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The elastic pion-proton and pion-pion scattering are studied in a holographic QCD model, focusing on
the Regge regime. Taking into account the Pomeron and Reggeon exchange, which are described by the
Reggeized 2 glueball and vector meson propagator respectively, the total and differential cross sections
are calculated. The adjustable parameters involved in the model are determined with the experimental data
of the pion-proton total cross sections. The differential cross sections can be predicted without any
additional parameters, and it is shown that our predictions are consistent with the data. The energy

dependence of the Pomeron and Reggeon contribution is also discussed.
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I. INTRODUCTION

Studying elastic hadron-hadron scattering at high ener-
gies is one of the important research topics in high energy
physics, since the cross sections include the information for
the internal structure of the involved hadrons. However,
since those cross sections in the quantum chromodynamics
(QCD) processes are basically nonperturbative physical
quantities, it is difficult to perform the analysis by the direct
use of QCD. Although in some quite limited kinematic
region, such as the high energy limit, the perturbative QCD
is available and important results have been obtained [1-3],
for most kinematic region effective approaches are required
to calculate the cross sections. It is particularly difficult to
perform the theoretical analysis on the high energy forward
scattering, since the underlying partonic dynamics is highly
nonperturbative. In this study we focus on the elastic pion-
proton (zp) and pion-pion (zxz) scattering in the forward
region, and investigate the total and differential cross
sections in the framework of holographic QCD, which is
one of the effective approaches for QCD. The pion is a
special particle, since it is identified as the lightest Nambu-
Goldstone boson. It is important to understand the structure
of the pion to deepen our understanding of the strong

*Correspondin g author: watanabe@ctgu.edu.cn
202107020021014 @ctgu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2023,/108(3)/034010(11)

034010-1

interaction, and the pion-nucleon and pion-pion scattering
have been studied by various researchers so far [4—12].

Historically, it is known that the Regge theory can give
reasonable descriptions for various high energy forward
scattering processes in the Regge regime, in which the
condition, s > ¢ (s and ¢ are the Mandelstam variables), is
satisfied. It is based on the analysis with the complex angular
momentum, and this theory has been successfully applied to
the hadron-hadron scattering [13,14]. In the Regge theory,
the scattering amplitudes can be obtained by considering the
Pomeron and Reggeon exchange, which can be interpreted
as the multigluon and meson exchange, respectively. In the
medium energy region, the both contributions are substantial,
and the contribution of the Pomeron exchange becomes
dominant in the high energy region.

The description with the Pomeron and Reggeon can also
be realized in the framework of holographic QCD [15-22],
which is constructed based on the anti—de Sitter/conformal
field theory (AdS/CFT) correspondence [23-25]. The
holographic approach has been used to analyze the spec-
trum and structure of hadrons [26-35], and also has been
successfully applied to the high energy scattering [36—54].
The holographic approach in hadron physics is based on
the conjecture that is dual between QCD and the string
theory: the perturbative calculations of the string theory
map the dynamics of the nonperturbative strong interaction
in the higher dimensional curved spacetime. The S-matrix
in the Regge theory can be described by the bosonic strings,
which is useful to investigate the scattering processes in the
Regge regime, and it is known that the string amplitudes
show the correct Regge behavior. The glueball and mesons,
which correspond to the Pomeron and Reggeon, are des-
cribed in the closed and open string sector, respectively.
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The intercept of the leading Pomeron trajectory is close to 1
but slightly greater. On the other hand, the intercept of the
Reggeon trajectory is less than 1.

In the preceding work [52], the elastic zp and zzm
scattering were studied in holographic QCD, only consid-
ering the Pomeron exchange contribution. We extend it in
this study, and take into account both the Pomeron and
Reggeon contribution, which is basically required to correctly
describe the cross sections in the medium energy region. In
the present study the Pomeron and Reggeon exchange are
described by the Reggeized 27" glueball and vector meson
propagator, respectively. For the Pomeron-hadron couplings
the gravitational form factors, which can be obtained with
the bottom-up AdS/QCD models [55,56], are employed. We
derive the expressions for the total and differential cross
sections, and then numerically evaluate those.

