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Differential cross sections of the elastic pion-proton scattering are investigated at very small momentum
transfer in a holographic QCD model, considering both the strong and Coulomb interaction in the Regge
regime. The strong interaction is described by the Pomeron and Reggeon exchange, and the Coulomb
interaction is characterized by the one photon exchange. The two interactions are linked through an
interference term and we only need to determine a single adjustable parameter involved in this term. As to
the parameters for the strong interaction, we can utilize the values determined in the previous studies. The
differential cross sections can be predicted without any additional parameters, and it is shown that our
predictions are consistent with the experimental data. We explicitly show the momentum transfer
dependence for the interference effect. The energy dependence of the contribution ratios for each

component is also discussed.
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I. INTRODUCTION

The two-body elastic scattering of hadrons is one of the
simplest processes and has played an important role in
investigating the partonic structure of the involved hadrons
for several decades. However, it still presents a challenge for
the theory to describe it. The differential cross section is a
fundamental experimental characterization determined
by studying the elastic scattering involving hadrons. In the
present work we investigate the differential cross section of
elastic pion-proton (7 p) scattering with relatively high center-
of-mass energy s and quite low momentum transfer 7. Among
the fundamental forces associated with hadron interactions,
two fundamental interactions have commonly been employed
to describe the differential cross section of two charged
hadrons: the short-ranged strong interaction and the relatively
weak but long-ranged Coulomb interaction.

Quantum chromodynamics (QCD) is a well-established
theory of the strong interaction, and all phenomena
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associated with strong interactions are expected to be
described by the fundamental QCD Lagrangian. Since
before the establishment of QCD, there has been a time-
honored theory, the Regge theory, which is a theory for the
analytic properties in high energy scattering as a function of
angular momentum, where the angular momentum is not
restricted to integer multiples, but is allowed to take any
complex values. The Regge theory is a useful framework
for analyzing the properties of scattering amplitudes for
various high energy forward scattering processes [1-7].
The Regge theory successfully describes the proton-proton
(pp) and proton-antiproton (pp) scattering by considering
the soft Pomeron and Reggeon exchange [8—11], with their
respective slope and intercept parameters. Subsequently,
the birth of string theory was originally intended to unravel
the modes of the strong interaction, and it is intimately
linked with the Regge theory, where the S matrix in the
Regge theory can be described by the bosonic strings and
the string amplitude can explicitly reproduce the Regge
behavior for various cross sections. Later on, QCD replaced
the string theory as the fundamental theory of the strong
interaction. However, low momentum transfer character-
izes hadronic elastic scattering, and the coupling of QCD
becomes large at low energy scales. Therefore, these
scattering cross sections in QCD are essentially nonper-
turbative physical quantities that are difficult to analyze
directly using QCD. In some quite limited kinematic
region, perturbative QCD is available and important results
have been obtained [12—14], but for most of the kinematic
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region we need effective methods to calculate the cross
sections. Over the past decades, instead of describing the
elastic scattering from first principles, various theoretical
models [15-22] have been developed to elucidate the
experimental results for the elastic scattering.

In this work we consider the strong interaction in the
framework of holographic QCD, a nonperturbative method
for QCD that has been established using the AdS/CFT
correspondence [23-26], which correlates a four-
dimensional conformal field theory with the theory of
gravity in the higher dimensional anti—de Sitter (AdS)
space. Based on the AdS/CFT correspondence, many
holographic models [27-37] have been widely studied.
Aimed at better understanding the internal structure of
hadrons, various holographic QCD models have been
proposed and successfully implemented for high energy
scattering [38-54]. A holographic model inspired by the
Regge theory and the structure of string scattering ampli-
tudes was used to simulate scattering in the Regge regime,
where s > t, for pp and pp and successfully described the
experimental data for the scattering cross sections
[51,55,56]. The string dual models of QCD developed
on the basis of the AdS/CFT correspondence allow
the perturbative calculations of string theory to map the
dynamics of nonperturbative strong interaction in the
higher dimensional curved space. Glueball states are dual
to closed strings and meson states are dual to open strings,
which correspond to the Pomeron and Reggeon exchange,
respectively. The leading Pomeron trajectory has an inter-
cept slightly larger than 1, corresponding to the increasing
behavior of the total cross section with the energy /s. In
contrast, the intercept of the Reggeon trajectory is smaller
than 1, corresponding to the decreasing behavior of the
total cross section.

