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1 Introduction

Investigating cross sections of high energy hadron-hadron scattering, which reflects

the internal structure of hadrons, is one of the most important topics in hadron physics.

Forward proton-proton (pp) and proton-antiproton (pp̄) scattering at high energies lies

mostly outside the regime where the perturbative technique of QCD is applicable. Differ-

ential and total cross sections of the forward scattering cannot be rigorously calculated by

perturbative or lattice QCD methods.

Before the establishment of QCD, hadronic scattering cross sections had been ex-

tensively studied in Regge theory, and in the so-called “classical Regge regime” with the

Mandelstam variables s and t satisfying the condition s� |t| and |t| of the order or smaller

than the QCD scale Λ2
QCD, the scattering amplitude A(s, t) behaves as

A(s, t) ∼ sα(t). (1.1)

Here α(t) is a linear function of t, which is known as the Regge trajectory [1]:

α(t) = α(0) + α′t, (1.2)

where α(0) and α′ are constants. This linear behaviour is supported by the experimental

findings that mesons can be classified into groups by a linear relation,

J = α(0) + α′m2, (1.3)

where J and m represent the meson spins and masses respectively. This relation implies

that the hadron-hadron scattering can be interpreted as an infinite sum of exchange of

mesons lying on the Regge trajectories.
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In the recent years, the TOTEM collaboration at the LHC has published their results

of the forward pp cross section measurements at centre of mass energies
√
s = 2.76 TeV [2],

7 TeV [3], 8 TeV [4] and 13 TeV [5–7]. Since 1960s, there have been a large number of pp

and pp̄ cross section measurements. The centre of mass energy spans from fixed target

experiments at
√
s ∼ 10 GeV to the LHC energies of

√
s ∼ 10 TeV. Focusing on the

TeV scale, except the TOTEM, there are earlier data at
√
s = 546 GeV measured by the

UA4 collaboration [8, 9] and the CDF collaboration [10], and at
√
s = 1.8 TeV measured

by the E710 collaboration [11–13] and the CDF collaboration [10]. These measurements

have accumulated a rich set of data, upon which various theoretical and phenomenological

models have been developed [14–18]. However, it is found that these models are not enough

to well describe all the new TOTEM data from
√
s = 2.76 to 13 TeV simultaneously [6].

Hence, more advanced models are certainly needed to explain the data at the LHC energies.

By virtue of the optical theorem:

σtot =
1

s
ImA(s, t = 0), (1.4)

from eq. (1.1) one finds that the total cross sections in the Regge limit behave as sα(0)−1.

Experimental data shows that the total cross section of the high energy pp scattering

grows with s, but all the known meson trajectories called Reggeons have their intercepts

α(0) < 0.6, which cannot account for the growing behaviour. In order to explain this

behaviour, a new kind of trajectory called Pomeron was introduced [19]. The leading

Pomeron trajectory has its intercept α(0) ≈ 1 but slightly greater than 1, which is called

soft Pomeron intercept and can account for the growing behaviour. Many works have been

done to fit the total cross section data by combining the contributions from the Reggeon

and the Pomeron exchange [20, 21]. One may interpret the Pomeron exchange as the multi-

gluon exchange, however, it is extremely difficult to derive the soft Pomeron intercept from

QCD itself due to its nonperturbative nature. Therefore, the description by the Pomeron

exchange is still useful, and further investigations of the Pomeron dynamics are certainly

needed.

The birth of the string theory is closely related to Regge theory. The Veneziano am-

plitude which describes the scattering of open strings was originally proposed to model

the pion-pion scattering. The string amplitude can explicitly reproduce the Regge be-

haviour of the differential cross section. These are the early interplay between string

theory and strong interaction. Later on QCD was accepted as the fundamental theory

of strong interaction and string theory was no longer interpreted as a theory of strong

interaction. However, analytically solving nonperturbative QCD is a formidable task and

various hadronic properties cannot be directly derived from QCD. This dilemma led us

to string theory again, but in a different way. Recently, the anti-de Sitter/conformal field

theory (AdS/CFT) correspondence [22–24], which relates a 4-dimensional conformal field

theory to a gravitational theory in the higher dimensional AdS space, provides us a hope-

ful way to investigate strongly coupled quantum field theories. The information of those

strongly coupled theories can be obtained by studying their dual theories in the AdS space.

The application of the AdS/CFT correspondence to QCD has gathered a lot of theoretical
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interests, and many holographic QCD models have been proposed so far. There are basi-

cally two approaches: the top-down approach [25–28] starting from string theory and the

bottom-up approach [29–31] starting from the known QCD phenomenology to construct

the dual theory in the higher dimensional AdS space. Most of these works are dedicated to

hadron properties such as masses, widths, decay constants [27, 28, 30–39]. More systematic

graviton-dilaton-meson framework has been developed in refs. [40–43]. A comprehensive

review is provided by the authors of ref. [44]. There are also many applications of the

AdS/CFT correspondence to high energy scattering phenomena [45–54], aiming at a bet-

ter understanding of the internal structure of hadrons.

Based on the string theory, a holographic QCD model has been proposed to describe

the elastic pp and pp̄ scattering in the Regge regime [55–57]. The main feature of this

model is that the pp scattering is described by the Pomeron exchange, which is realized

by combining the Reggeized spin-2 particle propagator and the proton gravitational form

factor to dictate the proton-Pomeron vertex. This model has also been applied to η and η′

central production processes [58, 59]. The gravitational form factor used in these works is

approximated by the dipole form factor A(t) = (1 − t/M2
d )−2, where the dipole mass Md

is the one of the four model parameters. The dipole form factor was originally proposed

to fit the elastic electron-proton scattering data at large angles [60]. Many studies on the

electromagnetic form factors have been done so far, but on the other hand, the gravitational

form factors (are also called stress tensor or energy-momentum tensor form factors) are

less studied. The gravitational form factors are important physical quantities to reveal the

hadron nature. For instance, one of them measures the total angular momentum carried by

partons, which is related to the generalized parton distribution (GPD) functions through

sum rules [61].

In this work, the treatment of the proton-Pomeron coupling in previous studies is

improved, and the comparison between the model calculations and the newly published

TOTEM data for both the differential and total cross sections is explicitly demonstrated. In

our model setup, we use the bottom-up AdS/QCD model to obtain the proton gravitational

form factor which can be extracted from the proton-Pomeron(graviton)-proton three-point

function. We consider two versions of the bottom-up AdS/QCD model, the hard-wall

model and the soft-wall model. In the former one, the AdS geometry is sharply cut off in

the infrared (IR) region to introduce the QCD scale, while the geometry is smoothly cut

off by utilizing the background dilaton field in the latter one. The form factors we adopt

originally have a few parameters, but they are uniquely fixed by the hadron properties,

e.g., the proton mass. Hence, there is no adjustable parameter in the expression of the

proton-Pomeron coupling in our model setup, and we have only three parameters in total

which are all from the Reggeized spin-2 particle propagator. Those parameters are fitted to

the available data in the considered high energy regime, taking into account the differential

and total cross sections simultaneously.

