PHYSICAL REVIEW C 98, 045207 (2018)

Features of forward = N scattering from a Reggeized model

Kook-Jin Kong" and Byung-Geel Yu'

Research Institute of Basic Science, Korea Aerospace University, Koyang 10540, Korea

® (Received 17 August 2018; published 19 October 2018)

Charge exchange process 7~ p — n°

n and elastic scatterings 7*p — w*p are investigated within the

Regge framework where the relativistic Born amplitude is Reggeized for the 7-channel meson exchange. The
charge exchange cross section is featured by single p exchange. Additional corrections by Regge cuts, p-f»
and p-Pomeron, agree with differential cross sections, and a new trajectory for the p’(1450) exchange is
attempted to reproduce polarization data. For the description of elastic scattering data up to pion momentum
Py &~ 250 GeV/c, Pomeron exchange of the Donnachie-Landshoff type is newly constructed and applied in
this work. Elastic cross section data are well reproduced with the dominance of f, and Pomeron exchanges in
intermediate and high energies. Analysis of nucleon resonances is presented to test the validity of the present

Regge framework below W < 2 GeV.
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I. INTRODUCTION

A 7N system is one of the fundamental objects for un-
derstanding strong interaction with its origin from QCD. The
7 N scattering near threshold offers a testing ground for the
chiral dynamics of QCD in terms of soft pion interaction [1].
On the other hand, the rich structure of nucleon resonances
A and N* in N scattering below the reaction energy 2 GeV
strongly supports the quark model prediction for the baryonic
spectrum and its properties [2—4]. Over the resonance region
up to hundreds of GeV the reaction provides information
on various meson exchanges and the nonresonant diffractive
scattering that could be a manifestation of quark and gluon
degrees of freedom rather than hadronic degrees of freedom
[5]. Therefore, though not listing a long history of theoreti-
cal development and experimental activities initiated by 7 N
scattering, the reaction should be regarded as an important
source for understanding the dynamics of QCD in the isospin
symmetry sector.

Recently, Mathieu et al. [6] of the Joint Physics Analysis
Center (JPAC) studied m N scattering to construct a new set
of Regge amplitudes by matching the low-energy partial wave
analysis with high-energy data via the finite energy sum rule.
Nys et al. of JPAC also analyzed world data of K N charge ex-
change reactions with beam energy above 5 GeV/c [7]. Huang
etal. [8] investigated m N charge exchange scattering by using
the Regge-cut model to provide high-energy constraints above
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2 GeV for the analysis of baryon resonances. The primary
interest of these works is in the knowledge of w N and KN
scatterings at high energy in order to provide a supplementary
method for an extraction of properties of nucleon resonances
in the low-energy region. However, the information obtained
from these analyses is less straightforward for current model
calculations based on the effective Lagrangian approach, such
as the standard baryon pole model [9], because the residues
in the 7-channel helicity Regge poles fitted to empirical data
in Refs. [6-8] cannot communicate with coupling strengths of
hadron interactions in the Lagrangian formalism.

Therefore, it is desirable to investigate mw N scattering
with hadron models that can utilize the effective Lagrangians
for the description of the reaction beyond resonances up to
the pion momentum Pp,, ~ 250 GeV/c, the highest energy
where a data point exists. Unfortunately, however, there is no
theory, and no model calculations at present are available for
such a purpose.

In this paper, we investigate w N charge exchange and
elastic scatterings for the analysis of the reaction mechanism
by the peripheral process. To accomplish this, we construct
the Born amplitude to be Reggeized for the meson exchange,
with our interest being to establish the reaction amplitude up
to such high momentum with the interaction Lagrangians and
the coupling constants shared with other hadron reactions.
Another issue to be addressed here is to provide the Pomeron
exchange that could be well suited for the reaction amplitude
thus constructed. The quark-Pomeron coupling picture is in-
troduced to w N elastic scattering, similar to the case of pho-
toproductions of neutral vector mesons [5,10-13]. Therefore,
complementary to previous findings in Refs. [6-8], the result
of this work may serve to complete of our understanding the
reaction mechanism of 7w N scattering beyond resonances.

The paper is organized as follows. In Sec. II we begin with
a statement of phenomenological features of charge exchange
scattering 7~ p — 7n to construct the Regge amplitude for
the 7-channel p-meson exchange. To account for the dip in
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the differential cross section we introduce Regge cuts [14],
and to reproduce polarization asymmetry we consider a new
trajectory p(1450). Section III follows steps similar to those in
the preceeding section. Features of elastic scattering process
7% p — w¥p are introduced and the Regge pole amplitudes
relevant to these reactions are fully constructed. The imple-
mentation of the Pomeron exchange from the quark picture
[5,10,11,15,16] is presented. We present numerical results in
experimental data at high energies for total and differential
cross sections as well as polarization asymmetry. Section IV
is devoted to an incorporation of nucleon resonances with the
Regge poles in the 7 channel in the 7 N scattering. We discuss
the Breit-Wigner form of the nucleon resonance in the multi-
pole expansion of the scattering amplitude, for application to
the energy region below W < 2 GeV. In Sec. V we discuss
our findings and give a summary with conclusions.