For the Coulomb interaction, the electromagnetic effect—
soft photon radiation and Coulomb scattering—is an
integral element for any processes involving charged
hadrons. Occasionally, this effect hampers the observation
of specific strong interaction phenomena, but meanwhile
they provide a unique source of information about important
details of hadron amplitudes. Within the leading approxi-
mation (one photon exchange), the Coulomb scattering
amplitude is calculated in the framework of quantum
electrodynamics (QED). As described in Ref. [57], there
are reasons to believe that this approximation is sufficient in
the region of very low momentum transfer, where the
Coulomb amplitude dominates. Between the regions, in
which the scattering is mostly Coulomb or mostly strong
interaction, there is an interval of angles, where the two
interactions have similar strengths. The interference effect
can be observed in this region, caused by the cross term of
the Coulomb and strong interaction, the so-called Coulomb-
nuclear interference (CNI). This effect is the third contri-
bution to the differential cross section, in addition to the two

fundamental interactions. The CNI effect has been consid-
ered in experimental studies of pp and pp scattering to
reveal the amplitude structure of hadron scattering [58—67].
This interference is clearly visible only in a very limited
range of scattering angles. It has been shown in Refs. [68,69]
that the contribution of the Coulomb interaction and its
interference term with the strong interaction nearly vanishes
at |f| = 0.01 GeV2. However, analyzing the differential
cross section in this interval can give us important informa-
tion about the internal structure of hadrons.

In Ref. [52], a holographic QCD model, considering the
Pomeron and Reggeon exchange contributions, has been
employed for successfully describing the high energy zp
cross section data in the kinematic range of 0.01 < |¢] <
0.45 GeV? and /s > 10 GeV. In their model, for the
Pomeron-hadron couplings, the gravitational form factors
obtained from the bottom-up AdS/QCD models [70,71]
were used. The present work is an extension of Ref. [52] by
additionally considering the Coulomb interaction, as well
as the interference effect with the strong interaction in zp
scattering. Since the observable range of these two con-
tributions is very limited, we need to consider an even
smaller range of momentum transfer, which we study in the
range 0 < |¢| < 0.01 GeV2. The Coulomb interaction is
described in terms of the purely real photon exchange QED
amplitude, and there have been various theoretical studies
of the CNI effect [72-79]. In addition, the electromagnetic
form factors obtained from the bottom-up AdS/QCD
models [71,80] are utilized. By combining all the compo-
nents, we derive an expression for the total scattering
amplitude and numerically calculate the differential cross
section. We show that our predictions for the z p and z~ p
differential cross sections are consistent with the exper-
imental data. Additionally, we explicitly exhibit how the
contribution of each component varies with energy, focus-
ing on the contribution ratio.

The composition of this paper is as follows. In Sec. II, we
derive the complete scattering amplitude and show each of
the components. In Sec. III, comparisons between our
predictions for the differential cross sections and the
experimental data are presented, and the 7 and /s depend-
ence of each contribution are shown in detail. Concluding
remarks are given in Sec. IV.

II. MODEL SETUP

A. Holographic description
of strong interaction amplitude

In the preceding study [52], the formalism for strong
interaction that describes the zp scattering with the
Pomeron and Reggeon exchange was developed in the
Regge regime. According to the formalism, the strong
interaction amplitude is obtained by combining the
Pomeron and Reggeon exchange, which are described
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by the massive spin-two glueball and the vector meson
exchange, respectively. The strong interaction amplitude
for the zp scattering can be written in the following
form:

FY =Fg" + F7, (1)

where Fg” is the glueball exchange amplitude, and F3” is
the vector meson exchange amplitude. The upper index
“zp” stands for “z* p” or “a"p”.

In the Regge limit, the proton-glueball-proton and pion-

glueball-pion vertex can be expressed as

A,(1)
F’;,”,,,— gp” P2 (v Y + v ph). (2)

Dhnn = 2id g5, A, (1) P DY (3)

respectively, where p, and p, are the four-momenta of the
corresponding hadrons, 4,,, and 4., are the coupling
constants for the glueball exchange, and A, () and A,(t)
represent the proton and pion gravitational form factor,
respectively. Similarly, the proton-vector-proton and pion-
vector-pion vertex can be written as

F/;ipp = _l%vpp}/ﬂv (4)
Fl{;lm = _Zu'mmp?z’ (5)

respectively, where 4,,, and 4,,, are the coupling constants
for the vector meson exchange.