Our model involves several parameters in total, which
shall be determined with the experimental data. However,
by virtue of the universality of the Pomeron and Reggeon,
the parameter values obtained in the preceding works
on the proton-proton (pp) and proton-antiproton (pp)
scattering [49,53] can directly be used in the present
analysis. The Pomeron-pion coupling constant was deter-
mined in Ref. [52], but the used data have large uncer-
tainties especially in the high energy region, which may
have caused non-negligible theoretical uncertainties. Hence
we newly determine it in this study. Besides, the Reggeon-
pion coupling constants are needed to be determined. Since
the charge difference affects the Reggeon couplings, we
need to determine the Reggeon-z" and Reggeon-z~
coupling constants separately. All these three adjustable
parameters are determined with the experimental data of the
7 p total cross sections. We show that the currently available
data can be well described within the model.

Once the parameters are fixed, the zz total cross sections
and the zp and zz differential cross sections can be
predicted without any additional parameters. We present
that our predictions for the z* p and =~ p differential cross
section are consistent with the data. Furthermore, for both
the total and differential cross sections, the energy depend-
ence of the Pomeron and Reggeon contribution is dis-
cussed, considering the contribution ratios. Our results
presented in this paper can be tested with the data to be
taken in the future.

The structure of this paper is as follows. In Sec. Il we
explain the holographic description of the elastic zp and zz
scattering in the Regge regime, taking into account the
Pomeron and Reggeon exchange. The expressions for the
total and differential cross sections are derived. We present
our numerical results for the cross sections in Sec. III, and
give the conclusion of this work in Sec. IV.

II. MODEL SETUP

In this section the expressions for the total and differ-
ential cross sections of the elastic zp and zx scattering are

b1 p3 b1 — p3
1
k ki
1
1
e
p2 P4 b2 D4
FIG. 1. The left and right Feynman diagrams represent the

zp(nx) scattering with the 27+ glueball and vector meson
exchange, respectively. p;, p, and p;, p, are the initial and
final four-momenta in the z-channel, respectively. k is the
momentum transfer.

derived, taking into account the Pomeron and Reggeon
exchange. The corresponding Feynman diagrams are
shown in Fig. 1. The Pomeron-hadron couplings are
determined by the lowest state on the Pomeron trajectory,
which is assumed as 27" glueball. The Reggeon-hadron
couplings are determined by the lowest state on the
Reggeon trajectory, which is assumed as the vector meson.
Since these two contributions can be considered separately,
the total amplitudes for the zp and zz scattering can be
written as

Ag(mr) _ A;rp(ﬂﬂ) + A;rp(fw)’ (1)

where A, and A, represent amplitudes for the Pomeron and
Reggeon exchange, respectively. The upper index 7 stands
for zt or z™.

The 2*+ glueball field is described as a second-rank
symmetric traceless tensor £, assuming that the coupling
of h, to the QCD energy momentum tensor T** is
described by the action:

S=2 / d*xh,, T, (2)

where 4 is a respective coupling. The singlet state corre-
sponds to the graviton, and the vertex of the glueball-
proton-proton can be extracted from the matrix element of
the energy momentum tensor (p’, s'|T#|p, s), which can be
expanded with three terms including the gravitational form
factors [57] and can be written as

H pv + uPﬂ
ps) = alpl ) a0
ik,,(Ppc*’ + P%c")

4m,
kpky, — "k,
m

{p', [T

+ B, (1)

e, }ums), 3)

p

where #(p’,s") and u(p, s) are the nucleon spinors, m,, is
the proton mass, the momentum transfer k, = p' — p =

p3—pris Ppo=(p1+p3)/2=(p2+ps)/2, B is the
Minkowski matrix tensor, and ¢** = i[y#,y*]/2. Since in
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the Regge regime p, = p4, we define P, = p,,, where p,, is
the proton four-momentum of the initial or final state. In the
above equation, A, (1), B,(t) and C,(t) are the gravita-
tional form factors of the proton. The contribution of the
B,(t) involved term is negligible when the momentum
transfer is quite small. Since the proton is a fermion and its
wave function needs to satisfy the Dirac equation, the
contribution of the C, () involved term vanishes. Similarly,
the vertex of the glueball-pion-pion can be extracted from
the energy momentum tensor matrix element for the pion
expanded in terms of two gravitational form factors A, (¢)
and C,(1):