II. CHARGE EXCHANGE SCATTERING
A. General features

By charge conservation and isospin symmetry the charge
exchange reaction 7~ p — 71 allows only the single p
exchange in the ¢ channel. Thus, it is natural to expect that
differential cross sections would show a dip structure at
the nonsense wrong signature zero (NWSZ) of p trajectory
—t 2~ 0.5 (GeV/c)? from a,(t) = 0. Moreover, polarization
asymmetries in this process should appear to be vanishing,
because the polarization asymmetry P(0) is defined as the
interference between the spin nonflip and flip amplitudes, i.e.,
2Im[MHTT M+ W
|M++|2 + |M+—|2’
and the single p exchange, which gives a dominant contri-
bution to the spin flip amplitude, cannot produce nontrivial
phase interference between them. Therefore, the reaction
needs more theoretical consideration, such as Regge cuts and
other meson exchanges in the ¢ channel, to reproduce the
differential cross section data and polarization asymmetry at
small angles.

P(0) =

B. Regge description

For the reaction 7 (k) + N(p) — 7(q) + N(p’) process,
we denote the incoming and outgoing pion momenta by
k and ¢, and the initial and final nucleon momenta by p
and p’, respectively. Then, conservation of four-momentum
requires k+p =g+ p/, and s = (k+ p)?, t = (g — k),
and u = (p' — k)? are the invariant Mandelstam variables.
The total energy W is related with the pion momen-
tum in the laboratory system, Pr,,, by the equation W =

\/Mz + mi + ZM,/Pfab + mjo with M and m, the nucleon
and pion masses. The relevant expressions for the momenta
in the laboratory frame and c.m. frame are defined as

s — M? —m2\?
PLab=\/<Tﬂ) —m2, 2)

1
V2s

Pep. = ——=/(s — (M +m)2)(s — (M —mz)?), (3)

respectively.
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FIG. 1. Reaction process for 7~ p — 7%n in the ¢ channel. (a)
p(775) and p’(1450) Regge pole exchanges. (b) Elastic cuts p-f>
and p-Pomeron.

Let us begin with the scattering amplitude simply given by
the single p exchange,
Mz~ p— non)z —\/EMp, 4)

and the Born amplitude in Fig. 1 relevant to the ¢-channel
p-meson exchange, written as

1, (Q)

— m?2
t m;

MP = ann(q’ k)

(s p), §))

with Q = g — k the 7-channel momentum transfer. The cou-
pling vertices with spin polarization 17" are expressed as

Th (@, k) = gprn(q + k)", (6)
g;NN
4M
L' (Q) = —g"" + Q" Q"/m?, (8)

from the Lagrangians for prr and p N N interactions,

My (p p) = a(p’)[g;wy“ ERLLALN VAN Q]}u(p), (7)

£pmr = gpmrlap. : (7_1: X auﬁ)v 9)

t
8oNN

2M
In order to describe the reaction at high energies up to tens

of GeV, we make the above Born amplitude Reggeized by
replacing the Feynman propagator with the Regge one,

Lony = N[g,'iNNVv —i owa”}(ru)p”N- (10

— R¥(s, 1), arn

— m?2
tm(p

where the Regge propagator is written as
ma/, x phase s\
IMay(t)+1— J]sin[may ()] \ so
(12)

RP(s,t) =

for the ¢ meson of spin J and sy = 1 GeV>. ¢ stands for p
here, and w, o, and f; collectively for later use. The trajectory
of spin-J meson is denoted by «,(¢). The phase factor is,
in general, taken to be [(—1)” + ¢="™*/®)] for the exchange
nondegenerate meson exchange.
From Eq. (6) the decay width is evaluated as
2 13
8 pnnk ; (]3)

2
67rmp

I'(p > ) =
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FIG. 2. Differential cross section do/dt for 1~ p — 7% scat-

tering at Pry, = 20.8 GeV/c. The cross section from the single p
exchange with k, = 3.7 and 0.9¢ 4 0.46 is given by the dashed
curve, while the case with the Regge cuts, p + (p-f> + p-P), is
denoted by the solid curve. For comparison we present cross sections
from the single p exchange with x, = 3.7 and 0.8¢ 4 0.55 (red
dotted) and with «, = 6.2 and 0.9 ¢ 4 0.46 (blue dash-dotted). Data
are taken from Ref. [19]. The additional contribution of p(1450) does
not alter the above results.

which leads t0 g,z = 5.95 from I'(p — n7~) = 147.8
MeV reported by the Particle Data Group (PDG). For the
pNN coupling constants, we use g,y = 2.6 throughout this
work for consistency with our previous works on photopro-
ductions of hadrons. We choose g/ v = 9.62 to be consistent
with the vector meson dominance (VMD) for the anomalous
magnetic moment k, = 3.7. However, the universality of the
o meson coupling constant is not exact between g, and
2g,yy» the latter of which is estimated from the p meson
decay width I'(0* — ete™).

Given the coupling constants above we take o,(t) =
0.9 + 0.46 from the Regge analyses of charged p photopro-
ductions [17,18] together with the exchange nondegenerate
phase for the p Regge pole to reproduce the differential cross
section at Pp,, = 20.8 GeV/c. The result is presented in Fig. 2
by the dashed curve.

In modeling hadron reactions involved in the p-meson cou-
pling to the nucleon there is another option for «, = 6.2 from
the analysis of N N potential. Also the trajectory o, = 0.8¢ +
0.55 is frequently employed with a stronger coupling constant
2¢,yn = &pnn In Regge model calculations [20]. Without any
model parameters such as cutoff masses of form factors in
this work, the model dependence lies in the Regge trajectories
and meson-baryon coupling constants chosen. Thus, by taking
the advantage of the single p dominance of the reaction, it is
interesting to ask what are the proper choices for the p-meson
coupling constants and trajectory. For comparison we show
the (red) dotted curve resulting from the case of p trajectory
0.87+0.55 with «, = 3.7 and the (blue) dash-dotted one
from 0.9¢ + 0.46 with «, = 6.2. It is clear that both cross
sections are overestimating experimental data. Moreover, the
dip position at the NWSZ, —t ~ 0.69 (GeV/c)? in the case
of 0.8 4 0.55 = 0, deviates from data. These findings in the

7~ p — 7% reaction support the validity of o, =0.9¢ +

0.46 with x, = 3.7 as much as in our previous study on the
charged p photoproductions [17,18].