The massive spin-two glueball exchange amplitude is
obtained by combining the proton-glueball-proton vertex,
pion-glueball-pion vertex, and corresponding propagator.
The vector meson exchange amplitude can be obtained in a
similar way. Propagators of the glueball and vector meson
can be expressed as [81,82]

—i(NayMps + Naspy)
Dg 4 14 , 6
aﬂyé( ) 2(k2+m£2]) ( )
i
D/w(k) k2 + m2 Muw> (7)

respectively, where k> = ¢, and m, and m,, are the glueball
and vector meson mass. Hence amplitudes of the glueball
and vector meson exchange can be written as

Fg¥ = rt/ﬂﬂ”4rt/ﬂP”2Daﬁy5<k) (8)

FiP = Digaits T, uy D (K), 9)
respectively.

Combining the above equations, the invariant strong
interaction amplitude for the elastic zp scattering is
derived as

= AgarhgppAr (1 )A (1 )S2

1 1

— 2yt —_—. 10
t—mé v vppsxt_m% ( )

X

The differential cross section for strong interaction can be
expressed as

do P
it~ Tons o 0P
P14, (152
167|t—m3|?
/Igfm/lgpplwmllbppA ()A ()S 112)71'71/1%1717 (11)
An|t—mg||t—mi| Anlt—mi*

Here the invariant amplitude only contains the lightest
states on the Pomeron and Reggeon trajectory. In order to
include the higher spin states, the string excited states need
to be considered. The higher states on the Pomeron and
Reggeon trajectory correspond to the excited states of the
closed and open string, respectively. Following the preced-
ing work [82], the Reggeized Pomeron propagator is
obtained as

wherey, = ajm,* + 3 a,(0) — 3,and m,, is the proton mass.
The propagator of the Reggeon needs to be replaced by

o dein M) (@ gy T o)

t—m?

(13)
With the Reggeized Pomeron and Reggeon propagator

introduced above, the invariant strong interaction amplitude
for the zp scattering is expressed as
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TABLE I. Parameter values for the strong interaction.

Parameter Value Source

a,(0) 1.086 Fit to pp(pp) data at high energies [48]

ay, 0.377 GeV—2 Fit to pp(pp) data at high energies [48]
Agpp 9.699 GeV~! Fit to pp(pp) data at high energies [48]
a,(0) 0.444 Fit to pp(pp) data at medium energies [51]
a, 0.925 GeV—2 Fit to pp(pp) data at medium energies [51]
Avpp 7.742 Fit to pp(pp) data at medium energies [51]
Agan 3.361 GeV~! Fit to zp data at medium energies [52]
Y/ 4.528 Fit to zp data at medium energies [52]

Y/ S 6.049 Fit to zp data at medium energies [52]

Fn(s,1) = =SAguzhgppAr(t)A,(t)e”

imay(t) v t _
+ 25 zzhppp e ~4% Sin [%()} (a,s) D=1 [=a, ()]

The above equation involves nine adjustable parameters in
total, and all the values we used in this study are shown in
Table 1. Because of the universality of the Pomeron and
Reggeon, we can use the values determined in previous
works. Three of those parameters, the intercept a,(0), slope
ay, and proton-glueball coupling constant A, were
obtained in the high energy pp(pp) scattering considering
only the Pomeron exchange [48]. Another three para-
meters, the intercept «,(0), slope o), and proton-vector
coupling constant 4,,,, were determined in the medium
energy pp(pp) scattering considering both the Pomeron
and Reggeon contribution [51]. For the other three
parameters, pion-glueball coupling constant 4,,, and pion-
vector coupling constants 4,,-,- and 1,,+,+, we utilize the
results obtained in Ref. [52].