(m(p2)|T*|z" (1))

1
= 57 124,(t)php + 5 C, (1) (kan™

—kzkz) | (4)
where p, is the pion four-momentum. The contribution of
the C,(¢) involved term is negligible in the Regge regime.
In our numerical evaluations, which will be presented in
the next section, we employ the results obtained with the
bottom-up AdS/QCD models [55,56] to specify A,(t)
and A, (7).

Focusing on the Regge regime, the glueball-proton-
proton vertex for the elastic scattering can be written as

L iy, ()
Dipp = === (1" Pl + 7). (5)
where 4,,,, is the coupling constant. Likewise, the glueball-

pion-pion vertex can be written as

Ufnr = 2ilgunAr (1) PaDls (6)

where 4,,, is the coupling constant. The propagator of the
massive 27" glueball is expressed as [58]

g daﬁy&(k)
(1/})/5 k2 + mq

(7)

in which m,, is the glueball mass, and d,,5(k) is explicitly
written as

(’7(1}/77/35 + 'laérlﬁy)

N =

daﬂy& =

1
2 (k k(;l’]ﬂy + k k},i’]ﬁ(g + kﬂkénay + kﬂk},i’]a(3>

R

K2 | kakshyhy

—7(]‘ ks + k,kshap) + 4y . (8)

6m4 3my

The amplitude of the elastic zp scattering with the 2+
glueball exchange is given by

Ag” = Fgﬂﬂu4F9P1’u2Daﬂy6 )

The vertices of the vector-proton-proton and vector-pion-
pion can be expressed as

Fl:/‘pp = _ilvppy”’ (10)
_2i/1wmpgrv (11)

v —
FU}UI -

respectively. The propagator of the vector meson is given
by [47]

M (12)

Dy (k) =i
,Ml/( ) k2+mb

where m,, is the vector meson mass. Hence the amplitude of
the elastic zp scattering with the vector meson exchange is
written as

-AZP = Flénna3rvppM1DZD(k)- (13)

With these equations, the total amplitude of the elastic zp
scattering is expressed as

-Atot l/lg;m/lgppA ( )Ap(t)pﬂyﬁ47”u2 X P

QN

. o 1
+ 2liv7mﬂ1zpppm/u3y up X P m2 . (14)

v

Similarly, the total amplitude of the elastic zz scattering
can be obtained as

_ 2
ot = lllgp p

A2(1)s? x

1 1
2i)2 . (15
2+ WonnS t—m% ( )

Then, the total invariant amplitudes of the elastic zp and zz
scattering are derived as

1
Atot - /lqzmllqppA ( )Ap( )S2 S 2’%7[7[11 vppS
t— mg
1

, 16
alpy— (16)

nn 2 2 1 2 1
tot — lgrmA ( ) 2 2/1vrms X PR (17)

t —my —m;
respectively.

In the equations introduced above, only the lightest states
on the Pomeron and Reggeon trajectory are considered,
and taking into account the excited states of the strings is
needed to include the higher spin states. The excited states
of the open and closed string correspond to the higher
spin states which lie on the Reggeon and Pomeron
trajectory, respectively. Following the Reggeization pro-
cedure explained in detail in Ref. [47], the bosonic open
string four-tachyon amplitude can be written as
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Ab(s.tou) = Ay (s.0) + Ay(u. 1) + Ay (s.u).  (18)

A, (x,y) is the Veneziano amplitude, which describes the
string scattering in the flat space and is given by

_ o T=a @M=, )

A, (x,y) T—a,(x) - aoa(y)]’