1. p cuts

As discussed above, we now find a way to fill up the
deep dip in the differential cross section in Fig. 2. Similar to
neutral pion photoproduction yp — 7°p [14,21], the p cuts
are introduced for this purpose, and the reaction amplitude in
Eq. (4) is now extended to be [13]

M, = anrr(q’ k)HZU(Q)F;NN(p/, p)

L §\ 0=
X [R’O(S, l) + Z C(pedwteflﬂm (l)/2(_) ]’
12

50
(14)

where ¢ = f, and IP are the subsequent Regge pole exchanges
following the p exchange in the elastic cut, as shown in
Fig. 1(b). The cut parameters C, and d,, represent the strength
and range of the cut to be fitted to experimental data. The cut
trajectory for p-¢ is given by a composite of two trajectories,
ie.,

/ /

%%, 0 0)—1 15
m+[0lp()+a¢()— ] (15)

¢
o

with its slope and intercept consisting of each slope and
intercept. Here we use the tensor meson f5 trajectory o, (1) =
0.9t + 0.53, sharing with the w trajectory. The Pomeron
trajectory is determined as ap(t) = 0.12¢ + 1.06 by the fit
of elastic scattering data at high momenta P, = 100 and
200 GeV/c. We shall discuss this point in Sec. III later.

In Fig. 2 the differential cross section shows the cut effect
to fill up the dip by the p exchange with parameters Cy, =
1.0 GeV~2, ds, =2 GeV~2 for p-f, and Cp = 0.1 GeV 2,
dp = 5 GeV~~ for p-P. Such an agreement with experimental
data as can be seen in Fig. 2 appears repeatedly in differential
cross sections at other momenta at the same level of quality.

Polarization asymmetry P in the 7 N scattering is the ob-
servable that could validate the accuracy of model predictions.
As defined in Eq. (1), it arises via the interference between
exchanges of different mesons. It is obvious that the p cuts
could give rise to no interference, though they are added
because they share the same interaction vertices with the
single p as in Eq. (14). Thus, we consider another isovector
exchange in the ¢ channel to find that p(1450), with the same
quantum number 1Y(177) as p(775) but with higher mass,
could be a candidate to produce nonvanishing polarization.

2. Daughter trajectory p’(1450)

To induce the phase interference between two different
Regge poles, we consider the daughter trajectory of a p meson
of higher mass m, = 1450 MeV [22], with the 77 decay
mode evident but not measured yet. [For distinction we denote
p(1450) by p’.] Therefore, no information is available for the
o’ coupling to 7 or to the nucleon. We treat these coupling
constants as parameters to fit to polarization data. The tra-
jectory relevant to p’(1450) is calculated from the relativistic
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FIG. 3. Polarizations for 7~ p — 7°n scattering versus —¢ at
Py = 3.5 and 5 GeV/c. Dotted curves are the polarizations from
p + cuts without p’(1450). The dashed curve is from p + p’ without
cuts. Data are taken from Ref. [24].

quark model in Ref. [23] to be «, () =t — 1.23, which is
different from that of p(775). Thus, the amplitude in Eq. (4)
is extended to include the amplitude M of the same form
as in Eq. (5) in addition to Eq. (14). In the calculation we use
both the p and p’ trajectory exchanges nondegenerate. Since
the intercept of the p’ trajectory is very low, the p’ exchange
gives no contribution, significantly altering the differential
cross section at high momentum as in Fig. 2. Nevertheless, the
interference of phases between p’ and p cuts could reproduce
the polarization data to a good degree.

Figure 3 shows the polarization measured at Pp,, = 3.5
and 5 GeV/c in the range 0.2 < —¢ < 1.8 (GeV/c)?, where
the solid curve is prediction by the full amplitude

—2[p + p — cuts + p'(1450)]. (16)

At the choice of p’(1450) coupling constants, GZ, =40 and
G;/ = —75 Wlth GZ/ = gp'ngrNN,' Gfo’ = gp/nﬂg;'NN, we
obtain a quite good fit of the polarization data. Of course,
adjusting these values leads to some change of the polarization
in magnitude around —¢ & 0.5 (GeV/c)?, but not in shape,
unless the signs of coupling constants are changed. The dotted
curves are from the single p(775) showing null polarizations
as discussed. The dashed curve results from the p(775) with
0'(1450), but without p cuts. Though dependent on the cou-
pling constants G|, and Gfo,, we recognize the implication
of the p cuts and daughter p’ which result in an agreement
with vanishing of the polarization at —t ~ 0.7 (GeV/c)* and
a slow increase as the —¢ becomes larger.

We present the total cross section in Fig. 4 for comparison
with experimental data from threshold up to W = 10 GeV.
The single p exchange is given by the dotted curve and the
case of p(775) + p'(1450) by the dashed curve. The cross
section from the full amplitude p + o’ + p cuts is depicted
by the solid curve.
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FIG. 4. Total cross section for 7~ p — 7% as a function of
invariant energy W. Data show the resonance peaks below W =~
2 GeV. Theory and experiment coincide over the resonance region.
Data are taken from Refs. [8,25].