B. Proton and pion gravitational form factors

To complete the description of the strong interaction
amplitude presented in the previous subsection, it is neces-
sary to specify the gravitational form factors of proton and
pion, A, and A, which can be obtained from the bottom-up
AdS/QCD models [70,71]. We employ the results derived
with the hard-wall model, in which the AdS geometry is
sharply cut off at the infrared (IR) boundary z = z,. The
metric of five-dimensional AdS space is given by

1
ds? = gyndxMdxN = —anNddexN, €<2<2, (15)
z

where n,,y = diag(1,—1, -1, =1, —1). The fifth coordinate
z runs from ¢ — 0, which corresponds to the ultraviolet
boundary.

gl o D=, JU[1 - aqTO)] (@)aﬁz%]

-]

(14)

I

For the proton gravitational form factor [71], the proton
is characterized by the solution of the five-dimensional
Dirac equation. Coupling the Dirac field in the five-
dimensional AdS space with a vector field, the classical
action can be expressed as

/dd+1x\/—( PeNTADy Y

- % (D) TONTAY — M@P) . (16)

where e} =z8) is the inverse vielbein, Dy = dy +

syl T8 — iV represents the covariant derivative,
and M stands for the mass of the bulk spinor. The field ¥ is
a solution of the Dirac equation

[iefTADy — M]Y = 0. (17)
The Dirac field can be expressed in terms of right- and left-
handed spinors W ; = (1/2)(1 + y°)¥. The normalizable
ground state wave functions can be expressed after impos-
ing boundary conditions as

(o) = V22205 (m ,z)
vz _728‘]2("1],28) s
wr(z) = szfm( ZZ§)~ (18)

The IR boundary parameter satisfies the condition

Ji(m,z5) = 0 and is found to be z{ = 1/(245 MeV).
The QCD energy-momentum tensor matrix element can be

expressed in terms of three gravitational form factors [83],
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_ YulPy +7.P
p,S> = u(p/’sl) {AP(Q)%

i(P,0,, + P,0,,)q"
4dm

{p'.s'|T,,(0)

+B,(Q)

+Cp<Q) (quv —Nwq ):| u(p’ S),

(19)

where ¢ = p' —p,t = ¢, Q* =—t,and P = (p + p')/2.
Since in the Regge regime both the B,(Q) and C,(Q)
contribution can be neglected, we only need to consider the
contribution of the A ,(Q) involved term. The proton gravi-
tational form factor is obtained as

ae) = | Yt MO WAE +vRE). (20)

€

In the hard-wall model, the bulk-to-boundary propagator as
the solution to the linearized FEinstein equation can be
expressed as [70]

1 K1(0z)

H(Q,2) =5 2z2<—01 )+ Ky(Qz2) ). (21
(0.2) g 1,(02) 2(0z2) + K»(Q2) (21)
For the pion gravitational form factor, the effective action

for the meson fields on the five-dimensional AdS space is

given by [84]

1
Sy = /de\/g [Tr{|DX|2 +3|X? - yye (F? + F%Q)H,
95
(22)

where X(x,z) = 11(m,z + o2®) exp (2i“z*) is the bulk
field and its covariant derivative is given by DYX =
MX —iAMX + iXA¥. In this study, for simplicity, we
only consider the chiral limit, i.e., the quark mass my = 0
and the pion is massless. Then the action containing the
pion field 7 and the axial-vector field A up to the second
order is obtained as

v(z)?

1= [ x| L g - )00 - 43

1
- _ZQKLQMNF?(MFZN} > (23)
4gs

where F%, = gAY, —oyA%, and A = (A; — Ag)/2.
Taking the variation of this equation on A{,, one can
obtain the equation of motion. The pion wave function can
be obtained as [80]

where f = gso/3 with gs = v/2z. The IR boundary param-
eter satisfies the condition Jj(m,z§) = 0, where m,, is the p
meson mass and is found to be z§ = 1/(323 MeV) [26].
The pion decay constant can be written as

- <- az\p(z))zﬁo. (25)

This formula, combined with Eq. (24), relates the parameter
o to the pion decay constant

I'12/3] Ly3(B(z5)°) ﬂz_/?’

2 3. 21/3 .
Jx T(1/3]1/5(B(z5)°) &2

(26)

Comparing with the experimental data f, = 131 MeV,
we can extract the parameter o, and it is found that
'3 =424 MeV.