This paper is organized as follows. In section 2 we introduce the model to describe the

high energy pp scattering in the Regge regime. The amplitude of the 2++ glueball exchange

is presented, and then the propagator is Reggeized to describe the Pomeron exchange. We

introduce the hard-wall and soft-wall AdS/QCD model in section 3, from which the required
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gravitational form factor of a proton is obtained. The kinematic range considered in this

study is explained in detail, and our numerical results for the differential and total pp cross

sections are presented in section 4. At last in section 5 we give a summary and discuss the

implications of the results.

2 Holographic description of proton-proton scattering in the Regge

regime

The formalism which describes the pp scattering in the Regge regime with the Pomeron

exchange has been developed in ref. [55]. In the model, the scattering amplitude is obtained

by combining the Pomeron propagator and the gravitational form factor of the proton.

There are two important ingredients in this framework: (1) The coupling of the Pomeron

to the proton is dictated by the vertex of the lowest state on the leading Pomeron trajectory,

which is assumed to be the 2++ glueball. The 2++ glueball state has been calculated in

the holographic QCD models [62] and lattice QCD [63], and its propagator has been given

in ref. [64]. (2) The 2++ glueball propagator is then Reggeized to take into account all

the states on the Pomeron trajectory. This is done by exploring the connection between

Regge theory and string theory. In the Regge regime, string amplitude has similar pole

and residue structure as in Regge theory. Closed string amplitude is used to model the

exchange of a trajectory of glueball states, i.e., the Pomeron.

Firstly we explain the derivation of the amplitude of the 2++ glueball exchange. The

2++ glueball field is expressed as a second-rank symmetric traceless tensor hµν , which is

assumed to be coupled predominantly to the QCD energy-momentum tensor Tµν :

S = λ

∫
d4xhµνT

µν . (2.1)

Then the proton-glueball-proton vertex can be extracted from the matrix element of the

energy-momentum tensor Tµν between the proton states,

〈p′, s′|Tµν(0)|p, s〉. (2.2)

Considering the symmetry and conservation of Tµν , eq. (2.2) can be generally expressed in

terms of three form factors [65],

〈p′, s′|Tµν(0)|p, s〉 = ū(p′, s′)

[
A(t)

γµPν + γνPµ
2

+B(t)
i(Pµσνρ + Pνσµρ)k

ρ

4mp

+C(t)
(kµkν − ηµνk2)

mp

]
u(p, s),

(2.3)

where k = p′ − p, t = k2 and P = (p + p′)/2. At zero momentum transfer, there are two

constraints on the form factors: A(0) = 1 and B(0) = 0, due to the fact that the proton

has spin 1/2 and mass mp. We will see below that we only need to consider the form
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p1 p3

k

p2 p4

Figure 1. The Feynman diagram of the pp scattering by the exchange of a glueball in the t-channel.

p1 and p2 are the four-momenta of the incoming protons, and p3 and p4 are four-momenta of the

outgoing protons. k is the four-momentum of the exchanged glueball.

factor A(t) in this model. In section 3 we will explain the calculation of A(t) within the

bottom-up AdS/QCD model.

The following scattering process is considered: pp (or pp̄) are scattered by the exchange

of a massive, spin-2 glueball. Only t-channel is needed to be considered because it is the

dominant channel in the Regge regime. The Feynman diagram describing the process is

shown in figure 1.

The massive spin-2 glueball propagator can be written as [64]

dαβγδ(k)

k2 −m2
g

, (2.4)

where α and β are Lorentz indices contracted at one side, and γ and δ are the Lorentz

indices contracted at the other side. mg is the mass of the glueball and dαβγδ can be

explicitly expressed as

dαβγδ =
1

2
(ηαγηβδ + ηαδηβγ)− 1

2m2
g

(kαkδηβγ + kαkγηβδ + kβkδηαγ + kβkγηαδ)

+
1

24

[(
k2

m2
g

)2

− 3

(
k2

m2
g

)
− 6

]
ηαβηγδ −

k2 − 3m2
g

6m4
g

(kαkβηγδ + kγkδηαβ)

+
2kαkβkγkδ

3m4
g

.

(2.5)

By combing the form factors in eq. (2.3) and the propagator in eq. (2.4), the amplitude

can be written down as

Mg =
λ2dαβγδ
4(t−m2

g)

×
[
A(t)(ū1γ

αu3)(p1+p3)β+
iB(t)

2mp
(p1+p3)βkρ(ū1σ

αρu3)+
C(t)

mp
(ū1u3)(kαkβ−ηαβt)

]
×
[
A(t)(ū2γ

γu4)(p2+p4)δ+
iB(t)

2mp
(p2+p4)δkλ(ū2σ

γλu4)+
C(t)

mp
(ū2u4)(kγkδ−ηγδt)

]
.

(2.6)

Using the condition s � |t|, it can be seen that the contributions from the C(t) related

terms are suppressed by the factor |t|/s, and the contributions from the B(t) related terms
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are negligible compared to the contributions from the A(t) related terms. So in the Regge

regime, eq. (2.6) is greatly reduced and only the terms containing the form factor A(t)

need to be considered. After taking these approximations, eq. (2.6) can be expanded and

then rearranged into

Mg =
λ2

8(t−m2
g)

[
2sA2(t)(ū1γ

αu3)(ū2γαu4) + 4A2(t)pα2 p
β
1 (ū1γαu3)(ū2γβu4)

]
. (2.7)

Since the differential cross section is given by

dσ

dt
=

1

16πs2
|Mg(s, t)|2, (2.8)

the expression for the considered process can be derived by taking the modulus and the

spin averaged sum of eq. (2.7). We obtain

dσ

dt
=

λ4s2A4(t)

16π(t−m2
g)

2
. (2.9)

This differential cross section only represents the exchange of the lightest state, i.e., the

2++ glueball. In order to include the higher spin states on the Pomeron trajectory, a

procedure named Reggeizing is employed to obtain the Pomeron propagator from the string

amplitude.

The simplest closed string scattering is the scattering of four closed string tachyons.

