dx dy x−1−ao(t1) y−1−ao(t2)+ao(t1) e−α
′sx−α′s2y+

α′s1x
y ,

I−,−(s1, t1, s2, t2) = 2iC

∫ ∞
0

∫ ∞
0

dx dy x−1−ao(t1) y−1−ao(t2)+ao(t1) eα
′sx−α′s2y−α

′s1x
y .

We can then perform a change of variables of the form

w = ±α′sx, z = ±α′s2y (A58)

for each case, giving

I+,+(s1, t1, s2, t2) = 2iC e−iπao(t2) (α′s)ao(t1) (α′s2)ao(t2)−ao(t1) B12 , (A59)

I−,+(s1, t1, s2, t2) = 2iC e−iπao(t2) eiπao(t1) (α′s)ao(t1) (α′s2)ao(t2)−ao(t1) B12 ,

I+,−(s1, t1, s2, t2) = 2iC (α′s)ao(t1) (α′s2)ao(t2)−ao(t1) B12 ,

I−,−(s1, t1, s2, t2) = 2iC e−iπao(t1) (α′s)ao(t1) (α′s2)ao(t2)−ao(t1) B12 ,

with

B12 =

∫ ∞
0

∫ ∞
0

dw dz w−1−ao(t1) z−1−ao(t2)+ao(t1) e−z−w+α′µz
w . (A60)

We can expand this in the small parameter α′µ, and the leading term just gives

B12

∣∣∣∣∣
α′µ�1

≈ Γ[−ao(t1)]Γ[ao(t1)− ao(t2)] (A61)
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so that

A5
o, odd

∣∣∣∣∣
Regge, α′µ�1

≈ 8C e−
iπ(ao(t1)+ao(t2)

4 cos

[
πα′(t2 − t1)

2

]
(α′s)

ao(t1)+ao(t2)
2 (A62)

×
{
e
iπα′(t1−t2)

4 (α′µ)
α′(t2−t1)

2 sin

[
πao(t1)

2

]
Γ[−ao(t1)] Γ[α′(t1 − t2)]

+ e
iπα′(t2−t1)

4 (α′µ)
α′(t1−t2)

2 sin

[
πao(t2)

2

]
Γ[−ao(t2)] Γ[α′(t2 − t1)]

}
.

As with the 5-closed-string case, we can now work out what the appropriate Reggeization procedure must be when
α′µ is small by assuming that the Reggeization for large α′µ is just two copies of the 4-string procedure. This gives

1

(t1 −m2
1)(t2 −m2

1)
→ iα′2e−

iπ(ao(t1)+ao(t2)
4 cos

[
πα′(t2 − t1)

2

]
(α′s)

ao(t1)+ao(t2)
2 −1 (A63)

×
{
e
iπα′(t1−t2)

4 (α′µ)
α′(t2−t1)

2 −1 sin

[
πao(t1)

2

]
Γ[−ao(t1)] Γ[α′(t1 − t2)]

+ e
iπα′(t2−t1)

4 (α′µ)
α′(t1−t2)

2 −1 sin

[
πao(t2)

2

]
Γ[−ao(t2)] Γ[α′(t2 − t1)]

}
.

b. Modifications for Physical Pomerons and Proton-Proton Scattering

Finally, we need to incorporate the modifications to this Reggeization procedure that follow from assuming we are
looking at a physical trajectory of mesons (either the ρ or the ω trajectory) and that the incoming and outgoing
particles are protons and an η meson. However, based on what we saw for the 4-string case, it is reasonable to assume
that the only change should be replacing the open string Regge trajectory ao(x) with the physical Regge trajectory
αv(x), which leads to

1

(t1 −m2
v)(t2 −m2

v)
→ i

α′v
s
e−

iπ(αv(t1)+αv(t2)
4 cos

[
πα′v(t2 − t1)

2

]
(α′vs)

αv(t1)+αv(t2)
2 (A64)

×
{
e
iπα′v(t1−t2)

4 (α′vµ)
α′v(t2−t1)

2 −1 sin

[
παv(t1)

2

]
Γ[−αv(t1)] Γ[α′v(t1 − t2)]

+ e
iπα′v(t2−t1)

4 (α′vµ)
α′v(t1−t2)

2 −1 sin

[
παv(t2)

2

]
Γ[−αv(t2)] Γ[α′v(t2 − t1)]

}
.
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arXiv:1508.00008 [hep-ph].
D. M. Rodriques, E. F. Capossoli, and H. Boschi-Filho, “Renormalised AdS5 Mass for Even Spin Glueball and Pomeron
Regge Trajectory from a Modified Holographic softwall model,” arXiv:1611.09817 [hep-ph].
A. Ballon-Bayona, R. Carcassés Quevedo, and M. S. Costa, “Unity of pomerons from gauge/string duality,”
arXiv:1704.08280 [hep-ph].