In general, hadrons with spin-zero have two gravitational
form factors [70]. Focusing on the relevant part of the
action, the matrix element can be obtained in terms of two
independent form factors

(7(p2)|T(0)|z"(py))

1
= 5o [2A”(Q)p”p” +5 GO = q"q") | (27)

where C,(Q) can be represented with A, (Q) as
C.(Q) = A,(Q)/3. Therefore, it is sufficient to consider
only A,(Q) for the pion gravitational form factor. Then we
obtain the transverse traceless component of the stress
tensor matrix element at the origin in coordinate space,

(7 (p2)| T (0) 7" (1))

1
= 259A,(Q?) {p"p” +5 (g*n - q"q”)] . (28)

Utilizing these expressions and combining with the bulk-
to-boundary propagator, Eq. (21), the pion gravitational
form factor is expressed as

(0.¥(2))?
gifz

Ao = [7 dzH(Q,z>( +”<Z>2“’<Z>2).

f32
(29)

C. Proton and pion electromagnetic form factors

In addition to the gravitational form factors, to consider
the Coulomb interaction, which is discussed in the next
subsection, we also need to specify the electromagnetic
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form factors of the proton and pion. In this study, we
employ those obtained in Refs. [71,80]. Similar to the
gravitational form factors, both the proton and pion
electromagnetic form factors can be calculated using the
hard-wall AdS/QCD model with the same metric, Eq. (15).

For the proton electromagnetic form factor [71], the
electromagnetic current matrix element can be represented
by two independent form factors,

(P2,52|7#(0)|py,51)

—ulpsus2)(Fi(@+ F2(0)

iot*q,

2m,,

Jutpis. GO

where g = p, — p; and Q> = —g?. The proton current
operator can be written in terms of isoscalar and isovector
currents,

1 a
Ton = Xi <§J/§5ij+‘]vﬂt?j>)(j’ (31)

where y = (1,0) for the proton.

According to the AdS/CFT correspondence, the four-
dimensional isoscalar J and isovector Jy/ current
operators correspond to the five-dimensional gauge field
isoscalar and isovector parts, respectively. Both the iso-
scalar and isovector current matrix elements can be
extracted from the three-point function,

(01T O ()7 (y) O (w)[0). (32)

The relevant term in the action, Eq. (16), that contributes to
the three-point function is given by

SFz/de ge~®WeMTAV P (33)

However, the above equation provides only the F,(Q)
form factor. Hence, one needs to add the following
gauge invariant term to the action to obtain the both form
factors:

1.
nS’V/de ge‘q’ii‘Pe%eg[FA,FB]Fg}\‘,/)‘P, (34)

where 75 and 7y, are determined by the experimental value
of the proton magnetic moment and used for the isoscalar
and isovector components, respectively.

The invariant functions are given by

Ci(Q) = /Zg dz Voo (WLQ(Z) + II/RZ(Z))’ (35)

273

0 = [* a2 20 -yt G0

o 2m,V (0,
/Zo dz mp ZgQ Z)

C3(Q) = v (2wr(2), (37)

where V(Q, z) is the vector bulk-to-boundary propagator
for the hard-wall model and satisfies the equation

0. (}W@z)) — 0V(0.2) (38)

with boundary conditions V(Q,0) =1 and 9.V (Q, zo) = 0.
Its explicit form is expressed as

V(0.2) = 0 (%u(gm T K1<Qz>). (39)

The electric and magnetic form factor for the proton are
given by

Ge(Q) = Ci(Q) +1n,C,(Q) —m,C3(Q),  (40)

Gu(Q) = Ci(Q) +1,Co(Q) +1,C5(Q).  (41)

respectively, ~where 7, = (ny +15)/2 = 0224 and
v = Q*/4m?. The effective electromagnetic form factor
for the proton is obtained as

G(@) =\ [ [GH(Q) +eGi(Q).  (@2)

On the other hand, the pion electromagnetic form factor
is derived as [80]

75 2 w(z2)? 2
6.(07) = [ devio.) (1l R,

(43)

Note that, except for the bulk-to-boundary propagator
V(Q, z), this form factor is similar to the pion gravitational
form factor introduced in the previous subsection. The Q?
dependence of the four form factors is displayed in Fig. 1. It
can be seen that the proton form factors decrease faster than
the pion form factors. Moreover, for the proton and pion,
the electromagnetic form factors decrease faster than the
gravitational ones.