The scattering amplitude can be written in the form

Mc =
Γ[−ac(t)]Γ[−ac(u)]Γ[−ac(s)]

Γ[−ac(t)− ac(s)]Γ[−ac(t)− ac(u)]Γ[−ac(u)− ac(s)]
Kc(p1, p2, . . . ), (2.10)

where s, t and u are Mandelstam variables and Kc is a kinematic factor with no poles, which

depends on the momenta and polarizations of the scattered particles. ac(x) = ac(0) + a′cx

is a linear function related to the spectrum of the closed strings. The parameters ac(0) and

a′c are related to the Pomeron trajectory parameters through

2ac(0) + 2 = αc(0), 2a′c = α′c. (2.11)

In the Regge regime, the amplitude can be written as

MReg
c = e−iπac(t)(a′cs)

2ac(t) Γ[−ac(t)]
Γ[ac(t)− χ]

Kc(p1, p2, . . . ), (2.12)

where χ is defined by χ = ac(s) + ac(t) + ac(u) = 4a′cm
2 + 3ac(0), with m the mass of

the scattered particles. From eq. (2.12) it can be seen that the amplitude has poles at

ac(t) = n for n = 0, 1, 2, · · · with residue ∼ s2n. This is assumed to be corresponding to

the t-channel exchange of a trajectory with J = 2n = 2, 4, 6 · · · .
In the Regge regime the amplitude for the exchange of the lowest state on the trajectory

is given by

M1st ≈
−s2f(εi)

a′cΓ[−χ](t−m2
g)
, (2.13)
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where f(εi) is some unknown function of the polarizations of the scattered particles. The

full amplitude is given by

Γ
[
1− αc(t)

2

]
Γ
[
αc(t)

2 − 1− χ
]e−iπαc(t)/2

(
α′cs

2

)αc(t)−2

s2f(εi). (2.14)

There is a factor between eq. (2.14) and eq. (2.13):

−α′c
2

Γ[−χ]Γ
[
1− αc(t)

2

]
Γ
[
αc(t)

2 − 1− χ
] e−iπαc(t)/2

(
α′cs

2

)αc(t)−2

. (2.15)

The differential cross section of the Pomeron exchange can be obtained by replacing the

glueball exchange factor 1
t−m2

g
in eq. (2.9) with the above factor,

dσ

dt
=
λ4A4(t)Γ2[−χ]Γ2

[
1− αc(t)

2

]
16πΓ2

[
αc(t)

2 − 1− χ
] (

α′cs

2

)2αc(t)−2

, (2.16)

which corresponds to the Pomeron exchange amplitude,

M(s, t) = sλ2A2(t)e−iπαc(t)/2

Γ[−χ]Γ
[
1− αc(t)

2

]
Γ
[
αc(t)

2 − 1− χ
]
(α′cs

2

)αc(t)−1

. (2.17)

The total cross section can be obtained by applying the optical theorem to eq. (2.14):

σtot =
1

s
Im M(s, 0) =

πλ2Γ[−χ]

Γ
[
αc(0)

2

]
Γ
[
αc(0)

2 − 1− χ
] (α′cs

2

)αc(0)−1

. (2.18)

3 Proton gravitational form factor from the bottom-up AdS/QCD model

The gravitational form factor of a nucleon has been calculated in a bottom-up AdS/QCD

model [39], in which a fermion field couples to a vector field in the 5-dimensional AdS space,

and the gravitational form factor is calculated by perturbing the metric of the static AdS

solution. Here we briefly review the previous study, in which the model action is given by

SF =

∫
d5x
√
ge−Φ(z)

(
i

2
Ψ̄eNAΓADNΨ− i

2
(DNΨ)†Γ0eNAΓAΨ− (M + Φ(z))Ψ̄Ψ

)
, (3.1)

where eNA = zδNA , DN = ∂N + 1
8ωNAB[ΓA,ΓB]−iVN is the covariant derivative and M is the

mass of the bulk spinor. The Dirac gamma matrices are defined by the anti-commutation

relation {ΓA,ΓB} = 2ηAB. The soft-wall model is implemented by adding Φ(z) = κ2z2 to

the mass term. From the action one can derive the equation of motion of the Dirac field,[
ieNAΓADN −

i

2
(∂NΦ)eNAΓA − (M + Φ(z))

]
Ψ = 0. (3.2)
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Evaluating the action on the solution gives

SF [Ψcl] =

∫
d4x
−1

2z4
e−κ

2z2
(
Ψ̄LΨR − Ψ̄RΨL

) ∣∣∣zIR
ε
, (3.3)

where ΨR,L = (1/2)(1 ± γ5)Ψ and ε represents the ultraviolet (UV) boundary. In the

hard-wall model (κ = 0) the IR cutoff is at zIR = z0, and in the soft-wall model z extends

to infinity, i.e., zIR = ∞. In order to preserve the O(5, 1) isometry group of the original

action, an extra term is added in the UV boundary,

1

2

∫
d4x

√
−g(4)

(
Ψ̄LΨR + Ψ̄RΨL

)
ε
, (3.4)

which corresponds to the action,

SF =

∫
d4x

(
1

z4
Ψ̄LΨR

)
ε

. (3.5)

The Dirac fields in the momentum space can be written as ΨR,L(p, z) = z∆fR,L(p, z)

· Ψ0(p)R,L, in which Ψ0
R,L are the 4-dimensional boundary fields and fR,L are the profile

functions or the bulk-to-boundary propagators. Ψ0
L(p) is chosen as the independent source

field which corresponds to the spin- 1
2 baryon operator OR in the 5-dimensional field theory,

and ∆ is chosen such that the equation of motion allows fL(p, ε) = 1.

It is known that the left handed and the right handed components of the spin- 1
2 field

operators in the 5-dimensional flat space are related by the Dirac equation, which means

that Ψ0
L and Ψ0

R are not independent. There is a relationship /pΨ0
R(p) = pΨ0

L(p) between

the left handed and the right handed components. Dropping the interaction term with the

vector field, the equation of motion for the Dirac field can be written as(
∂z −

2 +M −∆ + 2Φ

z

)
fR = −pfL, (3.6)(

∂z −
w −M −∆

z

)
fL = pfR. (3.7)

In both the soft-wall and the hard-wall models, the equations of motion of the profile func-

tions can be analytically solved. Besides the gravitational form factor, the electromagnetic

form factors were also studied in ref. [39]. The mass M in the above equations can be fixed

by taking into account the large momentum scaling of the obtained electromagnetic form

factors, and the resulting value is M = 3
2 .

In addition to the fermion part, there is a kinetic part of the vector field,

SV =

∫
d5xe−Φ√gTr

(
−
F 2
V

2g2
5

)
, (3.8)

where F VMN = ∂MVN − ∂NVM . The transverse part of the vector field can be expressed

as Vµ(p, z) = V (p, z)V 0
µ (p), and the bulk-to-boundary propagator satisfies V (p, ε) = 1 at

the UV boundary. According to the holographic dictionary, the V 0
µ (p) is the source for the

– 8 –
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4-dimensional current operator JVµ . In the Vz = 0 gauge, the equation of motion can be

obtained [66]: [
∂z

(
e−Φ

z
∂z

)
+
e−Φ

z
p2

]
V (p, z) = 0. (3.9)

The solution of the above equation is a normalizable mode with its eigenvalue p2 = M2
n

which corresponds to the mass of the n-th Kaluza-Klein mode of the vector meson [30]. In

the soft-wall model [66], the mass eigenvalues are M2
n = 4κ2(n + 1), where n = 0, 1, . . . .