(19)

where a,(x) is the trajectory of the open string. For the
Reggeon to be represented as the excited states, we replace
a,(x) with ag(x), which is the Reggeon trajectory and
expressed as ag(x) = ag(0) + akx. A, (s, u) has no con-
tribution to the amplitude due to that it has no pole in the
t-channel. The poles of A,(s,7) and A,(u.f) in the
t-channel are a,(¢f) = n. Expanding them around the poles,
one finds

Ao(s.1) miCe™ W (a5) Il [=a, (1)) (20)

A, (u, 1) % iC(t5) T [=a, (1)), (21)
in which the open string amplitudes show the correct Regge
behavior (A~ s’/, where J is the spin of the exchange
particles). For the odd spin states, taking the difference
between A, (s.7) and A,(u.1) represents the amplitude
with the Reggeon exchange, which can be written as

Ai = -’zl()(u’ t) - A(,(S, t)' (22)

This can be expanded around the pole ag(f) =1 as
A = iC(1 = e ) (aps) T [—ag(1)].  (23)

Comparing this equation to the second term in the right-
hand side of Eq. (16), one obtains

2 Ap _imple)
Alot - j'gzrﬂj'gppA ( )A ( )S € 2

2

__1__._>ake—f%@snl(”“R“9>(a;sym0%4rw—aR(ny

t—m? 2
(24)
The higher spin states on the Pomeron trajectory can be

described as the excited states of the bosonic closed string,
and the four-tachyon amplitude is given by

Al(s, t,u)
e F[— apz(t)]l—« _ acz(s) - acéu)
F[— a[z(s) _ atzt)]l—‘[_ a(.z(s) _ acéu)]l—‘[_ acz(t) acéu)]

(25)

where a.(x) =2+ apx/2 is the Regge trajectory of the
closed string, and a)/2 is the slope of the closed string
trajectory. The square of the closed string mass is

= —4/d), and then s + t + u = 4m? = —16/a,, which
leads to a.(s) + a.(t) + a.(u) = —2. The amplitude is
expanded around the pole a.(¢) = 2 in the Regge regime as

um( al s [_ ac<t>:|
Al(s, 1) » 27Ce ( > —— 2. (26
(S ) 4 4 F[l +(1L.2(I)] ( )

Since the 2+ glueball represents the lowest state of the
Pomeron, a, () needs to be replaced with ap(t) — 2. Since
the vertex is dimensionless in the string theory, comparing
this equation to the right-hand side of Eq. (16), one obtains

! ap _inap) (Aps\ (23 —%
AN (1)
t—my 2 2 r[z_%{_'_apz]

(27)

where y = ap(s) + ap(u) + ap(r).

With the Reggeized propagators introduced above, the
invariant amplitudes for the elastic 7z p and 7z scattering are
rewritten as

2

A2 inap(t) [(OpS
an _ CGET A2 2 izap 1) P
tot All'( )S aP R

a_> =2 T3 41 - 4]
2 T2 -4+ %)
 DhpmrhoppscyeF sin (”“R( ))< )0 (1), (28)
gri1 -2
§+a”z(t)]
))w T g (1), (29)

22, sy (

respectively.
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Then, the differential cross section of the zp scattering is derived as

da””_ 1 | |2
dt ~ 16zs? !

! Ap [ Aps ar(-2T[3 —4]T'[1 — ap([)] )
—— (AgandoppAn(t)A ) (1)5)? {_ <—> ) (t)2

" 16n 2\ 2

bt ()]

1 o imap() ass ap(z)—zr‘[3_)_(]l—~[1_ap(r)]
8 (/Ig”ﬂllgpplvmrﬂbppA ()A ()S) |:7Pe 2 (%) ; I

e~ sin (B ) a0 (30)

where [x, y]* = xy* + x*y, and the asterisk indicates complex conjugation. The three terms in the right-hand side represent
the contributions of the Pomeron exchange, the Reggeon exchange and the cross term, respectively. Similarly, the
differential cross section of the zz scattering can be obtained as

do™ _ 1 i pins? 2 [ (ps\ a2 T3 =4JT[1 = %))
dt 16z 7" 2\ 2 F[2—§+GPT([)]

