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A class of Lagrangians that describe the interaction of nucleons and pions and that provide a non-
linear representation of chiral symmetry is considered. We simplify the form of these Lagrangians by
making an expansion in inverse powers of f, and calculate the irreducible fermion-fermion scattering
amplitude to order f,* Some of the integrals encountered in these calculations are divergent and are
regulated with a (Euclidean) momentum-space cutoff, A, where A=~1 GeV. While elements of the S ma-
trix are independent of the form of the Lagrangian used, somewhat different results are obtained for the
irreducible amplitudes calculated with Lagrangians that have either pseudoscalar or pseudovector cou-
pling of the pion field to the nucleon. We compare our results for the isoscalar irreducible amplitudes to
the potentials used in the one-boson-exchange model of the nucleon-nucleon force. In the case of pseu-
dovector coupling, there is only a single relevant diagram of order g*, a “crossed-box” diagram. We find
that this crossed-box diagram is well represented by the exchange of a “pseudo-eta” particle, that is, an
isoscalar-pseudoscalar meson with an imaginary coupling constant. There is also a relatively small sca-
lar attraction seen, while tensor, vector, and axial vector terms are quite small. We also consider a La-
grangian with pseudoscalar coupling. In this case, there are four diagrams of order g* in the irreducible
amplitude. Again, we find a significant attractive pseudoscalar exchange term (“pseudo-eta”). Relative-
ly small repulsive interactions of vector and scalar type are also found in this case. Further analysis of
the isoscalar amplitude requires that we extend our model to reproduce the dynamics of correlated two-

pion exchange.

PACS number(s): 21.30.+y, 13.75.Cs, 24.80.Dc, 11.30.Rd

I. INTRODUCTION

One of the most useful representations of the nucleon-
nucleon interaction is to-be found in the one-boson-
exchange model [1,2]. A good fit to nucleon-nucleon
scattering and bound-state properties is obtained by con-
sidering the exchange of a number of mesons
(0,0,m,p,...). Asis well known, the pion accounts for
the longest range part of the force, while the pion and the
p give rise to the nucleon-nucleon tensor interaction. The
intermediate-range attraction may be described as arising
from scalar meson exchange. However, since one does
not find a scalar meson with a mass of about 550-600
MeV in the table of known particles and resonances, that
meson is often said to be “fictitious.”

In order to understand the origin of the intermediate-
range attraction, a number of studies that make use of
dispersion relations have been performed [3,4]. These
works suggest that a major part of the intermediate-range
attraction arises from correlated two-pion-exchange pro-
cesses. (We note that “correlated” two-pion exchange
refers to those processes in which the pions undergo re-
scattering as they are exchanged. See Fig. 3 of Ref. [1],
for example.) The studies that make use of dispersion re-
lations differ somewhat in how they implement the con-
straints that arise from chiral symmetry. For example, in
Ref. [4], use is made of a linear ¢ model, with a large
mass for the o field (m, =950 MeV), in order to fit the
pion-pion scattering amplitude. The success of that
analysis, with a large value for the mass of the chiral
partner of the pion, leads the authors of Ref. [4] to con-
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clude that the scalar-isoscalar attraction in the nucleon-
nucleon force does not arise from the exchange of the
scalar field that is the chiral partner of the pion.

Although the study of dispersion relations leads to the
notion that the fictitious o (of mass of about 600 MeV) is
an effective field related to correlated two-pion exchange,
the precise relation of that result to Lagrangians that ex-
hibit chiral symmetry is not clarified. On the other hand,
the need to use a large value for the scalar mass in a
linear chiral model [4] suggests that it is a nonlinear
chiral model that may be most relevant to these studies.
The nonlinear chiral models do not contain a scalar field
in the Lagrangian and therefore, the origin of the
intermediate-range attraction in the nucleon-nucleon
force is not easily seen in such models. In this connec-
tion, we should also mention work based upon the
Nambu-Jona-Lasinio model [5]. There, a scalar field ap-
pears as a broad gg resonance with a mass equal to twice
the constituent quark mass generated when the chiral
symmetry is broken. This scalar field may have some re-
lation to the effective scalar field inferred from the study
of dispersion relations. However, that matter has not
been clarified and it appears that there is no general con-
sensus as to the nature of the scalar attraction in the
nucleon-nucleon force, or of the related scalar field that
appears in various field-theoretic models of nuclear struc-
ture [6].

Recently, we have seen the development of a body of
work that discusses the behavior of the quark condensate
at finite baryon density, that is, in nuclear matter [7,10].
The quark condensate is found to decrease from its vacu-
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um value by about 25-40 %, depending upon the size of
the nucleon sigma term o . The precise value of oy is
unknown; however, recent studies yield o y =45+8 MeV
[11]. It was found useful to introduce a scalar order pa-
rameter & that has value f_ in vacuum. Thus one may
write =f_+o0, where o is linearly dependent on the
baryon density [7],

ONPB
> .
maf,

If o y =50 MeV we have o0 = —36 MeV, which is close to
the strength of the scalar field in the Serot and Walecka
model [12] in Dirac phenomenology [13] and in relativis-
tic Brueckner—Hartree-Fock theory [14]. The scalar po-
tential is then U, =G, yy0 =~ —340 MeV, if we use G,y
=9.45[1,2].