In the hard-wall model, the eigenvalues are expressed as Mn = γ0,n+1/z0, in which γ0,n+1

is the n+ 1-th zeros of the Bessel function J0.

The stress tensor matrix element for spin- 1
2 particles has been generally written in

terms of the three form factors in eq. (2.3), which can be extracted from the following

3-point function, 〈
0
∣∣T OiR(x)Tµν(y)ŌjR(w)

∣∣0〉 . (3.10)

The 5-dimensional AdS space metric is given by

ds2 = gMNdx
MdxN =

1

z2

(
ηµνdx

µdxν − dz2
)
. (3.11)

The energy-momentum tensor operator in the 4-dimensional strongly coupled theory corre-

sponds to the metric perturbation in the 5-dimensional gravity theory. In order to calculate

the gravitational form factors, we consider the gravity-dilaton-tachyon action [67, 68], and

in which the metric of the AdS space is perturbed from its static solution according to

ηµν → ηµν + hµν . The action in the second order perturbation can be written as

SGR = −
∫
d5x

e−κ
2z2

4z3
(hµν,zh

µν
,z + hµν�h

µν) , (3.12)

where hµν satisfies the transverse-traceless gauge conditions, ∂µhµν = 0 and hµµ = 0. From

the action one can find that the following Einstein equation is satisfied by the profile

function of the metric perturbation:[
∂z

(
e−κ

2z2

z3
∂z

)
+
e−κ

2z2

z3
p2

]
h(p, z) = 0. (3.13)

This equation can be solved in both the soft-wall and the hard-wall models. In the former,

the solution is given with the Kummer function by

H(Q, z) = Γ(a+ 2)U(a,−1; ξ)

= a(a+ 1)

∫ 1

0
dxxa−1(1− x) exp

(
−ξx
1− x

)
,

(3.14)

where H(Q, z) ≡ h(q2 = −Q2, z), a = Q2/(4κ2) and ξ = κ2z2. The constant κ is

determined by the proton and the ρ-meson masses. The best fit can be obtained as

κ = 0.350 GeV, which gives the proton mass 0.990 GeV and the ρ-meson mass 0.700 GeV.

– 9 –



J
H
E
P
1
0
(
2
0
1
9
)
0
5
3

0 1 2 3 4 5
Q 2(GeV2)

0.0

0.2

0.4

0.6

0.8

1.0

A
(Q

2
)

soft-wall
hard-wall

Figure 2. The gravitational form factor of the proton from a bottom-up AdS/QCD model [39].

The solid and dashed lines are from the soft-wall and the hard-wall models, respectively.

The solution in the soft-wall model satisfies H(p, ε) = 1 and vanishes at infinity. For the

hard-wall model, the solution is given with the Bessel functions by

H(Q, z) =
(Qz)2

2

(
K1(Qz0)

I1(Qz0)
I2(Qz) +K2(Qz)

)
. (3.15)

The value of z0 that one can obtain with the proton mass is z0 = (0.245 GeV)−1.

Combining the solutions for the Dirac fields ΨL,R(z) and the solution for the metric

perturbation, the 3-point function eq. (3.10) can be calculated and the gravitational form

factor A(t) takes the form of

A(Q) =

∫
dz
e−κ

2z2

2z2M
H(Q, z)

(
Ψ2
L(z) + Ψ2

R(z)
)
. (3.16)

The Q2 dependencies of the proton gravitational form factors obtained from both the hard-

wall and the soft-wall models are shown in figure 2. These results are comparable with

that calculated from a GPD model [69], while the soft-wall model result is more consistent

with the GPD result compared to the hard-wall one.

4 Numerical results

4.1 Kinematic regions and model parameters

This model works in the Regge regime, in which we have obtained the expressions of the

differential and total cross sections in section 2. When performing the numerical fit to

determine the adjustable parameters included in the model, we select experimental data

in the kinematic region, where
√
s ≥ 546 GeV and |t| < 0.45 GeV2, which gives the ratio

|t|/s < 1.5 × 10−6. So the Regge condition is strictly satisfied in this regime. Since

the diffractive minimum (dip) around |t| = 0.47 GeV2 has recently been observed in the

– 10 –
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differential cross section measurement at
√
s = 13 TeV by the TOTEM collaboration [7],

we choose the value mentioned above as the upper cut for |t|.
For the smaller s region, the exchange of both the Reggeon and the Pomeron con-

tributes to the total cross sections σtot of the pp and pp̄ scattering. However, the Reggeon

contribution is strongly suppressed at large s. Via the preceding study [55], it is found that

the Reggeon contributions to the pp and pp̄ scattering are less than 1% at
√
s = 400 GeV,

and those become about 0.3% at
√
s = 1.8 TeV. Hence, in this study we consider the ex-

perimental data measured in the range, 546 GeV ≤
√
s ≤ 13 TeV, where it is reasonable to

take into account the Pomeron contributions only, neglecting those from the Reggeon.

Theoretically there are two fundamental interactions engaged in the elastic pp scat-

tering: the electromagnetic and the strong interactions. When the scattering angle is very

small (i.e., |t| is very small), the electromagnetic Coulomb interaction plays an important

role. This contribution is of importance at |t| ≈ 0.002 GeV2 and becomes negligible when

|t| > 0.01 GeV2 [70, 71]. So we set |t| = 0.01 GeV2 as the lower cut. For the strong in-

teraction part, when |t| is smaller compared to the QCD scale Λ2
QCD, we stay in the soft

region, in which the model of this work is valid. When |t| becomes larger, we enter the

so-called hard Pomeron region, where perturbative QCD starts to be applicable. There is

still no solid theoretical explanation on how and where this soft to hard transition occurs.

The preceding work [57] argues that this transition occurs at t ≈ −0.5 GeV2.

4.2 Fitting results

There are three adjustable parameters in our model: the Pomeron intercept αc(0), the

Pomeron slope α′c and the proton-glueball-proton coupling constant λ. In the analysis

presented in ref. [55], the authors used the dipole form factor, A(t) = (1 − t/M2
d )−2, with

the dipole mass Md as a free parameter. In this study we utilize the proton gravitational

form factor obtained from the bottom-up AdS/QCD model instead of the dipole one, and

this does not bring any additional parameter to the whole model setup.