L et

2o (f)— ay(1)
+ 2,2, A2 (1)s )[“_?E—W(“?’S)”’(” T3 -4r(l — =]
gy \grntvan D) 2

aﬁ,e‘w sin <7ra§(t)) (a;es)"R(ﬁ_lF[—aR(t)]] . (31)

Applying the optical theorem, the total cross sections of the zp and zz scattering can be expressed as

1
T _ zp _
Ot — ;Im ot (5,1=0)

o, Tt =% (a_) w01 (nap<o>)
grre’gpp F[@ -1 _Z} 2 2

0
~ Shertppisin (5 ()0 -y 0] @

@(0) _
1 T[—]r[1 =2 5\ ar(0)-2 0
ol = 2,13”7[ a, M <0‘Ps> sin (”"’P( ))

-1y \ 2 2
0
28 () )0 T 0] (33)
|
respectively. whose analytical expressions are introduced in the previous
section, and display the results. The present model involves
IIL. NUMERICAL RESULTS nine parameters in total. However, by virtue of the

universality of the Pomeron and Reggeon, for six of them
In this section we numerically evaluate the total and  we can employ the values determined in the prece-
differential cross sections of the zp and zz scattering,  ding works. For the three parameters {ap(0),ap,4y,,}
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TABLE I. Parameter values.

Parameter Value Source

ap(0) 1.086 Fit to pp(pp) data at high energies [49]

ap 0.377 GeV~2 Fit to pp(pp) data at high energies [49]
Agpp 9.699 GeV~! Fit to pp(pp) data at high energies [49]
ag(0) 0.444 Fit to pp(pp) data at medium energies [53]
g 0.925 GeV~2 Fit to pp(pp) data at medium energies [53]
Appp 7.742 Fit to pp(pp) data at medium energies [53]
Agnn 3.361 £0.002 GeV~! This work

vt 2t 4.528 +0.023 This work

Aprn- 6.049 £+ 0.022 This work

we utilize the results obtained in Ref. [49], in which the pp
and pp cross sections were studied by only considering
the Pomeron exchange, focusing on the high energy region.
For another three parameters {ag(0), ak, 4,,,} we utilize
the results obtained in Ref. [53], in which both the Pomeron
and Reggeon exchange were taken into account to inves-
tigate the pp and pp cross sections in the medium energy
region. The parameter values taken from these preceding
works are summarized in Table I. The Pomeron-pion
coupling constant 4,,, was determined in the previous
work [52], but the used data have large uncertainties
especially in the high energy region, which may have
caused non-negligible theoretical uncertainties. Hence, in
this study we newly determine it with the experimental
data. Besides 4,,,, the Reggeon-pion coupling constants
are needed to be determined. Since the charge difference
affects the Reggeon couplings, we need to determine the
Reggeon-z" and Reggeon-z~ coupling constants, A, ,+
and A,,-,-, separately.

40 T
——— 7m'p (this work)
—— 7 p (this work)
351| ¢ atp (PDG2022)
L 77p (PDG2022)

Otot (mb)

15

161 102
Vs (GeV)

FIG. 2. The zp total cross sections as a function of /5. The
solid and dashed curves represent our calculations for the 7z~ p
and z" p scattering, respectively. The experimental data are taken
from Ref. [60].

We determine the three adjustable parameters
{Ag2zs Aoz=z-+ Apgt o+ } Dy numerical fitting with the exper-
imental data of the zp total cross sections, focusing on the
kinematic range, 5 < /s <100 GeV. To perform this,

160

- - 7" p (this work)
140 | —— 7 p (this work)
¢ n'p (PDG2022)
120l & 7 p(PDG2022)
100 -
=
E so}
g
N
60}
[
40t )
20F
0 I I I I
10t 102 103 104 105
VF(GeV)
FIG. 3. Similar to Fig. 2, but for the wider /s range.
=
g
g
© 20 1
,///
- /’.///’
S e T
o] TR
o ‘ ‘
10! 102 103
V5(GeV)

FIG. 4. The zp and zx total cross sections as a function of /.
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10?2

Vs =5 GeV

101
0.0

0 0.3 0.4

01 2
[t](GeV)

FIG. 5.