These observations lead us to conclude that the scalar
potentials used in the various models mentioned above
reflect a partial restoration of chiral symmetry at finite
baryon density [7-10]. Since a scalar potential of about
U,= = —390 MeV is readily obtained when making use
of the one-boson-exchange model of nuclear forces [1,2],
it would appear that the scalar-isoscalar nucleon-nucleon
interaction should be understood in a model that em-
phasizes the broken chiral symmetry of the underlying
field theory. However, the generally accepted interpreta-
tion of the scalar part of the NN interaction is that it has
its origin, in the main, in correlated two-pion exchange
[3,4]. That interpretation does not provide a direct un-
derstanding of the relation between the NN interaction
and relativistic nuclear physics.

Therefore, in this work we are interested in the role of
chiral symmetry in the construction of models of the
nucleon-nucleon force. However, it is clear that there are
a number of ambiguities if a relativistic formalism is used
to describe nucleon-nucleon scattering. For example,
there is the question as to which relativistic equation is to
be used. Once an equation is chosen, one must choose a
procedure for the construction of a potential that is to be
inserted in the equation. Here, we wish to understand as-
pects of the one-boson-exchange model of nuclear forces
and will, therefore, describe the calculational procedure
used in that model. In the simplest scheme, one
parametrizes an irreducible amplitude in terms of the ex-
change of various bosons (o,w,m,p, ...) and obtains a
unitary S matrix by solving a three-dimensional equation
of the Blankenbecler-Sugar type, for example [1,2]. [If
one contemplates using the Bethe-Salpeter equation as
the fundamental relativistic equation, there are correc-
tions to this procedure that depend on the difference of
the two-nucleon (Feynman) propagators of the Bethe-
Salpeter equation and the Blankenbecler-Sugar propaga-
tor. However, such corrections are not usually calculat-
ed. Therefore, the form of the phenomenological irreduc-
ible kernel may have some dependence on the reduction
scheme used to go from a four-dimensional to a three-
dimensional relativistic equation.] Further, it is worth
noting that the one-boson-exchange models are usually
evaluated in a ‘“ladder approximation.” Therefore, in a
phenomenological study of the nucleon-nucleon force

(1.1
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based on the one-boson-exchange model, it is not possible
to describe the correlated two-pion-exchange process, ex-
cept in terms of the exchange of an effective meson field,
such as a 0 meson. That meson is usually taken to have a
mass of about 550-600 MeV in phenomenological studies
[1,2].

We should also note that the role of chiral symmetry in
the nucleon-nucleon interaction may also be studied by
investigating the scattering of chiral solitons such as the
Skyrmion [15]. However, one does not expect that the
scalar attraction can be obtained in a mean-field approxi-
mation. Therefore, obtaining a scalar attraction in the
Skyrme model requires a rather complex procedure.
Some progress in this area has already been made [15].

In this work, we will calculate an irreducible nucleon-
nucleon scattering amplitude, making use of Lagrangians
that provide a nonlinear realization of chiral symmetry.
(There are an infinite number of such Lagrangians that
are related by chiral transforms and that have equivalent
S matrices. The specific forms used here will be de-
scribed in the next section.) As a first step in our pro-
gram we will here study the isoscalar nucleon-nucleon in-
teraction at one-loop order. (That is, we will complete a
single four-dimensional integral in the calculation of each
of the Feynman diagrams considered here.) In order to
extend this work we should study correlated two-pion ex-
change. That feature has been studied most recently in
Ref. [4], where use is made of dispersion relations to re-
late the NN — NN amplitude to the NN — 77 amplitude.
The later amplitude is expressed in terms of the 77— 77
amplitude and chiral symmetry is used in the construc-
tion of a model for that amplitude. While we have not as
yet extended our analysis to study correlated two-pion ex-
change, we remark that some of the approximations of
Ref. [4] may be useful in that enterprise. It may also be
useful to study the Nambu—Jona-Lasinio model, which is
equivalent to a linear 0 model. The scalar (o) meson of
that model will mix strongly with the two-pion sector and
may play a role in what is usually called “correlated two-
pion exchange.”

The organization of our work is as follows. In Sec. II,
we describe the Lagrangian to be used in this work and in
Sec. III we provide a description of the calculational pro-
cedure in the case where pseudoscalar pion-nucleon cou-
pling is adopted. In Sec. IV, we discuss the nucleon-
nucleon interaction in the case where we use a Lagrang-
ian with pseudovector pion-nucleon coupling. Results of
our numerical calculations are presented in Sec. V. Sec-
tion VI contains some further discussion and some con-
clusions.

II. PION-NUCLEON LAGRANGIAN

We consider a Lagrangian that possesses a chiral
SU(2); XSU(2)g symmetry that is spontaneously broken
down to its SU(2), subgroup, thus giving rise to a mass-
less Goldstone boson, the pion field #(x)=m(x)-7. One
convenient nonlinear representation of the symmetry is
obtained by use of the matrix = =exp[iw/f ], where f,
is the pion decay constant £, =93 MeV. As noted above,
there are infinitely many other representations that are
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equivalent in the sense that they result in identical on-
shell S-matrix elements (to all orders in perturbation
theory). To lowest order in the number of derivatives of
3, the effective Lagrangian for the pion-nucleon system is

L=iNBN—M(N, SN +Nz3'N,)
+iMN, BN, + Ny =T8SNg)

+1f2Tr[3,Z0+31] . 2.1)
Here M is the nucleon mass, as can be seen by expanding
the exponentials. We also introduce a pion mass u by
adding the term

22Tz +2"), 2.2)
which breaks the chiral symmetry of the Lagrangian ex-
plicitly.