III. ELASTIC SCATTERING PROCESS

A. General features

Elastic scatterings m* p — ¥ p proceed via the s-channel
A and N* excitations to show the prominent resonance struc-
tures around W ~ 1.2 and 1.6 GeV, respectively. Over the
resonances the peripheral scattering of the #-channel meson
exchange dominates the reactions to gradually exhibit a slow
increase as the reaction energy increases, i.e., the diffraction
scattering which is a manifestation of the Pomeron exchange
in hadron elastic reactions. Differential cross sections have
smooth ¢ dependence and no dips there. The sign of nucleon
spin polarization at very small angle is consistent with the sign
of pion charge in the 7 p reactions.

B. Regge description

Previous studies of the w N reaction were devoted to the
analysis of total cross section, which includes all the inelastic
subprocesses in addition to the elastic one [6,26,27]. In the
conventional approach where the residues are fitted to scat-
tering data in the 7-channel helicity Regge poles, the role of
p exchange was expected to account for the difference of
total cross sections between the 7+ p and 7~ p reactions in
addition to the Pomeron and the second vacuum exchange at
high energy [26]. Recent models of JPAC [6,7] improved the
Regge amplitude to include tensor meson f, exchange instead
of the second vacuum exchange.

In contrast to these works, however, the exclusive elastic
reactions for 7% p — ¥ p are the main topics of the present
section to be investigated in the Reggeized Born term model,
as in the previous section. The Lagrangian formulation of
hadron interactions in the model requires those mesons that
are decaying to 7 in the 7-channel exchange. In this respect
exchanges of scalar meson and vector meson w are further in-
cluded in the present work. The Pomeron exchange is viewed
from the quark-Pomeron coupling picture and we construct a
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new amplitude, which is of Donnachie and Landshoff (DL)
type rather than the original version by Pichowsky [5].

As advertised, the reaction amplitude that contains all the
mesons decaying to two pions is written as

M(@Ep) = My F My F M, + My, + Mp,  (17)

where the vector mesons of C parity odd change sign in
accordance with pion charge. Thus, the two channels with
opposite charges 7 p and 7~ p are distinguished by the roles
of the w- and p-meson exchange. For the sake of consistency
we share the meson-baryon coupling constants and the Regge
trajectories in the w N scattering with those used for meson
photoproduction.

1. Vector mesons p and » exchanges

Given the p Regge pole in the previous section, we in-
clude the Reggeized w exchange in the same form as in
Eq. (5) with the propagator in Eq. (12). The wrm cou-
pling is estimated to be g,,, = +0.18 from the decay width
with I'(w — w7 ~) = 0.13 MeV taken from PDG. We use
g yn = 15.6 and k,, = 0 for the w NN couplings. The trajec-
tory o, (t) = 0.9¢ 4+ 0.44 constitutes a degenerate pair with
the f, trajectory so that both the w and f, Regge poles share
the exchange degenerate phase in common. For a phenomeno-
logically better description we adopt the constant phase for
both reactions 7¥p — 7t p.

2. Scalar meson o exchange

The mass and full width of scalar meson o are reported to
be m, = 400-550 MeV and I' = 400-700 MeV in the PDG.
The scalar meson o is the lightest meson to exchange, so it
could contribute to the threshold behavior of reaction cross
sections for ¥ p elastic scattering.

The interaction Lagrangians relevant to the coupling of o
meson to hadrons are given by

Ls = _%gannmnaﬁ -7 — gonNONN, (18)
EV = fdﬂﬂo’aﬂﬁ . au;{ +gUNNUNN’ (19)
2my

where the scalar and vector couplings are considered for o
coupling in a manner consistent with the scalar meson o as the
two-pion s-wave correlation. However, the uncertainty in the
broad decay width makes our estimate of the o 7w coupling
constant very model dependent. A naive estimate of g, by
taking I'(c — mw) = 400 MeV, for instance, from the decay
width

2 2
gonnmnk

o —»ntn™) = %F(a — ) = . (20)

12rm?2
yields the value g, = £20.37, which is larger than the
value 7.91-16.54 extracted from the J/v decay [28,29].
Here, the factor 2/3 is taken into account for charged channels
in the isospin space.

We now write the Born amplitude for o exchange as

My =T3V(q,k)

o

——Tonn(p'p) @D

where the scalar and vector coupling vertices are given by

[5..(q. k) = gonniy, (22)
Mgk = 17T gk (23)
-
and
Conn (P, p) = gonnit(pu(p), 24)

for the o-meson nucleon coupling vertex.

The o-meson exchange as the two-pion correlation in the
s state with a broad width was studied in the 7w — NN
reaction [30]. In the 7 N scattering, as a result, the #-channel
o pole derived from the dispersion relation is expressed as

, t— Zm%
My = i(p)ge(t)—5—u(p), (25)
m2 —t
which corresponds to
8o NN8omnMx
(1) = Z—— 26
20(1) 2k (26)
(1) = S Som @)
My

for the scalar and vector couplings in Eq. (21), respectively.
These results imply that the o pole with the large decay
width term, 1/(z — mg +ilymy), in the pole model can be
equivalently expressed as in Eq. (25) from the dispersion
relation. In Eqgs. (26) and (27), while the latter term remains
constant, the former has the energy dependence 1/(q - k),
which is singular at threshold. Therefore, we favor to adopt
the vector coupling scheme for o exchange in Eq. (21) with
the coupling constant f,,, properly chosen to describe cross
section data near threshold. In the calculation we use g,yny =
14.6 for consistency with the photoproduction of neutral
vector mesons [12,13].