We fit the differential cross section eq. (2.16) and the total cross section eq. (2.18) si-

multaneously to the experimental data, and determine the three parameters {αc(0), α′c, λ}.
We consider two data sets for the differential cross section. The first set consists of all the

available data in the range, 546 GeV ≤
√
s ≤ 13 TeV. We take into account the data mea-

sured at
√
s = 546 GeV by the UA4 [8, 9] and CDF [10] collaborations, at

√
s = 1.8 TeV

by the E710 [11–13] and CDF [10] collaborations and at
√
s = 2.76 TeV [2], 7 TeV [3],

8 TeV [4] and 13 TeV [5–7] by the TOTEM collaboration. The second data set consists of

the TOTEM data only. For the total cross section, the TOTEM data [3–5, 72–75] and other

pp [76–78] and pp̄ [13, 79–85] data which were collected by the Particle Data Group (PDG)

in 2010 [86] are currently available. In this paper, we present the comparison between the

model calculation and all of those data, however, we do not use the data extracted from

the cosmic-ray experiments for the fitting, because they have huge uncertainties and are

not suitable for the present analysis. Taking into account the experimental data men-

tioned above, we perform the log-linear least squares fit, utilizing the MINUIT package in

Python [87].
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Parameters soft-wall hard-wall

αc(0) 1.086± 0.002 1.087± 0.001

α′c (GeV−2) 0.395± 0.002 0.412± 0.002

λ (GeV−1) 8.95± 0.12 9.44± 0.13

χ2/d.o.f. 1.317 1.355

Table 1. The fitting results obtained with the differential cross section data in the range, 546 GeV ≤√
s ≤ 13 TeV, and the total cross section data.

Parameters soft-wall hard-wall

αc(0) 1.086± 0.002 1.087± 0.001

α′c (GeV−2) 0.402± 0.002 0.416± 0.001

λ (GeV−1) 9.16± 0.13 9.60± 0.13

χ2/d.o.f. 1.248 1.279

Table 2. The fitting results obtained with the differential cross section data measured by the

TOTEM collaboration in the range, 2.76 ≤
√
s ≤ 13 TeV, and the total cross section data.

The results of fitted parameters and χ2/d.o.f. for the two data sets are shown in table 1

and table 2 respectively. Gravitational form factors obtained from both the soft-wall and

the hard-wall models are used in the fits. We find that the soft-wall model produces the

slightly better χ2/d.o.f. values, compared with the hard-wall model results. Also, it can be

seen for both soft-wall and hard-wall model cases that the second data set produces better

χ2/d.o.f. values, comparing with the other data set results.

The results of the differential cross sections for the both data sets are shown in figure 3

and figure 4 respectively. Since the soft-wall and hard-wall model results are quite close to

each other, we only present the soft-wall results here. From these results we find that our

calculations are consistent with the data in the considered kinematic regime. Focusing on

the comparisons between our calculations and the TOTEM data, it is seen that the second

data set results show better agreements with the data, compared with the other data set

results, although this can also be understood from the difference between their χ2/d.o.f.

values.

We show in figure 5 the resulting total cross section of the pp scattering. Our calcu-

lation is obtained with the differential and total cross section data in the range, 546 GeV

≤
√
s ≤ 13 TeV, and the gravitational form factor calculated within the soft-wall AdS/QCD

model. The pp data extracted from the cosmic-ray experiments are plotted together on

the figure, but were not used for the fit. We find that our calculation agrees with the

data in the whole considered kinematic region, where 102 <
√
s < 105 GeV. Moreover, it

can be seen that our result is also quite consistent with the empirical fit performed by the

COMPETE collaboration [18].

From the results presented above, we find that the present model setup can well de-

scribe both the differential and total pp cross sections in the considered high energy region.

The obtained value through the numerical fitting of the Pomeron intercept is around 1.086,

which is consistent with that obtained by the authors of ref. [55], while our Pomeron slope
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Figure 3. The differential cross section as a function of |t|. The solid lines represent our calculations

obtained with the experimental data in the range, 546 GeV ≤
√
s ≤ 13 TeV. The data are depicted

with their errors.
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Figure 4. The differential cross section as a function of |t|. The solid lines represent our calculations

obtained with the experimental data measured by the TOTEM collaboration in the range, 2.76 ≤√
s ≤ 13 TeV. The data are depicted with their errors.
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Figure 5. The total cross sections of the pp and pp̄ scattering as a function of
√
s. The solid

and dashed curves represent our calculation and the empirical fit performed by the COMPETE

collaboration respectively. The circles and triangles depict the pp data measured by the TOTEM

collaboration and the pp̄ data from earlier experiments respectively. The pp data from the cosmic-

ray experiments are denoted by cross points, but were not used for the fit.

result is around 0.400 GeV2 and this is larger than their result by 34%. The resulting

value of the coupling constant λ is around 9.0 GeV−1, which is slightly larger than their

result. However, they obtained λ = 9.02 GeV−1 via another analysis based on a Skyrme

model [56], and this is quite consistent with ours.

5 Summary and discussion

We have studied the high energy pp scattering cross sections in the framework of holo-

graphic QCD, focusing on the Regge regime. In our model setup, the nonperturbative

partonic dynamics is described by the Pomeron exchange, which is realized by applying

the Reggeized spin-2 particle propagator and the proton gravitational form factor obtained

from the bottom-up AdS/QCD model. In this study, we have improved the treatment of

the gravitational form factor to construct a more consistent model, compared to previous

works. The dipole form factor, which includes the dipole mass as a parameter, was used in

ref. [55] to specify the proton-Pomeron coupling. Hence, there are four adjustable param-

eters in their model, because the propagator part includes three parameters. On the other

hand, the gravitational form factor we applied in this work does not bring any parameter.

To be precise, it originally includes a few parameters, but those can be uniquely fixed by

some hadron properties such as the proton mass. Therefore, our present model includes

only the three parameters in total, which is obviously an advantage. Also, since the propa-
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gator we applied in this study was originally derived based on the closed string amplitude,

it can be interpreted as the Reggeized graviton. So our choice for the gravitational form

factor can be easily justified, because it specifies the proton-graviton coupling.

Considering the applicability of our present model and taking into account the recent

experimental finding that the diffractive minimum around |t| = 0.47 GeV2 was observed

in the differential cross section measurement, we decided to focus on the kinematic region,

where 546 GeV ≤
√
s ≤ 13 TeV and 0.01 < |t| < 0.45 GeV2, and performed the numerical

fit. Currently available most data, except the ones extracted from the cosmic-ray experi-

ments, were used to determine the three adjustable parameters included in the model. The

comparisons between our calculations and the data have been explicitly demonstrated. We

have found that utilizing the soft-wall AdS/QCD model to obtain the gravitational form

factor results in slightly better χ2/d.o.f. values, compared to the case of using the hard-wall

model. Moreover, it has been seen that utilizing only the TOTEM data, instead of using

all the available data, for the fitting leads to better χ2/d.o.f. values. A reason for this is

that there is a tension between the E710 and CDF data at
√
s = 1.8 TeV, which can lower

the fitting quality. Nonetheless, both the resulting differential and total cross sections are

in agreement with the data in the whole considered kinematic region.