D. Total scattering amplitude

The elastic scattering of hadrons is realized mainly due
to the strong interaction. However, in the scattering of
charged hadrons, in addition to the strong interaction, the
Coulomb interaction and CNI effect also exist simulta-
neously. The influence of both the strong and Coulomb
interaction in the zp scattering is presently being described
with the total elastic amplitude F¢’, ,, which is written in
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FIG. 1. Gravitational and electromagnetic form factors of the

proton and pion as a function of Q2. The solid and dotted curves
represent results for the pion gravitational and electromagnetic
form factors, respectively. The dashed and dash-dotted curves
represent results for the proton gravitational and electromagnetic
form factors, respectively.

the standard way as the sum of strong interaction amplitude
F}/ and Coulomb amplitude F¢’,

Fen(s.0) = Fif (s.1) + e0OFE (s.1), (44)

where a is the fine structure constant, and ¢(s,7) is the
Coulomb interference phase.

In this work, the amplitude of Coulomb interaction is
calculated in the leading approximation (one photon
exchange) under the framework of QED, which can
naturally explain the nucleon structure and its anomalous
magnetic moments by introducing the electromagnetic
form factor. The Coulomb interaction amplitude for point-
like charges considering the electromagnetic form factor
can be expressed as

8ras

Fiép(s,t) :ZFWG”GP, (45)
in which the upper (lower) sign corresponds to the 7zt p
(7~ p) scattering.

Historically, there have been two ways to calculate the
interference phase between the two fundamental inter-
actions: the Feynman calculus or using the eikonal model.
In the former one, the basic idea is to evaluate diagrams that
include the Coulomb and strong interactions, and the result

proposed by West and Yennie (WY) [73] is

ts = [n(Z) 1 [ L4 (1T

(46)

The complexity of this result is evident as it involves the
integration over all permissible values of momentum
transfer 7. Furthermore, in WY’s work the form of the
strong interaction is not explicitly specified. For practical
use, the authors employed a series of simplifying approx-
imations to perform the analytical integration. The
assumption has been made of a slow variation of the
hadronic amplitude phase and a purely exponential decay
of the hadronic amplitude. After adding some other high
energy approximations and simplifications, the following
simplified expression can be obtained:

drts.0) =% [m(B90) ] )

where y is the Euler constant, and B(s) is the diffractive
slope at t = 0 generally expressed as

L d[In (doy/dt)]
B(s) = %1_{1(}7 (48)
For the eikonal model [74], the scattering amplitude can
be obtained via the Fourier-Bessel transform

Fls.q? = 1) = 1 / Pbeit[200h) 1], (49)

where (s, b) is the eikonal, and b is the two-dimensional
Euclidean vector. Because of the additivity of correspond-
ing potentials, the complete eikonal of two charged hadrons
can be obtained by combining the Coulomb and hadronic
eikonal,

Sion(s:b) = 6¢(s.b) + 6y(s.b). (50)

Using this assumption, the total scattering amplitude can be
written as

Fiou(s.q* = =t) = Fc(s. 1) + Fy(s. 1)
i
+— / d*q'Fc(s.q”)Fy(s.[q - 4T).
(51)

The eikonal calculation has been investigated in various
works [74-79], and the commonly utilized eikonal model
for the study of interference term begins with Eq. (51).
Based on this formula, Cahn made a series of simplifica-
tions and limited to small momentum transfer [75].
Cahn’s results mainly tend to retrieve the formalism of
WY on the basis of the eikonal model, taking into account
the influence of the electromagnetic form factor, and a
general expression for the Coulomb phase is obtained as

deanis) =% [“arm(%) 2 [P s

Fy(s,0)
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Similarly, by assuming that the hadronic amplitude under-
goes the pure exponential decay with ¢ and the correspond-
ing electromagnetic form factors are included in the
derivation of the Coulomb phase, the following simplified
form can be obtained:

¢Cahn =+ |:111 <¥> +v+ C:| ’ (53)

C=In (1 +%> + (4]¢]/A%) In (4]t /A%) + 2]t /A2,
(54)

where A? is a parameter involved in the dipole form factor
f(0*) = (14 Q*/A*)72. In the present study, we deter-
mine A% by comparing this dipole form factor with the
electromagnetic form factor G,(Q%) x G,(Q?), which we
previously introduced for the proton and pion.