the MINUIT package [59] and the data summarized by the
Particle Data Group (PDG) in 2022 [60] are utilized.
The obtained parameter values are shown in Table I, and
the resulting 7 p total cross sections are displayed in Fig. 2.
It is seen from the figure that the both 7 p and z~ p data are
well described with the model in the whole considered
kinematic region. The newly determined value for 4,,, is
smaller than that obtained in Ref. [52]. Since this also
affects the magnitudes of the total cross sections in the high
energy region, the previous results shall be updated. We
show in Fig. 3 our calculations in the wider /s range. Since
the available data in the high energy region, in which
/s > 100 GeV, are quite limited and the uncertainties of
those are huge, more precise data are necessary especially
in the TeV region to test our results. Focusing on the high

0.5

102
,,,,, tp
Vs =20 GeV — TP
ot
—~ 10t}
S
>
')
]
~
Q
g
Nad
28 100}
101 L L L L
0.0 0.1 0 3 0.4 0.5

2 0.
[t|(GeV)

The zp and zz differential cross sections as a function of |¢| for /s = 5 and 20 GeV.

energy region, in which the Pomeron exchange contribu-
tion is dominant, the resulting total cross section ratios are
found to be

p T
Tt 062, 9 —0.28. (34)
Otot Otot

This ratio o7 /6% is consistent with the result obtained in
Ref. [48] and the value which can be extracted from the
results presented in Ref. [61], although the other ratio
o™ /ol is obviously smaller compared to the result in
Ref. [48]. Once the three adjustable parameters are deter-
mined, the zz total cross sections and the zp and zz
differential cross sections can be calculated without any
additional parameters. We display our predictions for the

102

102 10?2
S /5=11.499 GeV S V5= 13.729GeV S /5=16.234 GeV
- A
o 10t e & 10 e & 10t R
= i > o > e
S > . S
S ] B, o R
= = R P = e
E & e E .
£k 10° £k 100 e ik 10° -
it *
-1 -1 -1
1055 0.1 0.2 0.3 0.4 o5 %% 0.1 0.2 0.3 0.4 os %0 0.1 0.2 0.3 0.4 0.5
It (Cev?) It (Cev?) It (Cev?)
102 102 102
-~ /5=16.633 GeV -~ /5=19.393 GeV
Fiwy .-
& 10t Ty & 10t >~ & 10t N
% i\i b3 % e % " T
S S S - = T,
fie) £~ =} Q£ oS
£ i E E T,
£)k 10° ! i ] { SRk 10° S) 100 i,
-1 -1 -1
1050 01 0.2 0.3 0.4 o5 00 0.1 0.2 0.3 0.2 os %0 0.1 0.2 0.3 0.4 0.5
[t[(GeV?) [t](GeV?) [t[(GeV?)

FIG. 6. The z* p differential cross section as a function of |¢| for /s > 10 GeV. The dashed curves represent our predictions. The

experimental data are taken from Refs. [64-67].
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total cross sections in Fig. 4 and for the differential cross
sections in Fig. 5. From these figures it is seen that the
differences between zt and z~ become smaller as /s
increases.

Then, we present the comparisons between our predic-
tions and the experimental data for the zp differential
cross sections. To focus on the Regge regime and also
to avoid the effect of the Coulomb scattering [62,63],
we choose the data in the range, /s > 10 GeV and

0.01 < |t £0.45 GeV?, for the ztp [64-67] and 7~ p
[64,66,68-70] scattering. We show the results for the
7" p scattering in Fig. 6. Although the /s range, in which
the data exist, is narrow, it is found that our predictions
agree with the data in the whole considered kinematic
region. The results for the 77 p scattering are displayed in
Fig. 7. In the first two panels for /s = 10.178 and
10.211 GeV, we can find obvious deviations between
our predictions and the data. For these two the |¢|/s values