3. Tensor meson f, exchange

For the f, tensor meson exchange, we use the following
interaction Lagrangian:

2 L
Lpmn = SLTT 0 70,7 1 (28)
mpg,

for the forw coupling, with f*” the spin-2 tensor meson field.
This gives the coupling vertex

elwl—‘llv — gfzfrﬂ (k+q)pt(k +q)v e,uv (29)

fanw my,

with eV the spin-2 polarization tensor. The decay width for
f» = @ is given by

2 4¢7n P
F(fy > ntn") = 2T(fy — am) = L2 L (30
3 157 m’,

where p = /m% /4 —m3 is the momentum of the 7 meson.

From the full width in the range 121 < I'(f2) < 240 MeV in
PDG with the branching fraction 84.2% for the f, — nm,
the coupling constant is estimated to be in the range 4.76 <
8fnn S 6.71 in units of m;zl.
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TABLE I. The physical constants and Regge trajectories with the
corresponding phase factors for 7% p — 7+ p. The symbol ¢ stands
for o, o, f>, and p. For the o couplings g, should be understood
as the vector coupling constant f, .

Meson Trajectory (¢,)  Phase factor Sonr  Zonn(&2wn)
P 09:4+0.46 (—1+e7m)/2 595 2.609.62)
o 0.7(t —m?2) (1 +e7imee)/2 0.5 14.6

10} 09t +0.44 1 —0.18 15.6 (0)
f 0.97+0.53 1 45 645(0)

The reaction amplitude for the f, exchange is written as

v V;Q, (Q) Ol
M _Flflﬂrrr(q k) M 512 fNN(p p) (31)
1

where the tensor meson-nucleon coupling vertex and the
polarization tensor for spin-2 propagation are given by

T en (P p)
)

1
=a(p )[%(P“Vﬂ + PPy + =5 4gf2NN P“P’s}u(p)
(32)
and the spin projection operator for a spin-2 particle
Q) = 588" +878") — 18”8 (33)
with
g =—g" +0"Q"/mj,. (34)

The tensor-meson nucleon coupling constants extracted

from the tensor meson dominance were g' f N y =2.12 and

g;;;\, ~ ~ 0. But the phenomenological information extracted

from the dispersion relation as well as the partial wave analy-
sis for 7 N scattering suggested rather the scattered values for
the f> NN coupling constants as discussed in Ref. [20], which
showed 2.12 < g(flz\,N < 7.93 and g(z) ~ (. In those meson
photoproductions involving the tensor meson exchange we
used g N y = 6.45 and g(fzz\, ~ = 0 [31] to agree with empir-
ical data For the elastic scattering of the wp — mp reaction
we resume using these values for the sake of consistency, and
make a list of the coupling constants and trajectories with the
corresponding phase factors in Table I.

4. Pomeron exchange

The quark-Pomeron coupling model, as depicted in Fig. 5,
is based on the factorization of the exclusive 7 N scattering
amplitude in terms of the product of the m — g + ¢ fluc-
tuation, the scattering of the gg system by the proton, and
finally the ¢ hadronization into a pion. From the observation
of total cross sections for pp, wp, and K p reactions at high
energies, Donnachie and Landshoff stated that the Pomeron
couples to the separate valence quark inside a hadron rather
than to the hadron as a whole, and the strength of the Pomeron
coupling to a hadron is determined by the radius of the hadron.
Therefore, assuming a quark-Pomeron coupling strength of

FIG. 5. Quark diagram for the Pomeron exchange in 7% p elastic
scatterings. Pseudoscalar coupling wgiysq with the coupling con-
stant fr,, is assumed at the wgg coupling vertex. Momenta for
quark loops are denoted by I, [ + k, and [ + gq. The quark loop of
momentum / + k is off mass shell. Vector coupling y* is used for
the couplings of the Pomeron-quark and Pomeron-proton currents.

Fy(2)B, " with the hadron form factor Fj () for its size, the
Pomeron contribution to the w N cross section can be simply
written as [10]
do
dr

with the nucleon isoscalar form factor and pion form factor
given by

1
228, Fx (0] 1(—iaps)* * O3B, Fi(OI*  (35)

4M? — 2.8t

Fi(t) = —— . (36)

@4M? —1)(1 —1/0.71 GeV~)
Fr(t) = (1= 1/A*)7", 37)

and the Regge-type propagator

RE(s, 1) = (aps) Ol 3lor®O1, (38)

Here ap(t) is the Pomeron trajectory of the form
ap(t) = apt + op. (39)

A more rigorous treatment of the Pomeron exchange in
the m N elastic scattering can be found in Ref. [5] where
the quark-meson coupling vertices in the incoming and out-
going states should be the Bethe-Salpeter amplitudes with
the quark propagation arising from the Dyson-Schwinger
equation for the bound state of the QCD. However, in the
large-momentum limit, the current quark propagation could
be replaced by the free quark (constituent quark) propagation
with the constituent quark masses m,(4) ~ 330 and m; ~ 490
MeV. Hence, the on-shell approximation for the quark loops
of [ and [ 4 g for the outgoing pion, with the quark loop of
I + k considered to be off shell with the hadron form factor at
the Pomeron-mr vertex, is a good approximation to perform
the loop integral [11]. In this work we follow the on-shell
approximation as the Donnachie-Landshoff ansatz [32] for
vector meson photoproduction [33], and use the pseudoscalar
coupling

fﬂqqquSCln (40)

for the mgq vertex with the coupling strength f,, in Fig. 5.
The on-shell approximation leads to the loop integral sim-
plification, and the trace calculation in the loop results in the
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following expression:

Tr[(l + my)ys(U + ) +my)yu(d + ¢) + my)ys]
= 4l gk, — 4 -kq, +4k-ql,,

= mZ(k, + qp). (41)
In the quark loop in Fig. 5 the two quarks in the outgoing
pion state share the equal pion momentum / = —g/2, with

the assumption that they are nearly on shell. Then, the other
quark loop of momentum [ + k in the figure is off shell and
the propagator turns out to be

1 -2

= 42
(l+k)2—m%1 2m§—m%/2—t (42)

withl = —¢q/2.
For the w N elastic scattering, therefore, the Pomeron ex-
change is written as

2 r2

2m
Mp = len(l‘)ﬂqﬁ
q

F t
m2/2 —t Paq (1)

X 3F1 (OB a(p Yk + u(p)RF (s, 1), (43)

where F, ()8, v" and F|(t)B, v, with B, = 2.07 GeV~! and
Ba = B, are the Pomeron couplings to a quark in the pion and
in the nucleon as discussed in Eq. (35). The form factor [32]

2/1(2)
2ug +2m2 —m2 /2 —1

Fpgq (1) = (44)

is included to ensure the convergence of the off-shell quark
loop with the cutoff mass uf = 1.1 GeV? fixed to experimen-
tal data [34].

Another newly included quantity is the coupling constant
Jrqq> which is expected to obey the Goldberg-Treiman rela-
tion at the quark level as

13
5’”‘1 =—zga (45)
myg  2fz 5

Given the nucleon axial charge g4 = 1.25, pion decay con-
stant f; = 93.1 MeV, and by using the quark mass m, =
330 MeV we determine f7,, = 2.65.

It is worth noting in Eq. (42) that (1/2+k?/2—
q*/4 —m2)~" becomes singular near —1 ~ 0 as k*> = ¢*> =
m? for the pion elastic scattering when m,, = 2my is assumed.
For a better convergence of the quark loop in addition to the
form factor Fpy,(t), therefore, we utilize the pion form factor
F, (t). Moreover, in order to adjust the range of the F, () it is
convenient to use the cutoff mass in Eq. (37), having an energy
dependence as

k
Ak) = ;(W — W), (46)

where k is the incident pion momentum in the c.m. system, i
is the parameter of mass unit, and W;;, is the total energy at
threshold.

Figure 6 shows the divergence of the Pomeron exchange
depending on the quark mass, for instance, m, = 140 MeV
used without the form factor Fj (¢). Dotted, dash-dotted, and

E T T T Ty
F Pomeron Exchange ]
2 i
10
F ;>_>———f-‘—““"__———_ VVVVV 3
101 e
— ’
o) -
g L /
° % /.' - Fn(]):];mq:140 MeV %
10.27 ; i Fn(t)=l;mq=330 MeV |
; - p=mg;n=l
£ /.' p=m_; n=2 3
r R <= p=1GeV;n=2 ]
10 K -
/
| Ll Ll Lol L
10° 10" 10’ 10' 10° 10°

P, [GeV/c]

FIG. 6. Dependence of Pomeron exchange on F,(¢). Given
the physical pion mass m, and Pomeron trajectory in Eq. (47),
the red dashed curve shows the divergence for m, = 140 MeV in the
absence of F;(t). fry4q = 1.32 is used for a coincident with others
for comparison. The rest of curves are resulting from the change of
mass parameter (. and power n with m, = 330 MeV fixed.

dash-dot-dotted curves are the cases of the Pomeron converg-
ing in the lower energy region due to the role of F;(¢) with
the parameter u and power n as designated in the figure.
Figure 7 presents differential cross sections for 7+ p and
7~ p elastic scatterings. In each reaction those cross sections
at high momenta P, = 100 and 200 GeV /¢ in the upper two
panels are used to determine the Pomeron trajectory, while all

N;104 I T T T T T T 3
S W PP =200GeViy T LNNT PP =200 GeVicy
< 107~ 4 10°F 3
3 0g E OE E
S 410" =
b - L L L L - L L L L L
T ot 1 et

b P =100 GeV/c%| ok P =100 GeV/c .

107 4 10°F E

e T F E

10°F 4 10°F E
o107 [ 107 (T
B I P SSGeVie t (PN Py =85 GeVie 3
2 = »
g _25 \'I]_T\\~
=107 R N
B R
R .

N P =6 GeV/c

100 \\*uLab

2 5

10 ‘\'\'\»1115‘

4B 1 T

0% 05 1 15 2

4[GeV’]

FIG. 7. Differential cross sections do /dt for 7 p (left) and 7~ p
(right) elastic scattering at Pp,, = 200, 100, 8.5, and 6 GeV/c,
respectively. Dashed and dash-dotted curves in the lower two panels
are the contributions of f, and Pomeron. Data at 100 and 200 GeV /¢
pion momenta are taken from Ref. [35] and data at 6.0 8.5 GeV/c
are from Refs. [36,37].
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FIG. 8. Total cross section o for elastic reactions 7" p (red) and
7~ p (black). Notations for f, and Pomeron are the same as in Fig. 7
for both processes. The difference between 7 p and 7w~ p cross
sections is due to the roles of p + w exchanges. Dominance of f,
+ Pomeron exchanges is apparent. World data are taken from the
PDG [38].

the physical constants we use for f,, Bu, Ba, and M(z) are fixed
as before. Nevertheless, there is no criterion for what value
we have to choose for the parameter p at present, because the
existing data are insensitive to a change of . In this work we
choose © = 1 GeV and n = 2 for illustration purposes. Then,
by leaving the slope and intercept of the Pomeron trajectory
ap(t) free parameters to fit to high-energy data, we obtain a
good agreement with the energy and ¢ dependence of the cross
sections at the choice of

ap(t) = 0.12¢ + 1.06 A7

for Eq. (39). We note that the slope in the 7 N scattering is
consistent with Ref. [8], but by the factor of 1/2 slower than
that of the Pomeron ap(r) = 0.25¢ + 1.08 fitted to the total
cross section of the w N reaction [27]. Note that the slope of
the total cross section at high energies given as the energy
to the power ~s%%8% [thus, (0) = 1.08 by o ~ s*@~1]is by
far different from that of the elastic cross section of the present
case, as can be seen in Fig. 8.

