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Scalar-isoscalar meson exchange in the calculation of the nucleon-nucleon interaction
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We provide a unified description @) scalar-isoscalar exchange in the nucleon-nucleon interac¢tipthe
pion-nucleon sigma term, an(di ) the scalar form factor of the nucleon. Our analysis requires that we specify
a parameter that appears in the description of a nucleon valence-quark “core.” Other parameters are fixed
either by our analysis of the Nambu—Jona-Lasinio model, or with reference to a recent lattice simulation of
QCD in which the scalar form factor of the nucleon was calculated. We find that our model has some
predictive power. Once the parameters are fixed, we find that we reproduce the values of the scalar form factor
of the nucleon, as determined in the lattice simulation. We also predict the strength of the scalar-idbScalar
potential for the particular one-boson-exchange model considered here, where the eftertaaf A exci-
tation are treated in an explicit fashion. However, the overall strength of the force obtained in this work is
sensitive to the approximations used in the calculafi§&0556-28187)01802-3

PACS numbgs): 21.30.Cb, 12.39.Fe, 12.39.Ki

I. INTRODUCTION However, in Ref[9] it was necessary to introduce an addi-
tional low-mass scalar of the type that appears naturally in
This paper is mainly concerned with the role of a low- the linearo model. Thus, we are back to the problem of
masso meson in nuclear physics. Such a meson plays adescribing the origin and nature of such a scalar field. We
important role in the one-boson-exchange model of thewill argue in the following that the difficulty of interpretation
nucleon-nucleon interaction, where it is usually assigned af the low-mass scalar is made less severe when we recog-
mass of about 550 MeVY1]. A low-masso is needed to nize that the meson momenta in nuclear structure studies are
provide the intermediate-range attraction in t interac-  spacelike
tion. It also plays an important role in the Walecka mddg| While the above remarks indicate the importance of a
and in relativistic Brueckner-Hartree-Fock the¢B}. When low-mass scalar-isoscalar meson in various aspects of
these many-body theories are used to describe nuclear matuclear physics, one has the problem that such a meson has
ter, a mean scalar field of about400 MeV is obtained. not appeared in the data tables until quite recently. Now one
(There is also a large repulsive vector field dueatcex-  finds af, meson of mass between 400 and 1200 MeV in the
change, with a magnitude of approximately 300 Melvhas latest list of elementary particles and resonarjdds. More
been suggested that the large scalar field in matter is an ord#s the point, we have the recent work offfigvist and Roos,
parameter describing the reduction of thg condensate who find strong evidence in their theoretical study fora
from its vacuum value in the presence of mafié}. With meson with Breit-Wigner parameters,=860 MeV and
that interpretation one can readily make contact with the” =880 MeV[12]. As discussed in Ref12], the o field is
body of work that deals with QCD sum rules in maftg+7].  an extremely important degree of freedom, since it plays the
One approach to the calculation of the intermediate-rangeole of the “Higgs meson” in QCD. That remark is based
attraction in the nucleon-nucleon force is through the use ofipon the relation of the field to theqq condensate which,
dispersion relations. In that work theappears as aeffec- in turn, is responsible for a large part of the mass of the
tive meson that is introduced to represent the effects of coreonstituent quark and the nucleon, for examdl8]. [Torn-
related two-pion exchange3]. While that may be correct, qvist and Roos also claim that the very braadesonance is
the dispersion-relation formalism does not relate the effecresponsible for generating most of the pion-pion phase shift
tive o to theqq condensate, so that the basis found foréghe 53(L=0,T=0) for energies less than 900 MgV.
in correlated two-pion exchange does not make contact with Now, if we consider the Nambu—Jona-Lasini®lJL)
the work on QCD sum rules in mattgs—7], nor with the  model [14] with SU(2) flavor, one finds a scalar-isoscalar
suggestion of partial restoration of chiral symmetry at finitestate, with m§=4m§+m,27. Here, m, is the constituent
baryon density4]. quark mass. Fom,=260 MeV, we havem,=540 MeV.
Further evidence for the need for a low-mass scalar iShat is certainly of interest, since it corresponds to the low-
seen in the recent work of Furnstahl, Serot, and TE#lg massoe meson needed for nuclear physics studies. As we will
Their goal was to create an effective chiral Lagrangian that isee, upon bosonization of the NJL model, théield is di-
consistent with the symmetries of QCD. In that regard, it isrectly related to the expectation value of the scalar quantity
natural to adopt the nonlinear model, since that model q(x)q(x). (In vacuum theo field has the valué _.)
forms the basis for chiral perturbation theory and many other One problem has been to reconcile the absence of a low-
applications of chiral symmetry in particle physi€$0].  masso meson in the data tables with the mode found in the
NJL model. In our work, we have seen that the inclusion of
a model of confinement in the NJL model moves the energy
*Electronic address: casbc@cunyvm.cuny.edu of the o excitation upward by about 300 MeV. It then has an
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energy quite consistent with that found by rfiqvist and
Roos[12]. However, it is important to remember that the
momenta of mesons used in nuclear structure physics are N o NEéENI * s =5t
spacelike(q2$0). We find that the physical state at 860 MeV