[10] S. Hellerman and I. Swanson, “String Theory of the Regge Intercept,” arXiv:1312.0999 [hep-th].
[11] S. K. Domokos, J. A. Harvey, N. Mann, “The Pomeron contribution to p p and p bar p scattering in AdS/QCD,” Phys.

Rev. D 80, 126015 (2009).
[12] N. Anderson, S. K. Domokos, J. A. Harvey and N. Mann, “Central Production of η and η′ via Double Pomeron Exchange

in the Sakai-Sugimoto Model,” Phys. Rev. D 90, 086010 (2014) [arXiv:1406.7010 [hep-th]].
[13] I. Iatrakis, A. Ramamurti, E. Shuryak, “Pomeron Interactions from the Einstein-Hilbert Action,” arXiv:1602.05014 [hep-

ph].
[14] J. Erlich, E. Katz, D. T. Son and M. A. Stephanov, “QCD and a holographic model of hadrons,” Phys. Rev. Lett. 95,

261602 (2005) doi:10.1103/PhysRevLett.95.261602 [hep-ph/0501128].
[15] E. Witten, Adv. Theor. Math. Phys. 2, 505 (1998) [hep-th/9803131].
[16] S. Bolognesi and P. Sutcliffe, “The Sakai-Sugimoto soliton,” arXiv:1309.1396 [hep-th].
[17] D. K. Hong, M. Rho, H. U. Yee and P. Yi, “Chiral dynamics of baryons from string theory,” Phys. Rev. D 76, 061901

(2007) [arXiv:hep-th/0701276].
[18] S. K. Domokos, J. A. Harvey and N. Mann, “Setting the scale of the p p and p bar p total cross sections using AdS/QCD,”

Phys. Rev. D 82, 106007 (2010) [arXiv:1008.2963 [hep-th]].
[19] D. K. Hong, M. Rho, H. U. Yee and P. Yi, “Dynamics of Baryons from String Theory and Vector Dominance,” JHEP

0709, 063 (2007) [arXiv:0705.2632 [hep-th]].
[20] D. K. Hong, M. Rho, H. U. Yee and P. Yi, “Nucleon Form Factors and Hidden Symmetry in Holographic QCD,” Phys.

Rev. D 77, 014030 (2008) [arXiv:0710.4615 [hep-ph]].
[21] J. Park and P. Yi, “A Holographic QCD and Excited Baryons from String Theory,” JHEP 0806, 011 (2008)

[arXiv:0804.2926 [hep-th]].
[22] S. K. Domokos, H. R. Grigoryan and J. A. Harvey, Phys. Rev. D 80, 115018 (2009) doi:10.1103/PhysRevD.80.115018

[arXiv:0905.1949 [hep-ph]].
[23] L. Andivahis et al., “Measurements of the electric and magnetic form factors of the proton from Q2 = 1.75 to 8.83

(GeV/c)2,” Phys. Rev. D 50, 5491 (1994).
[24] C. Cebulla, K. Goeke, J. Ossmann and P. Schweitzer, “The Nucleon form-factors of the energy momentum tensor in the

Skyrme model,” Nucl. Phys. A 794, 87 (2007) [hep-ph/0703025].
[25] M. Yamada, “Propagator of a massive spin-3 field,” Phys. Rev. D 30, 2144 (1984).
[26] R.C. Brower, C.E. DeTar, J.H. Weis, “Regge Theory for Multiparticle Amplitudes,” Phys. Rept. 14, 257 (1974).
[27] C. P. Herzog, S. Paik, M. J. Strassler, E. G. Thompson, “Holographic Double Diffractive Scattering,” JHEP 0808, 010

(2008).
[28] K. Becker, M. Becker, I. Melnikov, D. Robbins, A. Royston, “Some tree-level string amplitudes in the NSR formalism,”

JHEP 12, 010 (2015) [arXiv:1507.02172].



33

[29] F. T. Brandt, J. Frenkel, F. R. Machado, “The open superstring 5-point amplitude revisited,” JHEP0207 071 (2002)
[arXiv:hep/th0208121].

[30] B. Maddock, N. Mann, “Reassessing the Reggeization Procedure for elastic proton-proton scattering,” future work/private
communications.

[31] A. Kirk, “Resonance production in central pp collisions at the CERN Omega Spectrometer,” Phys. Lett. B 489, 29 (2000)
[32] WA102 Collaboration, “A study of pseudoscalar states produced centrally in pp interactions at 450 GeV/c,” Phys. Lett.

B 427, 398 (1998).
[33] R. Dickson, R. A. Schumacher (CLAS Collaboration), “Photoproduction of the f1(1285) Meson,” Phys. Rev. C 93, 065202

(2016) [arXiv:1604.07425].