The Lagrangian of Eq. (2.1) is very complicated when
expressed in terms of the pion fields. However, by choos-
ing a suitable basis for the nucleon fields, the Lagrangian
can be reduced to a simpler form [16]. To that effect, we
rotate the nucleon spinors to a new basis, N, —N;
= U*NL,NR —Nj =UNpg, where U=e*"*) is a trans-
formation matrix that depends on the pion field. Choos-
ing a=(f,)”", the pion-nucleon interaction Lagrangian
becomes, to lowest orders in a formal expansionin 1/f_,

2A—1

LBy ~—MNN+

Ny @3N+ E’;N[ﬂ,avw )

(2.3)

Note that in this case, the lowest-order coupling is pseu-
dovector. We can obtain pseudoscalar coupling by set-
ting a=2A/f,. Then, the pion-nucleon Lagrangian be-
comes (to order 1/f2)

P 2A—1

.

Sy ~—MNN+iM

NysnN
-1 |

+iM ] NmN

T
+ AN 5 BN
213
(For complete expressions, and for arbitrary a, see Ref.
[16].) In the following, we will consider both pseudosca-
lar and pseudovector coupling, although L3, and LY
are equivalent and yield identical on-shell matrix ele-
ments to order 1/f%. The parameter A in Egs. (2.1), (2.3),
and (2.4) is chosen so as to reproduce the empirical value
of the pion-nucleon coupling constant. Thus we have

(2.4)

P, P,

P, P,

FIG. 1. Feynman diagram representing the direct term of
single-pion exchange.

2215
PP PP R
ky Ak+qg ke k-9 k¥ Ak+q
R, B, p————0p B R,

p1 1 | p1 p1 ™ « p1
ky 4k+q X k+a
p———p, B X
(d) (e)

FIG. 2. Feynman diagrams for two-pion exchange (direct
terms): (a) two-point loop, (b) and (c) three-point loops, (d) box
diagram, and (e) crossed-box diagram.
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The effective chiral Lagrangian of Eq. (2.4) can be used
to evaluate the nucleon-nucleon scattering amplitude
through one- and two-pion exchange. The one-pion-
exchange amplitude, shown diagrammatically in Fig. 1,
finds a natural place in the one-boson-exchange potential
(OBEP) model of nuclear forces. The two-pion-exchange
amplitude, however, consists of several terms (see Fig. 2)
and is rather complicated.

It can be shown [17] that this amplitude, M, can, in
general, be expressed in terms of five independent ampli-
tudes (Fermi invariants), denoted by

g,,NN=(1-—27L) (2.5)

S=[ap; ulp)[apyuip,y)], 2.6)
P=[u(py)ysulp)][a(p)ysulp,)], (2.7)
V=_[a(p)yup)a(py)r ulp,)], (2.8)
A=[apy,ysulp)]apy)ytysulpy)], (2.9
T=[u(pilo,,up)]a(p;)oulp,)], (2.10)
such that
M=V S+V pP+V i, V+V o A+V T . (211

The potentials V;, are functions of the Mandelstam vari-
ables s and ¢ and can have both isoscalar and isovector
parts

Vi =V +Vimm. (2.12)
It is the purpose of this work to construct these poten-
tials in the isoscalar sector (¥};)) and compare them with
the empirical potentials needed in the one-boson-
exchange model of nuclear forces.

III. NUCLEON-NUCLEON INTERACTION

We now consider the various exchange processes,
shown in Fig. 2, that arise in the study of the pseudosca-
lar pion-nucleon interaction described by L%y (x). [We
note that the four-point vertices in Figs. 2(a)-2(c) can be
of two types.] In Figs. 1 and 2, we have shown only the
direct amplitudes. Throughout this work we will restrict
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our analysis to the direct terms, but as will become obvi-
ous, our conclusions hold for the exchange terms as well.
In addition, for simplicity, we will omit the initial- and
final-state spinors, since they are external constants; their
presence is implicit in our calculations.

The Lagrangian of Eq. (2.1) and the (approximate) La-
grangian of Eq. (2.4) are not renormalizable and are to be
thought of as effective Lagrangians, valid only up to some
mass scale. Above that scale, the effective theory breaks
down and the underlying quark and gluon fields are then
the relevant degrees of freedom. Note that the diagram
of Fig. 2(a) is logarithmically divergent and requires some
regularization scheme. In our analysis, we use a covari-
ant (Euclidean) momentum cutoff A, although one could
equally well use some suitable pion-nucleon form factors
to limit the integration to the relevant physical region.
We prefer the cutoff technique, since it provides a uni-
form treatment of all types of vertices. Physical argu-
ments concerning the chiral symmetry breaking scale
suggest a value for A of about 1 GeV [18]. We will dis-
cuss the dependence of our results on the choice of A in
Sec. V. (Note that A is the only free parameter in our
calculations.)