The excellent agreement with the data and the empirical fit performed by the COM-

PETE collaboration for the total cross section shall be emphasized, but this is actually a

surprise, because the Froissart bound is not taken into account in the present model. In

general, it is expected that there is some suppression by the Froissart bound and the total

cross section grows no faster than log2 s in the high s regime. However, our result implies

that the behaviour σtot ∼ sα(0)−1 is still a good description in the presently considered

kinematic region. To pin down this, more data are definitely required especially in the

higher energy region.

The results we obtained through this study suggest that the present framework has

potential to be a useful analytic tool for studies of various high energy scattering processes,

in which the involved strong interaction can be approximated by the Pomeron exchange.

Further investigations are certainly needed. For instance, meson-nucleon or meson-meson

scattering can be analyzed by simply replacing the gravitational form factor with the

meson’s. Moreover, further applications to more complicated processes, such as the deeply

virtual Compton scattering or the electron-ion scattering, shall also be considered. Some

applications are under consideration, and will be reported separately.
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[40] C. Csáki and M. Reece, Toward a systematic holographic QCD: A Braneless approach, JHEP

05 (2007) 062 [hep-ph/0608266] [INSPIRE].

[41] U. Gürsoy and E. Kiritsis, Exploring improved holographic theories for QCD: Part I, JHEP

02 (2008) 032 [arXiv:0707.1324] [INSPIRE].

[42] U. Gürsoy, E. Kiritsis and F. Nitti, Exploring improved holographic theories for QCD:

Part II, JHEP 02 (2008) 019 [arXiv:0707.1349] [INSPIRE].

[43] D. Li and M. Huang, Dynamical holographic QCD model for glueball and light meson spectra,

JHEP 11 (2013) 088 [arXiv:1303.6929] [INSPIRE].

[44] S.J. Brodsky, G.F. de Teramond, H.G. Dosch and J. Erlich, Light-Front Holographic QCD

and Emerging Confinement, Phys. Rept. 584 (2015) 1 [arXiv:1407.8131] [INSPIRE].

[45] J. Polchinski and M.J. Strassler, Hard scattering and gauge/string duality, Phys. Rev. Lett.

88 (2002) 031601 [hep-th/0109174] [INSPIRE].

[46] J. Polchinski and M.J. Strassler, Deep inelastic scattering and gauge/string duality, JHEP

05 (2003) 012 [hep-th/0209211] [INSPIRE].

[47] R.C. Brower, J. Polchinski, M.J. Strassler and C.-I. Tan, The Pomeron and gauge/string

duality, JHEP 12 (2007) 005 [hep-th/0603115] [INSPIRE].

[48] Y. Hatta, E. Iancu and A.H. Mueller, Deep inelastic scattering at strong coupling from

gauge/string duality: The Saturation line, JHEP 01 (2008) 026 [arXiv:0710.2148]

[INSPIRE].

[49] B. Pire, C. Roiesnel, L. Szymanowski and S. Wallon, On AdS/QCD correspondence and the

partonic picture of deep inelastic scattering, Phys. Lett. B 670 (2008) 84 [arXiv:0805.4346]

[INSPIRE].

[50] C. Marquet, C. Roiesnel and S. Wallon, Virtual Compton Scattering off a Spinless Target in

AdS/QCD, JHEP 04 (2010) 051 [arXiv:1002.0566] [INSPIRE].

[51] A. Watanabe and K. Suzuki, Transition from soft- to hard-Pomeron in the structure

functions of hadrons at small-x from holography, Phys. Rev. D 86 (2012) 035011

[arXiv:1206.0910] [INSPIRE].

[52] A. Watanabe and K. Suzuki, Nucleon structure functions at small x via the Pomeron

exchange in AdS space with a soft infrared wall, Phys. Rev. D 89 (2014) 115015

[arXiv:1312.7114] [INSPIRE].

[53] A. Watanabe and H.-n. Li, Photon structure functions at small x in holographic QCD, Phys.

Lett. B 751 (2015) 321 [arXiv:1502.03894] [INSPIRE].

[54] A. Watanabe and M. Huang, Total hadronic cross sections at high energies in holographic

QCD, Phys. Lett. B 788 (2019) 256 [arXiv:1809.02515] [INSPIRE].

[55] S.K. Domokos, J.A. Harvey and N. Mann, The Pomeron contribution to pp and pp̄ scattering

in AdS/QCD, Phys. Rev. D 80 (2009) 126015 [arXiv:0907.1084] [INSPIRE].