does not govern the dynamics in the spacelike region, where (@) (b) (c)

the (effective o mass is still 540 MeV(We have seen, in an

earlier work, that the coupling of the to the two-pion con-

tinuum becomes progressively less important as one moves : o
further into spacelike domain for the meson momentum, that é

is, as —q? increased15].) We, therefore, suggest that we N N
need not consider the properties of iador timelike values (d)

of the momentum and that we can make use of the results of
a study of the NJL model when the meson momenta are FIG. 1. Calculation of the scalar form factor of the nucleon. The

spacelike. One way to carry out this program is to study the,erat0rq(0)q(0) is denoted by the large filled circle. The single
quark-quark scattering amplitude in the NJL model. We findjines represent quarks or antiquarka. The valence contribution is
in such a study that, if we limit consideration to spacehkeshown;(b) and (c) A series of quark-antiquark loop diagrams are
scalar-isoscalar exchange, fhematrix behaves exactly as if shown;(d) A ¢ dominance model representing the diagrams shown
there were a pole in the timelike region with,=540 MeV.  in (a), (b), (c), etc. There the small open circle represegfs, .

In this work we will use some information gained from a
recent QCD lattice simulatioﬁlG], where a study was made  The first diagram gave a contribution fg(0) that we
of the pion-nucleon sigma term and the scalar form factor o ay denote agN|qq|N),,, where the subscript indicates
the nucleon. One of our goals is to study the scalar-isoscalgf 4t we have separated the form factor into a valence part

component of the nucleon-nucleon interaction, making usgq g part due to the “meson cloud’16,20. Thus
of the extended version of the Nambu—-Jona-Lasinio model '

that we have developgdd7—19. In particular, we are inter- o o
ested in understanding the parametrization of the one-boson- Fs(0)=(N|qa|N)yat+(N[qq|N)c. (2.2
exchange(OBE) model of the nucleon-nucleon interaction
[1] in the case of scalar exchange.

The organization of our work is as follows. In Sec. Il we
review a calculation of the pion-nuclean term oy made
earlier and also define the scalar form factor of the nucleo
F<(g%). We also show how to rewrite the quark-quaFk
matrix in terms of meson masses and momentum-depende

coupling constants. This is a kind of “momentum SPaCCsented a connected amplitude, while the remainimgson

bﬁsomzqtm[lh In Set;:. Il we drgscuss thedrolle ;)fth&gma Iex'cloud) contribution was given by a disconnected diagram. It
change in the one-boson-exchange model of the NUCIEON o 5154 found that the meson cloud contribution was about

n?ct::]eon folrce an(tj)tal_so(;or_ov;ﬂe ‘? ftltt o th(é[s)calar f()]rmF.faCtotEwice the valence contribution. It is of interest to see that our
of the nucleon obtained in the lattice Q StUd6]. Fi- o-dominance calculation has the same feature. To under-

nally, Sec. IV contains some further discussion and conclu—Stand that comment, we present the result of the analysis
sions. given in Ref.[20]. There we had

The value obtained foFg(0) in the QCD simulation was
F<(0)=10.0, with 85% of this value coming from the up and
down quark contribution. It was also found that
"N[qq|N),,=3.02[16]. (See Table ). The diagram repre-
senting the valence contribution in Rgt6] was the same as
e diagram of Fig. (). In Ref.[16] that diagram repre-

Il. NUCLEON SCALAR FORM FACTOR TABLE |. Results of lattice simulation and of the &2 NJL
AND THE PION-NUCLEON ¢ TERM model.[We identify F&'(0) with gg con Of Ref. [16].]
It is gseful to start our discus;ion with a review of our Ref. [16] This work
calculation of the nucleon scalar-isoscalar form factor at zero
momentum transfel5]. Let us define the scalar form factor ml+ng 5.84 (13 5.50 MeV
F<(g?), such that 5
— (pluulp) 4.55 (16)
Fs(@®)u(p+0a,s")u(p,s) s, (p|dd|p) 3.92 (16)
_ T e (N[ss|N) 1.53 (7) 0
(N.p+a,5",7[q(0)a(0)[N.p.s,7). (2.1 (NJuu+dd|Ny 8.47 (24 9.42
_ _ _ _ _ F5(0)=(N[uu+dd+ss|N) 10.00 (25) 9.42
[Hereq(>_<) is the quark field and(p,s) is a Dirac splnoﬂ. In Aoy =oy(2m2) — oy(0) 6.62 (59 MeV 6.6 MeV
our earlier work, we calculatedr¢(0) in a o-dominance
. . . on(0) 49.7 (2.6) MeV 51.8 MeV
model [20]. (See Fig. 1. In Fig. 1 we show the various FYl(0) 3.02+0.09 302