In Fig. 8 we present total elastic cross sections for 7+ p
and 7w~ p, where the contributions of the meson exchange
as well as that of the Pomeron are shown. A few remarks
are in order on the features of meson exchanges. The vector
mesons p and w are responsible for the difference between
7t p and 7w~ p cross sections, as shown from threshold up
to PLyp & 2 GeV/c. At high momenta, the exchanges of f,
and the Pomeron in the isoscalar channel are dominant over p
and o so that the two cross sections coincide with each other,
which should be distinguished from the difference between
the total cross sections at high energy as in Refs. [6,26,32].
Thus, the reaction mechanisms of 7 p elastic reactions are
characterized by the dominance of the natural parity exchange
in the isoscalar channel.

Polarization of the target proton is the observable that could
verify the accuracy of model predictions for the experimental

04F w p .
0.2 I |
0
-0.21- —-1-0.2 H
0.4 ;pLab=14 GeV/e 104 P, =14 GeVic %% .
0.2 ——t+—+—t+—+—1+—+— 0.2 ——F—+—F—+—F—

T
L PLab:IOO GeV/c ] L PLab:1 00 GeV/c i

“0 05 1 15 2°°0 05 1 15 2
t[GeV’] [GeV’]

FIG. 9. Polarization asymmetry P(¢) for 7% p (left) and 7~ p
(right) elastic scattering at Pr,, = 14 and 100 GeV/c. Predictions
from the model are in good agreement with data. Data are taken from
Refs. [39,40].

measurement. To show the validity of the present model
we present the polarization for 7*p reactions in Fig. 9 at
intermediate and high momenta Pp,, = 14 and 100 GeV/c.
In these results the mirror symmetry between 7+ p and 7~ p,
which is a feature of polarizations of opposite charge, is well
reproduced in any momentum range. In particular, polariza-
tions are sensitive to the contribution of f, exchange with the
coupling constant gg;v ~ = 0, for better agreement with data.

IV. BARYON RESONANCES BELOW W < 2 GeV

In this section we present the nucleon resonances in the
energy dependence of the cross section based on the #-channel
exchanges as discussed in previous sections. More data from
the angular distributions and spin polarizations could make
the resonance parameters more precise. The most updated
analysis for the nucleon resonances can be found in the
SAID program of Ref. [41]. However, such a fine-tuning is
beyond the scope of the present work and our aim here is
to demonstrate how the Regge poles are well suited for the
nucleon resonance of the Breit-Wigner form in the reaction
amplitude,

M = (MRegge + M]P’) + MR' (48)

By the conventional definition of the nonrelativistic scat-
tering amplitude as in the Appendix, we write the scattering
amplitude as

8T W

Mp = ——
K A

\/E[F(s, 0)+io-nG(s,0)], (49)
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FIG. 10. Nucleon resonances in the 7~ p — 7”n reaction.

with i = k x §/sin@, and consider the spin nonflip and flip
amplitudes to be of the form [42]

1 1/2
Fs.0) == Y BT D) i pcos), (s50)
k R €ER — 1

1 -1 Jr—=1+1/2 dP 0
G(s,0) =+ 3 HED i ARCSO) ),

€r — i dcos6

R
with the d in the Gaussian type of the damping factor to
adjust the width of the resonance. Here, cg = Iz X is a sort
of coupling strength of the resonance R originating from the
product of the Clebsch-Gordon coefficient for isospin and
elasticity. eg = (M,% — 5)/MRgTg is the s-channel pole with
the mass and full width of the resonance R. k and 6 are the
momentum and scattering angle in the c.m. system. Jg is the
spin of the resonance.

Figure 10 shows the total cross section for 7~ p — 77 n,
in which case the t-channel meson exchanges in Eq. (16)
constitute a background contribution upon which nucleon
resonances are mounting. Nucleon resonances A(1232),
N*(1440), N*(1535), N*(1650), N*(1720), and A(1905)
are introduced with their parameters fitted to the total cross
section data as in Table II. Note that, unlike in Ref. [43], the
contributions of the 7-channel exchanges in the present calcu-
lation are not passing through the average of the cross section
on the energy interval below W = 2 GeV, and we expect that
the problem of double counting should be insignificant.

The resonance structures in 7~ p — 7~ p and 77 p —
7T p reactions are presented in Figs. 11 and 12. It is worth
remarking that the scalar meson coupling constant f,,, =
—0.5 is used with its sign reversed, because it is advantageous
to alleviate the problem of double counting by reducing the
contribution of the ¢ meson, which may overlap with a
resonance. On the other hand, we have to neglect the threshold
divergence of the A pole in Figs. 10 and 11 which are not
covered up by the Gaussian damping factor in the multipoles.
In practice, this is a drawback of the present model calcula-
tion of the resonances, formulated as in Eqgs. (50) and (51).
Moreover, in the case of the 77 p — 7+ p reaction where we

TABLE II. A and N* resonances in w N scatterings. Mass and
width in units of MeV are taken at the Breit-Wigner fit in the PDG.
Process 1 stands for 7~ p — 7%, Il for 7~ p — 7~ p, and 1II for
7t p — mtp, respectively.