In addition, within the leading approximation of a,
another significant work by Kundrét et al. (KL) [76,77]
derived a closed-form interference formula. The complete
form of the total scattering amplitude was derived using
the eikonal model, instead of calculating the relative phase
between the Coulomb and strong interaction. The main
difference between KL’s and Cahn’s results lies in the
derivation of Eq. (51). Cahn directly simplified it, while
KL took it as a whole and derived the complete scattering

|

ras
FC+N(S’ t) la¢ ‘ ‘ G G Slgﬂ-ﬂlgppA

i) .|, (T
+ 28 paghopptye” 2 s1n[ (1)

2

and the differential cross section is given by

do 1
§:N :W|FC+N(SJ)|2~ (56)

III. NUMERICAL RESULTS

A. Differential cross sections

In this section, we numerically evaluate the parametrized
form of the differential cross section for the z~p and z™ p
scattering. The strong interaction part involves nine relevant
adjustable parameters, but the gravitational form factors do
not bring any additional adjustable parameters. For those
nine parameters, as shown in Table I, we use the values
obtained in the previous works [48,51,52]. In order to ensure
the feasibility of the calculations, we choose the simplified
form, Eq. (53), for the interference phase. Since the value of

(DAp(1)e”

amplitude. However, in terms of numerical calculations,
both approaches demonstrated excellent consistency with
experimental data, and there was virtually no difference.
According to Ref. [66], the results of WY exhibit an
approximate 1% deviation in numerical computations.
Furthermore, it is pointed out in Ref. [77] that, from WY’s
result, high energy elastic hadron scattering is usually
interpreted as central scattering and strongly limits the ¢
dependence of the hadron phase. WY’s integral formula
has significant limitations on physical properties.

Recently, the TOTEM Collaboration [63] has used the
eikonal model to extract the value of the p parameter from
pp differential cross section data at the LHC. The
simplified formula, Eq. (53), was employed in our
previous work [50] to account for the Coulomb interaction
in the pp and pp scattering within the framework of
holographic QCD, and it was presented that the resulting
differential cross sections are consistent with the data.
Hence, in this study, we adopt the eikonal model.
Furthermore, since the strong interaction model presented
in Sec. IT A is highly complex, to simplify the numerical
calculations we employ the simplified version, Eq. (53),
of Cahn’s formula.

With the Coulomb interference phase introduced above,
by combining the Coulomb and strong interaction ampli-
tude and the corresponding form factors, the total ampli-
tude can be obtained as

inag (1) F[_)(g]r‘ |:1 - aqT(t)} a’gs> ay(1)-1
2 297
r [aqT(t) -1 _)(g] 2

} (ds) -1 T et (1)), (55)

|

parameter A” in Eq. (53) depends on the involved hadron, it
is necessary to newly determine A2, which is related to the
electromagnetic form factor. Once this parameter is deter-
mined, the zp differential cross sections can be calculated
without any additional parameters. In this study, we deter-
mine this parameter using the pion and proton electromag-
netic form factor in the range of 0 < |¢| < 0.05 GeV?. The
best fit value for both the 7~ p and ™" p scattering is found to
be A®> = 1.02 GeV2.

Since the chosen range of momentum transfer || is quite
small, in this study we consider the kinematic region with
Vs > 5 GeV, which satisfies the condition s> 1. We
display in Fig. 2 our predictions for the 7~ p differential
cross section, which are compared with the experimental
data [85-89]. It can be seen that our predictions are overall
consistent with the data in the considered kinematic region.
The results for the z " p scattering are shown in Fig. 3, in
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FIG. 2. The differential cross section of the z~ p scattering as a function of |¢|. The dashed curves represent our calculations. The

experimental data, represented by stars, are taken from Refs. [85-89].
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FIG. 3.

which the experimental data are taken from Ref. [90].
Although the available data are much less than those for the
n~p case, it is found that our predictions agree with
the data.