A. Two-point-loop diagram

This diagram is depicted in Fig. 2(a) and contains two
four-point vertices. As noted above, these vertices can be
of two types. Let us first examine the isospin structure of
the four terms that are represented by this diagram. If
both vertices are of type II corresponding to the N7’N
term in the Lagrangian (see caption of Fig. 3), the isospin
factor is

Il :8(13(1)6&,(2)
:3 ,

(3.1a)
(3.1b)

and the diagram represents an isoscalar process. If both
vertices are of type III, the isospin factor is

I,= —is“B”TY( [ —ie®rs(2)]

=—=27(1)-1(2),

(3.2a)
(3.2b)

and the resulting term is isovector. When the two ver-
tices are of different type, the value for the diagram is
Zero:

I =84 1) —ie®P7,(2)] (3.3a)
=0. (3.3b)

Therefore, only I, is of the desired type. In that case, our
calculation yields for the full amplitude

FIG. 3. (a) Diagrammatic representation of a vertex of type
1. (b) Diagrammatic representation of a vertex of type II or type
111
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3M? d*k
IS (gY)=— 1—2A)* G(k)G(k+q),
1 2f‘,‘,( J (2 C ROk +a

(3.4)

= (3.5)
k2—u’+ie

is the pion propagator. Thus, this diagram corresponds

to a scalar interaction. Combining the denominators

with Feynman parameters, we obtain

2 g2
(gh=22" (1o
2t
x [ 'dx {In Atd | A (3.6)
0 A A4 | T

where 4 =p?—q%x—x?%—ie. For ¢*><0, this expres-
sion is integrated analytically, yielding

3iM?
IS(gH)=—"—(1—21)*
1 3272 fd
A—1 2A? D—1
X — D+ 1
e [ Dg | D+1]
2 2
+1n A—t'“—H (3.7)
17
where
A=(1—4u?/q*)'? (3.8)
and
A2+ 2 172
p=|1-4———F (3.9)
q

Note that this diagram depends only on g2 and, there-
fore, it is equivalent to a local potential. This is also the
case for the three-point-loop diagrams, but not for the
box and crossed-box diagrams.

B. Three-point-loop diagrams

These diagrams are shown in Figs. 2(b) and 2(c) and
contain one four-point vertex and two ordinary pion-
nucleon vertices. If the four-point vertex is of type II, the
isospin factor is

I, =8,42)7,()74(1)
=3,

(3.10a)
(3.10b)

and the diagram is isoscalar. If the four-point vertex is of
type III, the isospin factor is

I=[—ie"r(2)]r,(1)4(1) (3.11a)
=—ie®P7 (2)[8,4(1)+ie®Pry(1)] (3.11b)
=27(1)-7(2) , (3.11¢)

and corresponds to an isovector process. Here, we only
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consider the isoscalar process. Note that the diagrams of
Figs. 2(b) and 2(c) give identical results, since they de-
pend only on g% The process of Fig. 2(b) is represented

1§S(q2)=i3%73(1—2m4 (‘;;’;4G(k)a(k—q)y5
XD(p,—k)ys, (3.12)

where D(p) is the nucleon propagator
D(k)=———— (3.13)

Pp—M+tic
Equation (3.12) can be easily simplified to give

d*k G(k)G(k —q)
2m)* k*—2p,-k+ie

3
ms(gh=—3Y 1oy f
[ (
Xkty, .
(3.14)

As before, we combine denominators using Feynman pa-
rameters. The resulting denominator is

D=[k*—2k-(p,x +qy)+(xp’+yq?—u*+ie)]’ .
(3.15)
By shifting the momentum integration variable

k#—kt+xpt+ygt , (3.16)

we complete the square in D. Then, the term linear in k#
vanishes (since it is odd in k), as does the term linear in
g", since 4 vanishes between the on-shell spinors. Thus,
only the term proportional to xp4 survives and, since §,
may be replaced by M, when §, is found between the spi-
nors, the result is of purely scalar form:

3iM*

1§S(q2)=—mz(1—2x)4
=y g X A |
x[lay [ Tax% = | G
where
A=y(x+y—1)g*+x*M>+(1—x)u®>—ie. (3.18)

We can perform the integral over the x variable analyti-
cally, but the result is a rather long expression and is not
given here.

C. Box and crossed-box diagrams

The box and crossed-box diagrams, shown in Figs. 2(d)
and 2(e), respectively, are related by a change of variables
and therefore, we analyze them together. We first discuss
the isospin factors. For the box diagram

IT=[7,()75(1)][7,(2)742)]
=3-27(1)-7(2),

(3.19a)
(3.19b)

while for the crossed-box diagram

2217
I=[7,(1)1(1)][74(2)74(2)] (3.20a)
=34+27(1)-7(2) . (3.20b)

Thus both of these diagrams have an isoscalar and an iso-
vector part. The isoscalar parts of the box and crossed-
box diagrams are expressed as

I§S(qz,p1-pz>=3£:(1—2x)4 d’k —q)
s
X[ysD(py—k)ysla
X[ysD(p, tk)ysla
(3.21)
and
I5(g%p,-py)= 31}444(1—21)4 kGG (k—q)
X[ysD(py—k)vsla
X[ysD(p3—k)vsla
(3.22)

respectively. The indices (1) and (2) refer to the first and
second nucleon lines. It is most convenient to express I,
and I, in terms of g,

m=1(p,+p}) (3.23)

and
my=3(p,+p3) . (3.24)

We also change variables (k—k —gq /2), in which case
the integrals of Egs. (3.21) and (3.22) can be brought into
the symmetric forms,