Process Resonance My 'z CRr d
1 A(1232) P53 1232 125 0.5 0.3
N*(1440) Py, 1440 400 0.6 0.7
N*(1535) Sy 1510 150 0.4 0.5
N*(1650) Sy, 1650 125 0.7 0.4
N*(1720) Py3 1720 250 0.3 0.4
A°(1905) Fss 1900 300 0.2 0.1
11 A°(1232) Ps3 1232 125 0.35 0.4
N*(1440) Py, 1420 400 —-0.5 2.2
N*(1535) S, 1510 150 0.6 0.5
N*(1650) Sy, 1650 125 0.75 0.4
N*(1720) Py3 1720 250 0.3 0.4
A°(1905) Fss 1900 300 0.2 1
111 ATT(1232) P33 1235 120 2 0.03*
ATT(1905) Fss 1900 400 0.5 0.9

In III, in addition to the Gaussian damping factor with the parameter
d, the cutoff function in Eq. (37) with n = 1 and p = m,, is applied
to the AT multipole.

have to reproduce the A**(1232) pole with such a wide width
that amounts to 500-600 MeV as can be seen in Fig. 12, the
threshold divergence is even worse. In order to suppress the
strong divergence near threshold, we apply the cutoff function
in Eq. (37) for the AT (1232) pole with n = 1 and p = m;
in Eq. (46), in addition to the Gaussian damping factor.

V. SUMMARY AND CONCLUSIONS

In this work we have investigated 7~ p — 7% charge
exchange and 7*p — ¥ p elastic reactions up to incident
pion momentum Pp,, ~ 250 GeV/c to provide a theoreti-
cal framework that could validate a consistency of the cou-
pling strengths and forms of interaction Lagrangians between

10°F T T T ]
r °o T p ]
i - t-ch. Regge+Pomeron |

1232

= 10'E

B E

© [

10°F
=
I T N N N NNU BN BN N

0 02 04 06 038 1 1.2 14 16 1.8 2
P, [GeVic]

FIG. 11. Nucleon resonances in the 7~ p — 7~ p reaction. The
respective contributions of nucleon resonances are presented.
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FIG. 12. Nucleon resonances in the 7+ p — 7" p reaction. Res-
onances A(1232) + A(1905) reproduce the peaks.

hadrons at low and high energies. For a description of
the reaction in the Regge realm we utilize the relativistic
Born amplitude for the Reggeization of the ¢-channel meson
exchange. Through the reproduction of reaction cross sec-
tions, the reaction mechanisms by the 7-channel meson and
Pomeron exchanges are analyzed, with the coupling constants
for hadron interactions shared with other hadron reactions,
e.g., photoproductions of vector mesons.

A unique role of vector meson p(775) in the charge ex-
change reaction is investigated. Given the single p exchange
with the deep dip at the NWSZ point — = 0.51 GeV?, the
dip-filling mechanism for the differential cross section needs
p-f> and p-Pomeron cuts. In order to reproduce the spin
polarization a second p(1450) Regge pole is called for, with
the trajectory predicted from the relativistic quark model,
though the coupling constants of the p(1450) are treated as
free parameters. These theoretical entities yield the Regge
description of the charge exchange process to a good degree.

The exchange of a soft Pomeron is newly constructed from
the quark-Pomeron coupling picture and applied successfully
for ¥ p elastic scatterings with a trajectory quite different
from that from the total cross sections for the w N reaction.
The difference between the w p and 7~ p elastic cross sec-
tions is insignificant because of the minor roles of p + w
exchanges, while f>(1275) and Pomeron exchanges are domi-
nant in the overall range of pion momentum. Polarizations are
well reproduced with the mirror symmetry reflected between
the two reactions of opposite charges.

Nucleon resonances below W <2 GeV are repro-
duced in three channels, 7~ p — 7%, ¥ p — 7¥p, and

m~p — nwp, and they are consistent with existing data
within the masses, widths, and branching fractions re-
ported in the PDG. These findings illustrate how the ¢-
channel Regge poles in the present framework do well for
the analysis of nucleon resonances in the low-energy re-
gion as well as the description of the reactions at high
energies.
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APPENDIX: PARTIAL WAVE EXPANSION
FOR NUCLEON RESONANCE

The scattering amplitude in the 7 N c.m. system is defined
by

AMM’

VeM v _ ot PPN
pry— M = x'[F(s,0)+io-AG(s,0)]x

(A1)

with our convention for the normalization constant N =

E4+M
2M

with spin and isospin indices understood.
The differential cross section is calculated by the equation

for the Dirac spinor. Here yx is the 2 x 1 Pauli spinor

do

ds2

AMM’

2
WM' =|F|> +sin?0|G|*. (A2)

_1
k

The spin nonflip and flip parts of the scattering amplitude are
expanded with the orbital momentum / and the total angula
momentum J,

F(5,0) = [U+1)fi(s)+ 1fi_(s)]Pi(cosB), (A3)

=0

dP 0
GGs,0) = Y Wis (o) — i) TERD)

=1

(A4)

Each partial wave of o(= /%) is related to the phase shift by

fuls) = ==& — 1) (A5)
“ 2ik ‘

The energy dependences of the partial wave for the spin non-

flip and flip amplitudes in Egs. (A3) and (A4) are parametrized

as in Egs. (50) and (51).
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