102 102 102
--- V5=10.178 GeV --- V3=10.211 GeV --- V3= 10.359GeV
e
Tiv Py e T e e
~ 10! el & 10t i & 10t
T > PR >
> S PREe S
3 ERRCN ] EIRE <]
2 PR < PR <
<= N . = ..l <
K} BN g P g
£k 10° E £ 10° oy £k 10°
10} 10! 10!
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5 0.00 0.02 0.04 0.06 0.08 0.10
[t](GeV?) [t](GeV?) [t](GeV?)
102 102 102
e, *
T * e N - Y
o 10t T o 10t e o 10t T
> > >
£ © = o Fia
<] <) <] e,
B = - = e
2 ) - N = Ty,
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FIG. 7. Similar to Fig. 6, but for the 7z~ p scattering. The experimental data are taken from Refs. [64,66,68—70].
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FIG. 8. The contribution ratios for the z p (left) and z~ p (right) total cross section as a function of /s. The solid and dashed curves
represent the ratios for the Pomeron and Reggeon exchange, respectively.
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are relatively larger compared to the others, which may be
the possible reason. It is seen from the other panels that our
predictions are consistent with the data.

Finally, we show the energy dependence of the Pomeron
and Reggeon exchange contribution. We numerically
evaluate the both contributions to the total cross section
and divide by the total magnitude separately. We define
these as the contribution ratios, R,,” and R™,”, for the 7+ p
and 7z~ p scattering, respectively. The /s dependence of
these ratios is displayed in Fig. 8. It is seen that the ratio
for the Pomeron exchange contribution increases with /s,
and it is opposite for the Reegeon exchange contribution.
This behavior is common to both the z p and ™ p cases,
but the Reggeon contribution in the 7z~ p case is slightly
larger than that in the " p case. For the both cases, the
Reggeon contribution almost completely vanishes around
\/s ~100 GeV. Then we perform the similar analysis for

the differential cross sections, defining the contribution
ratios, Rg:ff” and RYF, and display the results in Fig. 9.
Differently from the total cross section case, there is a
contribution from the cross term. The qualitative behavior
of the ratios for the Pomeron and Reggeon contribution is
similar to the total cross section case, and the ratio for the
cross term decreases as /s increases. Not only the ratio for
the Reggeon contribution but also that for the cross term in
the 7~ p case are slightly larger than those in the 7z p case.
From these results it is found that considering the Reggeon
exchange contribution is necessary to correctly describe the
cross sections, unless the energy is high enough.

IV. CONCLUSION

We have studied the elastic zp and zz scattering in a
holographic QCD model, focusing on the Regge regime.
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To obtain the total and differential cross sections, we have
taken into account the Pomeron and Reggeon exchange,
which are described by the Reggeized 2+ glueball and
vector meson propagator, respectively. For the Pomeron-
hadron couplings, the gravitational form factors, which can
be calculated with the bottom-up AdS/QCD models, are
utilized. Our model setup involves nine parameters in total,
but for six of them the values obtained in the preceding
works can be employed, by virtue of the universality of the
Pomeron and Reggeon.

We have determined the three adjustable parameters with
the experimental data of the zp total cross sections, and
shown that those data can be well described within the
model. Once those parameters are determined, the zz total
cross sections and the zp and 7z differential cross sections
can be predicted without any additional parameters. We
have presented our predictions for all the charged pion
combinations for both the total and differential cross
sections. Then we have demonstrated the comparisons
between our predictions and the experimental data for
the zp differential cross sections, and shown that our
calculations are consistent with the data. Furthermore, we
have investigated the energy dependence of the Pomeron
and Reggeon contribution, focusing on the contribution

ratios. Our results indicate that taking into account the
Reggeon exchange contribution is necessary to correctly
describe the cross sections, unless the energy is high
enough.

In this study we have extended the previous work [52], in
which only the Pomeron contribution was considered, and
found that in a wider /s range the present model can well
describe both the total and differential cross sections. The
results presented in this paper show the predictive ability of
the model, which may be useful for analyzing other high
energy forward scattering processes. However, it is also
true that the experimental data used for the comparisons
concentrate in some narrow kinematic region. In particular,
the data in the high energy region are quite scarce. It is
expected that the future data will help to further test the
model and to deepen our understanding of the nonpertur-
bative nature of the underlying strong interaction.
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