M4
I3 =3=—-(1—2A)*
d*k G(k+q/2)Gk —q/2)
Xf 4 _ 2__ 2 2_ 2
2m)* [(k—m ) —M*][(k+m)" —M"]
X kFkYy,(1)y,(2) (3.25)
and
4
1rs=—3M_ 1oy
4
d*k Gk+q/2)Gk —q/2)
x [
2m)* [(k—m)?—M?*[(k—my)*—M?]
XkFEYy (Dy (2), (3.26)

after performing some Dirac algebra.
We now combine the four denominators to a single
one. The denominator can be written as

D=[k*—2k-p—B?}*, (3.27)
where
psy=ymi—xmh+i(x+y+2z—1)g# (3.28)
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and
ply=ymi+xmb+Lx+y+2z—1)g*, (3.29)
B’=(1—x—y)u*—q*/4)+(x +y)q*/4 . (3.30)

Here p{4, and p{}, are the momenta that appear in Eq.
(3.27) for the case of the box and crossed-box diagrams,
respectively. The tensor integral can be reduced to a sca-
lar one. The second term of this equation, proportional
to g"”, leads to a term that is of the form y*(1)y ,(2),
describing a pure vector interaction. The remaining
term, proportional to p¥p”, requires further analysis.
The terms that are proportional to ¢# and/or ¢ do not
contribute, since gy ,(1)=¢"y,(2)=0, when these ex-
pressions are found between the spinors. Only the terms
proportional to pip7, pip5, p4p], and p4p; contribute.
We exhibit the various tensorial parts of these terms. For
the operator pf5,y,(1)p{3)7,(2) they are

F§)=1tmp m(x*+y?)—M’xy , (3.31)
F=F3) , (3.32)
FiY)=IMx*+yp*) —m -mxy , (3.33)
Fif=—1q¢xy , (3.34)

3iMAA* 1 1z 1-z—y
PS(V) — _ 4
I (1—24) fo dz fo dy fo dx

16w f4

Similar expressions can be written for the various pieces
of the crossed-box diagram. Upon inspection, one can
easily verify that

IES(S)(q2,771-772)=1§5(5)(q2,—771‘77'2) , (3.43)
1B (g2 o ) =18 (g2 — 7 m)) (3.44)
13 )= =15V (g2, —mmy) (3.45)
I8 (g2 o) =12 (g2 — 7o) (3.46)
15T ) = — 13D —memy) . (347)

The integrals of Egs. (3.41)—(3.47) are then evaluated nu-
merically. (Since we are calculating an irreducible ampli-
tude, we do not require the results for the box diagram.)

IV. NUCLEON-NUCLEON INTERACTION:
PSEUDOVECTOR COUPLING

The Lagrangian of Eq. (2.3) describes pseudovector
pion-nucleon coupling to lowest order in £ !. The Feyn-
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Fl)=1q%x2+y?), (3.35)

while for the operator pfy,y,(1)p(4)7,(2), we obtain

F§=1mm(x?+y)—M2xy , (3.36)
F@=F3 , (3.37)
F) =1IMYx2+p)+mmpxy (3.38)
Fi§ =44 , (3.39)
F{)=—1g%x>+y?) . (3.40)

Then the various pieces 155V of the box diagram for
j=S, P, A, and T can be written as

_ 3iMAA*

Py (1—21)*
T T

1530 =

1 1-z 1—z—y A*+34
X | d d —_—
fO Zfo yfo dx(A2+A)3A2

XF), (3.41)
where 4 =B2+p%,. The vector part contains the addi-
tional term proportional to g#*, thus

A’+34

1
V) _
(A24+4) 42

1R S— (3.42)
B AN+ 4)?

man diagrams representing the nucleon-nucleon interac-
tion via two-pion exchange are identical to those of the
pseudoscalar case (shown in Fig. 2). However, there is
only a single four-point vertex in this case of type III and,
as shown in Egs. (3.2) and (3.11), a type III vertex always
yields an isovector nucleon-nucleon interaction. The
only diagrams that have an isoscalar part are the box and
crossed-box diagrams [Figs. 2(d) and 2(e)]. In both cases,
the relevant isospin factor is equal to 3, as was shown in
Egs. (3.19) and (3.20).

Since the Lagrangians of Egs. (2.3) and (2.4) are
equivalent, the sum of all diagrams in each coupling
scheme is identical, as long as we systematically calculate
all terms up to order f;“, for example. In fact, the sum
of diagrams up to that order (or any other order) is an in-
variant quantity that does not depend on the particular
realization of chiral symmetry used. However, since we
are interested in separating the reducible and irreducible
parts of the amplitude, we proceed to evaluate the box
and crossed-box diagrams separately.

There is only one vertex to consider,

2A—1

rfv= 2 YsBTq - 4.1)
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4

The box and crossed-box diagrams are given by _ 4
=322l 1 4k GunGik—g)
4 4 2f.,r (27T)
=3 |22l 4k GGk —g)
} 2f, (2m)* X[vs(d—¥K)D(p,—k)ysk]y,
X[vskD(ps—k)ys(d—K)]y) »
X[y s(d —K)D(p —k)ysK ], T
X1vsd =KD (py +kyskla respectively. After simplifying the Dirac structure by
(4.2) commuting the ¥4’s, and using the on-shell character of
the initial and final spinors, these amplitudes can be writ-
and ten as
J
4 2 2
PV _ 2 | 2A—1 d*k _ k(1) aM | ¥Q) aM ad
I3 3(4M°) 2f. (27)4G(k)G(k q){1+ oM S(p,—K) M S(p,+ k) (4.4)
and
4 2 2
PV _ _ 2 | 2A—1 d*k Gk —a) 11+ ¥ | 4M (4 kQ) |, aM 4.5)
I3 =—30m) | = [ Gy GGk —a) {1+ 5 S, ) St Ses -5 | |7
where
S(p)=p*—M?*+ic . (4.6)