– 18 –

https://doi.org/10.1103/PhysRevD.77.095007
https://arxiv.org/abs/0801.3839
https://inspirehep.net/search?p=find+EPRINT+arXiv:0801.3839
https://doi.org/10.1103/PhysRevD.77.115021
https://arxiv.org/abs/0804.0214
https://inspirehep.net/search?p=find+EPRINT+arXiv:0804.0214
https://doi.org/10.1103/PhysRevD.79.115003
https://arxiv.org/abs/0903.4818
https://inspirehep.net/search?p=find+EPRINT+arXiv:0903.4818
https://doi.org/10.1088/1126-6708/2007/05/062
https://doi.org/10.1088/1126-6708/2007/05/062
https://arxiv.org/abs/hep-ph/0608266
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0608266
https://doi.org/10.1088/1126-6708/2008/02/032
https://doi.org/10.1088/1126-6708/2008/02/032
https://arxiv.org/abs/0707.1324
https://inspirehep.net/search?p=find+EPRINT+arXiv:0707.1324
https://doi.org/10.1088/1126-6708/2008/02/019
https://arxiv.org/abs/0707.1349
https://inspirehep.net/search?p=find+EPRINT+arXiv:0707.1349
https://doi.org/10.1007/JHEP11(2013)088
https://arxiv.org/abs/1303.6929
https://inspirehep.net/search?p=find+EPRINT+arXiv:1303.6929
https://doi.org/10.1016/j.physrep.2015.05.001
https://arxiv.org/abs/1407.8131
https://inspirehep.net/search?p=find+EPRINT+arXiv:1407.8131
https://doi.org/10.1103/PhysRevLett.88.031601
https://doi.org/10.1103/PhysRevLett.88.031601
https://arxiv.org/abs/hep-th/0109174
https://inspirehep.net/search?p=find+EPRINT+hep-th/0109174
https://doi.org/10.1088/1126-6708/2003/05/012
https://doi.org/10.1088/1126-6708/2003/05/012
https://arxiv.org/abs/hep-th/0209211
https://inspirehep.net/search?p=find+EPRINT+hep-th/0209211
https://doi.org/10.1088/1126-6708/2007/12/005
https://arxiv.org/abs/hep-th/0603115
https://inspirehep.net/search?p=find+EPRINT+hep-th/0603115
https://doi.org/10.1088/1126-6708/2008/01/026
https://arxiv.org/abs/0710.2148
https://inspirehep.net/search?p=find+EPRINT+arXiv:0710.2148
https://doi.org/10.1016/j.physletb.2008.10.026
https://arxiv.org/abs/0805.4346
https://inspirehep.net/search?p=find+EPRINT+arXiv:0805.4346
https://doi.org/10.1007/JHEP04(2010)051
https://arxiv.org/abs/1002.0566
https://inspirehep.net/search?p=find+EPRINT+arXiv:1002.0566
https://doi.org/10.1103/PhysRevD.86.035011
https://arxiv.org/abs/1206.0910
https://inspirehep.net/search?p=find+EPRINT+arXiv:1206.0910
https://doi.org/10.1103/PhysRevD.89.115015
https://arxiv.org/abs/1312.7114
https://inspirehep.net/search?p=find+EPRINT+arXiv:1312.7114
https://doi.org/10.1016/j.physletb.2015.10.069
https://doi.org/10.1016/j.physletb.2015.10.069
https://arxiv.org/abs/1502.03894
https://inspirehep.net/search?p=find+EPRINT+arXiv:1502.03894
https://doi.org/10.1016/j.physletb.2018.11.042
https://arxiv.org/abs/1809.02515
https://inspirehep.net/search?p=find+EPRINT+arXiv:1809.02515
https://doi.org/10.1103/PhysRevD.80.126015
https://arxiv.org/abs/0907.1084
https://inspirehep.net/search?p=find+EPRINT+arXiv:0907.1084


J
H
E
P
1
0
(
2
0
1
9
)
0
5
3

[56] S.K. Domokos, J.A. Harvey and N. Mann, Setting the scale of the pp and pp̄ total cross

sections using AdS/QCD, Phys. Rev. D 82 (2010) 106007 [arXiv:1008.2963] [INSPIRE].

[57] Z. Hu, B. Maddock and N. Mann, A Second Look at String-Inspired Models for

Proton-Proton Scattering via Pomeron Exchange, JHEP 08 (2018) 093 [arXiv:1710.02463]

[INSPIRE].

[58] 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 (2014) 086010

[arXiv:1406.7010] [INSPIRE].

[59] N. Anderson, S. Domokos and N. Mann, Central production of η via double Pomeron

exchange and double Reggeon exchange in the Sakai-Sugimoto model, Phys. Rev. D 96 (2017)

046002 [arXiv:1612.07457] [INSPIRE].

[60] W. Albrecht, H.J. Behrend, F.W. Brasse, W. Flauger, H. Hultschig and K.G. Steffen, Elastic

electron-proton scattering at momentum transfers up to 245F−2, Phys. Rev. Lett. 17 (1966)

1192 [INSPIRE].

[61] X.-D. Ji, Gauge-Invariant Decomposition of Nucleon Spin, Phys. Rev. Lett. 78 (1997) 610

[hep-ph/9603249] [INSPIRE].

[62] R.C. Brower, S.D. Mathur and C.-I. Tan, Glueball spectrum for QCD from AdS supergravity

duality, Nucl. Phys. B 587 (2000) 249 [hep-th/0003115] [INSPIRE].

[63] H.B. Meyer and M.J. Teper, Glueball Regge trajectories and the Pomeron: A Lattice study,

Phys. Lett. B 605 (2005) 344 [hep-ph/0409183] [INSPIRE].

[64] M. Yamada, The propagator of a massive spin 3 field, Phys. Rev. D 30 (1984) 2144

[INSPIRE].

[65] H. Pagels, Energy-Momentum Structure Form Factors of Particles, Phys. Rev. 144 (1966)

1250 [INSPIRE].

[66] H.R. Grigoryan and A.V. Radyushkin, Structure of vector mesons in holographic model with

linear confinement, Phys. Rev. D 76 (2007) 095007 [arXiv:0706.1543] [INSPIRE].

[67] B. Batell and T. Gherghetta, Dynamical Soft-Wall AdS/QCD, Phys. Rev. D 78 (2008)

026002 [arXiv:0801.4383] [INSPIRE].

[68] B. Batell, T. Gherghetta and D. Sword, The Soft-Wall Standard Model, Phys. Rev. D 78

(2008) 116011 [arXiv:0808.3977] [INSPIRE].

[69] M. Guidal, M.V. Polyakov, A.V. Radyushkin and M. Vanderhaeghen, Nucleon form-factors

from generalized parton distributions, Phys. Rev. D 72 (2005) 054013 [hep-ph/0410251]

[INSPIRE].

[70] N.A. Amos et al., Measurement of small-angle antiproton-proton and proton-proton elastic

scattering at the CERN intersecting storage rings, Nucl. Phys. B 262 (1985) 689 [INSPIRE].

[71] UA4 collaboration, The real part of the proton-antiproton elastic scattering amplitude at the

centre of mass energy of 546 GeV, Phys. Lett. B 198 (1987) 583 [INSPIRE].

[72] TOTEM collaboration, Luminosity-independent measurements of total, elastic and inelastic

cross-sections at
√
s = 7 TeV, Europhys. Lett. 101 (2013) 21004 [INSPIRE].

[73] TOTEM collaboration, Luminosity-Independent Measurement of the Proton-Proton Total

Cross Section at
√
s = 8 TeV, Phys. Rev. Lett. 111 (2013) 012001 [INSPIRE].

[74] TOTEM collaboration, Evidence for non-exponential elastic proton-proton differential

cross-section at low |t| and
√
s = 8 TeV by TOTEM, Nucl. Phys. B 899 (2015) 527

[arXiv:1503.08111] [INSPIRE].