B. Contribution ratios

Here we investigate in detail the contribution of the
interference effect between the Coulomb and strong inter-
action, defining the contribution ratio,

docyy _ doy _ doc
_ ai a
R = Tocon (57)
dt

The resulting ratios for the z~p and n*p scattering are
shown in Fig. 4. From the results, strong |z| and /s
dependence can be seen. For both the z~p and z"p
scattering, the absolute value of the ratio becomes

0.1 T T T T T T T
0.0 bomerrmomimtin s s s
_0.1 ,,,,,,,,,,,,,
=
3
5 02
2
~
-0.3
Vs =5 GeV
-04 i
- = Vs=10GeV
- V5 =20 GeV
_0.5 1 1 1 1 1 1

0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016
[£](GeV?)

The differential cross section of the z* p scattering as a function of |¢|. The dashed curves represent our calculations. The
experimental data, represented by stars, are taken from Ref. [90].

maximum around 7 = 0.002 GeV?>. In the 7z~ p case, the
ratio increases with /s, and the ratios at /s =5 and
10 GeV are negative in the considered || range, while that
at /s =20 GeV is positive, but its magnitude is quite
small. In the z* p case, the ratio decreases with /s, and the
ratios at /s = 5 and 10 GeV are positive in the considered
|#| range, while that at /s = 20 GeV is negative. It is found
that the z~p scattering at relatively low center-of-mass
energy is more sensitive to the interference effect.

We also investigate ratios of the three contributions from
the strong interaction, Coulomb interaction, and interfer-
ence term in the 7~ p and " p differential cross section at
|| = 0.002 GeV?2. The resulting ratios are displayed in
Fig. 5. From the results, it is seen that in this very low |¢|
region the contribution from the Coulomb interaction,
including the interference term, is substantial in the quite
wide range of center-of-mass energy. Since the currently

0.20 T T T . . ‘ i
— Vs=5GeV

- - V3=
0.15 b s s =10 GeV
Vs =20 GeV

0.05

+
R (s,t)

0.00 bomm T e

=0.05 f-ivrie ,;,_,'i_,-,,-,""'”

_0.10 1‘--.‘ 1 1 1 1 1 1
0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016

/(Gev?)

FIG. 4. Contribution ratios of the interference effect in the z~ p (left) and =™ p (right) differential cross section as a function of |¢| for

Vs =5, 10, 20 GeV.
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Contribution ratios in the z~p (left) and z* p (right) differential cross section as a function of /s at |¢| = 0.002 GeV?>. The

solid, dashed, and dotted curves represent results for the Coulomb interaction, strong interaction, and interference term, respectively.

available zp differential cross section data concentrate in
relatively narrow /s range and there are no data at higher
energies, it is expected that these nontrivial contribution
ratios obtained in this study will be tested by future
experiments.

IV. CONCLUSION

We have studied the elastic zp scattering in a holo-
graphic QCD model, focusing on the Regge regime. To
investigate differential cross sections of z=p and z"p
scattering in a wider kinematic region, we have taken into
account both the strong and Coulomb interaction. The
strong interaction is realized by considering the Pomeron
and Reggeon exchange, which are described by the
Reggeized spin-two glueball and vector meson propagator,
respectively. To obtain the strong interaction amplitude, we
have combined the vertex factors, Reggeized propagators,
and gravitational form factors derived with the bottom-up
AdS/QCD model. The Coulomb interaction amplitude is
represented by the one photon exchange amplitude, utiliz-
ing the pion and proton electromagnetic form factors. The
total amplitude for the scattering process is not merely the
addition of the two interactions. There is the interference
effect between the two interactions, which is expressed
with the relative phase. To obtain this phase, the eikonal
model is adopted in this study.

There are nine adjustable parameters in the strong
interaction part, but for all of them the values determined
in the previous studies can be used. There is one adjustable
parameter in the interference term, and we have determined
it using electromagnetic form factors of the pion and
proton. Once this parameter is determined, differential
cross sections of the zp scattering can be predicted without
any additional parameters. We have numerically evaluated
the differential cross sections of the z~ p and z ™" p scattering
and shown that our predictions are consistent with the
experimental data in all of the considered kinematic region.
Furthermore, we have investigated in detail the |¢| and /s
dependence of the interference term and the ratios of each
contribution in the differential cross sections. To pin down
those nontrivial quantities, more data, especially at higher
center-of-mass energies, are necessary. It is expected that
future experiments will help to deepen our understanding of
the Coulomb interaction in hadron-hadron scattering.
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