We now rewrite Egs. (4.4) and (4.5) in a symmetric form by changing the integration variable (k —k’=k —q /2) and
expressing I3’ and I}' in terms of 7, and , [see Eqgs. (3.23) and (3.24)]. Using the symmetry under the change
k — —k, some terms are seen to vanish, and the amplitudes become

—11* 4
24 1] [ dk4G(k)G(k_q)[l+ 2MK(1) _ 2MK(2)

IYV = —3(aM?)

Y o) S(m—k)  S(m+k)
_ k(ij)‘fiz) S(:le—zk) [H#:k) } @.7)
and
= [B1] v 20
 HORE) s(:l,w—zk) I [1+—s(f,fl_2k> l } 4.8)

f

An inspection of the results derived in Sec. III reveals  Note that as expected the sum of the pseudovector ampli-
that the box and crossed-box diagrams can be expressed  tudes is equal to the corresponding pseudoscalar sum:
as

IV + 1Y =IPS +20 55 + 155 +155 . 4.12)
I3V =1IP+2AB1+I5 +1, (4.9) : , ,
The integral of Eq. (4.11), I, is found to consist of three
and terms. The first term, I}, is proportional to 1/(4M?)
IRV =1[IPS 4IPS S | (4.10)  and does not depenc.i on 7 or m,. Therefore, the integral
can only be proportional to g#*y ,(1)y,(2) (we recall that
where . . © .
. . 4 vanishes between the spinors), and describes a purely
Ip =3(4M?) 2A—1 f d k4 G(K)G(k —q)K(1)K(2) vector interaction. We find
2f . (27) . 3i 4 [l A2+ A
= — 1
L I} Ryt [ dxj24m|=—
aM?  S(m—k)
_ AXAA*+24)
l 2 ’
. 4.1D AT+ 4



2220

where

A=p+q*x(x —1) . (4.14)

The other two terms can be shown to have equal con-
J
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tribution. Therefore, we write Ip =I{"+2I . The pro-
cedure used to calculate I is similar to that used in the
case of 1 55, except that, in this case, the integral is of ten-

sor character. We find that

I§2’=—%(1~2k)4foldxl fol—XIdxz (—‘;%% P(1) )I%m , 4.15)
where

Pt=x,q"+x,p¥ (4.16)
and

A=(1—x,)u’—x,q*+P*. 4.17)

The first term in Eq. (4.15) is a pure vector interaction. The second term is proportional to P(1)P(2) and therefore
has several tensorial components Jy'. Assuming that we will form spinor matrix elements, and using Eq. (4.16), we

have
P(HP(2)=x3iMp,(2) . (4.18)
A tensor decomposition of this term can be made [19,20]. The result for the various Jg’ is then
h_ 3iM* 1 I=x A* ;
J'=——=0-20)* | dx dx,x3————Fy", (4.19)
R 30m2p4 fo 1f0 2 4(A 442K
where j =S, P, A, and T. The vector part is given by
3iM? 1 1= A* A*(3A*+24) A+ 4
I=1"+ (1—20)* | dx dx, {x3 &+ —1n ,  (4.20)
Y fo 1fo 217 aAr+ 4 R 4A+42 T 4
[
where change in the one-boson-exchange model (direct term),
F=1m,m,, (4.21a) ) 2212
P s v (q2)=_ & oNN Ao—ma (5.3)
Fy'=Fg’, (4.21b) 4 m:—q? | A2—¢q? :
(V)— 1 aq2
FRi=:M", (4.21¢c) The o-nucleon coupling constant is taken to be
Fi=0 4.21d) giyn/(4m)=8.31, the 0 mass is 0.55 GeV, and the
R ’ ' form-factor cutoff is A,=2.0 GeV. This corresponds to
Fl'=—14%. (4.21e)  the potential 4 of Table A.2 in Ref. [2]. (A, should not

We present results of the numerical evaluation of Egs.
(4.19) and (4.20) in the next section.

V. NUMERICAL RESULTS

Here, we present the results of the numerical evalua-
tion of the various tensorial components of the in-
tegrals I73(q2), I%S(g%), I53(q%p,-py), 1E3(qg%p,p)),
I¥V (g% p,-p,), and 1Y (g% p,-p,) as given by Egs. (3.6),
(3.17), (3.30), (3.41)-(3.47), (4.9), and (4.10). The pion-
nucleon coupling constant used is such that g2,y /(47)
=14.9.

We define the potentials

VPS(g®)=il}S(g?) for j=1,...,4, (5.1)
ViVigh)=iI[¥(g?*) for j=3 and 4, (5.2)

and V,(g?), the scalar potential arising from o-meson ex-

be confused with the cutoff A.)

In Fig. 4 we plot the individual contributions VJ-PS(qZ)
and VJPS(qZ) of the scalar components of the potentials
for A=1.0 GeV and for s=4M?+0.3 GeV> In the
pseudoscalar coupling scheme, only ¥¥S(g?) varies ap-
preciably with increasing A, as is expected, since V53(g?)
diverges logarithmically as A— o. Note also the strong
cancellation between the various terms. In the pseu-
dovector case, both ¥5¥(g?) and V}'(q?) are logarith-
mically divergent with increasing A.