– 19 –

https://doi.org/10.1103/PhysRevD.82.106007
https://arxiv.org/abs/1008.2963
https://inspirehep.net/search?p=find+EPRINT+arXiv:1008.2963
https://doi.org/10.1007/JHEP08(2018)093
https://arxiv.org/abs/1710.02463
https://inspirehep.net/search?p=find+EPRINT+arXiv:1710.02463
https://doi.org/10.1103/PhysRevD.90.086010
https://arxiv.org/abs/1406.7010
https://inspirehep.net/search?p=find+EPRINT+arXiv:1406.7010
https://doi.org/10.1103/PhysRevD.96.046002
https://doi.org/10.1103/PhysRevD.96.046002
https://arxiv.org/abs/1612.07457
https://inspirehep.net/search?p=find+EPRINT+arXiv:1612.07457
https://doi.org/10.1103/PhysRevLett.17.1192
https://doi.org/10.1103/PhysRevLett.17.1192
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,17,1192%22
https://doi.org/10.1103/PhysRevLett.78.610
https://arxiv.org/abs/hep-ph/9603249
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9603249
https://doi.org/10.1016/S0550-3213(00)00435-1
https://arxiv.org/abs/hep-th/0003115
https://inspirehep.net/search?p=find+EPRINT+hep-th/0003115
https://doi.org/10.1016/j.physletb.2004.11.036
https://arxiv.org/abs/hep-ph/0409183
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0409183
https://doi.org/10.1103/PhysRevD.30.2144
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D30,2144%22
https://doi.org/10.1103/PhysRev.144.1250
https://doi.org/10.1103/PhysRev.144.1250
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,144,1250%22
https://doi.org/10.1103/PhysRevD.76.095007
https://arxiv.org/abs/0706.1543
https://inspirehep.net/search?p=find+EPRINT+arXiv:0706.1543
https://doi.org/10.1103/PhysRevD.78.026002
https://doi.org/10.1103/PhysRevD.78.026002
https://arxiv.org/abs/0801.4383
https://inspirehep.net/search?p=find+EPRINT+arXiv:0801.4383
https://doi.org/10.1103/PhysRevD.78.116011
https://doi.org/10.1103/PhysRevD.78.116011
https://arxiv.org/abs/0808.3977
https://inspirehep.net/search?p=find+EPRINT+arXiv:0808.3977
https://doi.org/10.1103/PhysRevD.72.054013
https://arxiv.org/abs/hep-ph/0410251
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0410251
https://doi.org/10.1016/0550-3213(85)90511-5
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B262,689%22
https://doi.org/10.1016/0370-2693(87)90922-1
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B198,583%22
https://doi.org/10.1209/0295-5075/101/21004
https://inspirehep.net/search?p=find+J+%22Europhys.Lett.,101,21004%22
https://doi.org/10.1103/PhysRevLett.111.012001
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,111,012001%22
https://doi.org/10.1016/j.nuclphysb.2015.08.010
https://arxiv.org/abs/1503.08111
https://inspirehep.net/search?p=find+EPRINT+arXiv:1503.08111


J
H
E
P
1
0
(
2
0
1
9
)
0
5
3

[75] F.J. Nemes, Elastic and total cross-section measurements by TOTEM: Past and future,

PoS(DIS2017)059 (2018).

[76] R.M. Baltrusaitis et al., Total Proton Proton Cross-Section at
√
s = 30 TeV, Phys. Rev. Lett.

52 (1984) 1380 [INSPIRE].

[77] M. Honda et al., Inelastic cross-section for p-air collisions from air shower experiment and

total cross-section for pp collisions at SSC energy, Phys. Rev. Lett. 70 (1993) 525 [INSPIRE].

[78] Pierre Auger collaboration, Measurement of the proton-air cross-section at
√
s = 57 TeV

with the Pierre Auger Observatory, Phys. Rev. Lett. 109 (2012) 062002 [arXiv:1208.1520]

[INSPIRE].

[79] UA4 collaboration, Measurement of the proton-antiproton elastic and total cross section at a

centre-of-mass energy of 540 GeV, Phys. Lett. B 117 (1982) 126 [INSPIRE].

[80] UA1 collaboration, Elastic and total cross-section measurement at the CERN

proton-antiproton collider, Phys. Lett. B 128 (1983) 336 [INSPIRE].

[81] UA4 collaboration, Measurement of the proton-antiproton total and elastic cross sections at

the CERN SPS collider, Phys. Lett. B 147 (1984) 392 [INSPIRE].

[82] UA5 collaboration, Antiproton-proton cross sections at 200 and 900 GeV c.m. energy, Z.

Phys. C 32 (1986) 153 [INSPIRE].

[83] CDF collaboration, Measurement of the antiproton-proton total cross section at√
s = 546 GeV and 1800 GeV, Phys. Rev. D 50 (1994) 5550 [INSPIRE].

[84] UA4/2 collaboration, Measurement of the proton-antiproton total cross section at the Sp̄pS

collider by a luminosity dependent method, Phys. Lett. B 344 (1995) 451 [INSPIRE].

[85] E-811 collaboration, The Ratio, ρ, of the real to the imaginary part of the p̄p forward elastic

scattering amplitude at
√
s = 1.8 TeV, Phys. Lett. B 537 (2002) 41 [INSPIRE].

[86] Particle Data Group collaboration, Review of particle physics, J. Phys. G 37 (2010)

075021 [INSPIRE].

[87] F. James and M. Roos, Minuit: A System for Function Minimization and Analysis of the

Parameter Errors and Correlations, Comput. Phys. Commun. 10 (1975) 343 [INSPIRE].

– 20 –

https://doi.org/10.22323/1.297.0059
https://doi.org/10.1103/PhysRevLett.52.1380
https://doi.org/10.1103/PhysRevLett.52.1380
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,52,1380%22
https://doi.org/10.1103/PhysRevLett.70.525
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,70,525%22
https://doi.org/10.1103/PhysRevLett.109.062002
https://arxiv.org/abs/1208.1520
https://inspirehep.net/search?p=find+EPRINT+arXiv:1208.1520
https://doi.org/10.1016/0370-2693(82)90888-7
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B117,126%22
https://doi.org/10.1016/0370-2693(83)90271-X
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B128,336%22
https://doi.org/10.1016/0370-2693(84)90139-4
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B147,392%22
https://doi.org/10.1007/BF01552491
https://doi.org/10.1007/BF01552491
https://inspirehep.net/search?p=find+J+%22Z.Physik,C32,153%22
https://doi.org/10.1103/PhysRevD.50.5550
https://inspirehep.net/search?p=find+J+%22Phys.Rev.,D50,5550%22
https://doi.org/10.1016/0370-2693(94)01485-U
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B344,451%22
https://doi.org/10.1016/S0370-2693(02)01908-1
https://inspirehep.net/search?p=find+J+%22Phys.Lett.,B537,41%22
https://doi.org/10.1088/0954-3899/37/7A/075021
https://doi.org/10.1088/0954-3899/37/7A/075021
https://inspirehep.net/search?p=find+J+%22J.Phys.,G37,075021%22
https://doi.org/10.1016/0010-4655(75)90039-9
https://inspirehep.net/search?p=find+J+%22Comput.Phys.Commun.,10,343%22

	Introduction
	Holographic description of proton-proton scattering in the Regge regime
	Proton gravitational form factor from the bottom-up AdS/QCD model
	Numerical results
	Kinematic regions and model parameters
	Fitting results

	Summary and discussion