Our main interest lies in the irreducible part of the
two-pion-exchange potential. In the pseudoscalar cou-
pling scheme, the irreducible interaction is represented
by the sum

VES(g2)=VPS(g2)+2VES(¢H)+VES(¢?) , (5.4)

jing

while in the pseudovector case, it is simply the contribu-
tion of the crossed-box diagram:
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A=1GeV

V (@) (10%GeV?)
o

2l

0 01 02 03
Q2 (GeV?)

FIG. 4. Contributions of the various two-pion-exchange dia-
grams to the scalar potential for the pseudoscalar (solid lines)
and pseudovector (dotted lines) coupling schemes: (a) V135 (g?)
(two-point loop); (b) V535 (g?) (three-point loop); (c) V5>(g?)
(crossed-box diagram); (d) VP55 (g?); and (e) VEY5'(g?). [Here
A=1.0 GeV, g2 /(47)=14.9, and Q*= —g2.]

1ZMUDES MU (5.5)

irr

Choosing the irreducible part of the potential (in either
coupling scheme) excludes from the sum of all diagrams
the contribution of the box diagram [V(5(g?) or
V¥V (g?)], since that term will automatically be generated
by the iteration of the Born term (one-pion exchange) in
the Bethe-Salpeter equation. Therefore, the box diagram
is automatically taken into account when constructing
the scattering amplitude. Note, however, that the poten-
tials Vj(qz) describe fully-on-shell amplitudes, while the
solution of the Bethe-Salpeter equation requires the
knowledge of the off-shell amplitude as well.

As can be seen in Fig. 4, because of the strong cancella-
tions, ¥} is much smaller than the contribution of the
individual terms (in either coupling scheme) for A=1.0
GeV. Thus, it appears that the two-pion-exchange pro-
cess does not lead to any appreciable scalar interaction at
one-loop order and certainly cannot account for the
empirical o-meson potential of the one-boson-exchange
model. At most, in the pseudovector coupling scheme,
the uncorrelated two-pion exchange can reproduce about
25% of the empirical potential ¥, (g?), while in the pseu-
doscalar case it is small and repulsive. One should bear
in mind however that for A— o, both ¥F$5 and pFV(S)
are negative and diverge logarithmically, with [see Eq.
(4.10)]

PV(S)
Virr

. 1
Allx*n00 PSS 1 (5.6

In Fig. 5 we present the various tensorial components
of the irreducible two-pion-exchange potential in the

pseudoscalar coupling scheme for A=1.0 GeV. Here

L

0 01 02 03
Q2 (GeV?)

FIG. 5. Tensor components of the irreducible two-pion-
exchange potential in the pseudoscalar coupling scheme at A=1
GeV. The potential V,(g?) is shown for comparison. Here
s=4M?*+0.3 GeV2 (S) VIS (p) VP (v) VBV, (4)
yrsA () VES'D and (o) V,,. (Here Q*=—g?2)

s=4M?*+0.3 GeV?, ensuring that the potentials are eval-
uated in the physical region if 0 < —¢ <0.3 GeV2. In this
region, the irreducible potentials are real, but the box dia-
grams are not, except at the point (s,2)=(0,0). We also
plot, for comparison, the empirical o potential ¥,(g?) of
Eq. (5.3).

The main feature of Fig. 5 is the prediction of a large
attractive pseudoscalar potential corresponding to a
“pseudo-77” exchange. The effect of such a potential
would be to reduce the repulsive potential obtained if the
observed 7(548.8) particle is included in the OBEP mod-
el. (The magnitude of VT3P suggests that if one includes
a physical 7, the corresponding potential would be can-
celed by a contribution of the opposite sign arising from
the cross-box diagram.) This feature provides an argu-
ment for the consistency of OBEP fits to nucleon-nucleon
scattering data that do not include an 7 particle meson.

In addition, in Fig. 5, we observe some small vector
and scalar repulsive potentials. However, their magni-
tude is much smaller that the corresponding potentials of
the boson-exchange model that arise from ® and o ex-
change. (To obtain larger o-like potentials we will have
to consider higher-order diagrams.) We also note that
the axial vector and tensor components of the interaction
are negligible in this (small ¢) region.

In Fig. 6, we give results of a calculation of V3" for
A=2.0 GeV. Although the physically meaningful value
for A is thought to be about 1 GeV, it is interesting to see
how the results depend on the cutoff. We observe little
change for VISP pPS(A) and pPS(D | as expected, since
the corresponding integrals are finite as A— . The vec-
tor interaction Vﬁf( ¥) is more sensitive to A, since there
are large cancellations in its calculation. A much larger
change is observed for the scalar potential when increas-
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0.1 ;V\A=2Gev 0.1+ A =2GeV
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0 01 02 03
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FIG. 6. Tensor components of the irreducible two-pion-
exchange potential in the pseudoscalar coupling scheme at A=2
GeV. The potential V,(g?) is shown for comparison. Here
s=4M?+0.3 GeV2 (S) VIS (p) VISP (v) VISV (4)
YESCA (T) VBT and (o) V,.

ing A, since the corresponding integral is logarithmically
divergent as A— «.

In Fig. 7 we plot the various tensorial components of
the irreducible potential in the case of the pseudovector
coupling scheme for A=1.0 GeV and s=4M?*+0.3
GeV?2. We observe that the two coupling schemes lead to
similar qualitative results in most cases. Again, the main
feature is the appearance of a “pseudo-7” pseudoscalar
potential with a mass parameter closer to that of the
physical 7 particle than that found in the pseudoscalar
coupling scheme. In Fig. 7 we also see that vector in-

A =1GeV

0 01 02 03
Q2 (GeV?)

FIG. 7. Tensor components of the irreducible two-pion-
exchange potential in the pseudovector coupling scheme for
A=1 GeV. Here s=4M?+0.3 GeV2 (S) VEVS, (p) vEVA,
(M) VEYY () vEV A (T) VEYD and (o) V,,.

0 01 02 03
Q2 (GeV?)

FIG. 8. Tensor components of the irreducible two-pion-
exchange potential in the pseudovector coupling scheme for
A=2 GeV. Here s=4M?+0.3 GeV2. (S) VEV'S) (P) vEVP),
(VY VEYY (4) VEYY (T) VEY'D and (o) V,,.

teraction is negligible (again due to very large cancella-
tions in its calculation). The axial vector and tensor in-
teractions are again quite small.

We repeat the calculation of Fig. 7 for A=2 GeV and
present the results in Fig. 8. As in the case of the pseu-

doscalar coupling scheme, VEY(P) yPV(V) pPV(AD " an4
VPV remain essentially unchanged, while the logarith-

mically divergent component ¥2Y'S) becomes comparable

to V,(g?). The results shown in Fig. 7 suggest that some
part of the scalar attraction associated with the o meson
of the boson-exchange model may have its origin in the
two-pion-exchange potential if the pseudovector coupling
scheme is used.

Since the sum V;  +V_ . is the same in both coupling
schemes, one should prefer the coupling scheme in which
the reducible diagrams are best approximated within the
reduction schemes used in the boson-exchange model.
We have not undertaken such a study in the present
work.

As we mentioned previously, we have only calculated
the contribution of the direct diagrams of the two-pion-
exchange process. In a similar fashion we can calculate
the nucleon-exchange terms of the two-pion-exchange in-
teraction. The results for V}’S and V]Pv are the same as
before, except that in this case the relevant variable is
(g")*=(p, —p5)? instead of ¢>=(p, —p} )%

VI. SUMMARY AND DISCUSSION

Starting from an effective chiral Lagrangian describing
the interaction of nucleons and pions, and determining
the constants M and A in Eq. (2.1) so that the known
values of the nucleon mass and pion-nucleon coupling
constant are reproduced, we have calculated the (un-
correlated) two-pion-exchange contribution to the
nucleon-nucleon force. In carrying out this program, we
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made a systematic expansion of the Lagrangian to the
lowest orders in 1/f ., keeping all the relevant terms of
order ;2. We then isolated the various tensorial parts
of the interaction in the isoscalar sector, and subtracted
from that the contribution that arises from the iteration
of the Born term of the single pion-exchange process in
the Bethe-Salpeter equation. The resulting potentials de-
scribe the irreducible two-pion-exchange contribution to
the NN isoscalar amplitude at one-loop order.

Our numerical results show that the content of the ir-
reducible two-pion-exchange interaction, in the isoscalar
sector, is mainly an attractive pseudoscalar potential that
would tend to cancel out the repulsive potential due to
the exchange of the physical 5 particle. There is also a
small repulsive vector potential and in the case of the
pseudovector coupling scheme, we found that about 25%
of the empirical o-meson scalar potential may originate
from this process. We did not find any significant axial
vector or tensor interactions in either coupling scheme.

As noted earlier in this work, we will have to provide a
model for correlated two-pion-exchange process in order
to extend the analysis given here. Correlated two-pion-
exchange processes have been considered in studies based
upon the use of dispersion relations [3,4]. In those stud-
ies the NN — 77 amplitude receives important contribu-
tions from 7-7 rescattering terms, which are expressed in
terms of the on-shell 77 scattering amplitude. We hope
to use the insight gained in the studies based upon the use
of dispersion relations in further developments of our
model.

Our analysis represents a first step in a program whose
aim is to provide a relation between a chiral Lagrangian
and the boson-exchange model of nuclear forces. We
may use that relation to obtain a deeper understanding of
the relativistic Brueckner-Hartree-Fock formalism [14],
for example. Studies made using the Brueckner—
Hartree-Fock theory may be understood as involving a
two-step process: One starts with a Lagrangian that pro-
vides a nonlinear representation of chiral symmetry and
then one replaces that Lagrangian with another effective
Lagrangian that contains several auxiliary fields. The
second of these Lagrangians, which we may identify with
the Lagrangian of the OBEP model, may be studied in
the “ladder approximation.” That is, one identifies irre-
ducible one-boson-exchange interactions that may be
iterated in a relativistic two-body equation [2]. As a next
step, one constructs nuclear matter reaction matrices and
proceeds to carry out a calculation of the properties of
nuclear matter. As an alternate, we may also study the
Nambu-Jona-Lasinio model and consider the coupling
of the o meson of that model and the two-pion continu-
um. Results of that program will be described in a future
publication. The full implementation of these procedures
may provide some understanding of the role of chiral
symmetry when a field-theoretic formalism is used to
study the nuclear many-body problem.
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