ingredients of the calculation. The operatg0)q(0) is rep-
resented by a large filled circle. The single lines represented (taken from Ref[16])
(constituenk quarks, while the string ofjq loops may be  2N[ssN) 0.36 (3) 0

expressed in terms of the basic quark-antiquark loop integré’l_ (Nlﬁ+ﬁ|N>

of the NJL modellg(q?) [17,20.
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TABLE II. The parameters of the NJL model/\g,mg,Gs)
used in Ref.[20] and the quantities calculated in R¢R0] are
given.

Ag 1.0 GeV
mg 5.5 MeV
Gs 7.91 GeV?
mq 260 MeV
m, 538 MeV
1-GgJs(0) 0.321
[1-Ggls(0)] 7t 3.12
9oqq 2.58
Unmaq 2.68

f_ 93 MeV
m, 138 MeV
—2mg(0[uul0) 1.76x10° MeV*
(O[uu|0y*® —252 MeV
oN 51.5 MeV

. 1 .
<N|QQ|N>:TSJS(O)<N|QQ|N>W (2.3

where the factolfl—GSJS(O)]‘1 serves to generate the series

depicted in Figs. (), 1(b), 1(c), etc. We may write E¢(2.3
as

1
m )<N|OIO||N>va|,
(2.9

(N[qq|N)=(N[qq|N)s+

where the second term is the “meson cloud” contribution.
We usedGg=7.91 GeV? and found[1-Gglg(0)] !

=3.12 in Ref[20]. (See Table I). Thus, since we had taken

(N|qq|N),4=3.0, we obtainedN|qq|N)=9.36. In Eq.(2.4)

the meson cloud contribution is 6.36, which is 2.12 times the
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Our analysis of the NJL model founth,=260 MeV for
Ag=1.0 GeV. Therefore, from Eq2.6), we haveoy=51.3
MeV, which is quite close to the valuey=51.5 MeV ob-
tained from our study of the scalar form fact®0]. We
remark that, in the work of Vogl and Weid€1], up and
down quark masses of about 360 MeV are used. Use of
m,=360 MeV in Eq.(2.6) leads too, =38 MeV. That value
is considered to be too small and, therefore, other features
(such as diquark correlations in the nuclgtrat enhance the
calculated value ofry are studied21].

In order to introduce the “meson” into the analysis, it
is useful to write

Gs o
1-Ggls(q)

92440
q2_ m2

2.7

for q?<0. Equation(2.7) serves to define the momentum-
dependent meson quark coupling paramg(e[gq(qz) For
values of—q? that are positive, and not too large, we may
write [21]

Gs 95qq
1-Ggls(@®)  g>—m? (2.8

1 [GQeqq) 1
1_GSJS(q2) B _( Gg ) q2_m§ Yoqq: (2.9

whereg,, q—2 58 andm,=540 MeV [20]. Thus, the factor
(— ggqq/Gs) in Eq. (2.9 may be understood as arising from
the bosonization relation

(2.10

o (X)=— —>q(x)q(X)

90qq

valence contribution. While it is not clear whether our meson
cloud contribution is directly related to the disconnectedthat appears in the simplest bosonization scheme used for the

(meson cloudl contribution of Ref[16], the numerical val-

ues obtained are remarkably similar. Note further that weGoldberger-Treiman relatior

may define the pion-nucleam term for =0, with qgq=uu
+dd, as

md+mj
ONT= 2

wherem? andm§ are the current quark masses. In our ear-

)<N|®|N>, (2.5

NJL model.[In vacuum, Eq(2.9) may be identified with the
=my/g,, where for exact
chiral symmetryg,=d,qq=09.qq-] Equation(2.8) and Eq.
(2.3 may be used to generate the diagrams of the
o-dominance model, such as that shown in Figl)1

While the comments made above are suggestive, we still
have to describe how these ideas may be used to discuss
exchange in the nucleon-nucleon interaction. That discussion
will be taken up in the next section.

lier Work we found that the average current quark mass was

5.50 MeV, if we were to obtairm_ =138 MeV, when we
used a Euclidean cutoff oig=1000 MeV. (See Table ).
Thus, we hadoy=51.5 MeV, which is very close to the
value obtained in the QCD lattice simulatiany=49.7(2.6)
MeV. (Here 2.6 MeV represents a measure of the theoretic

uncertainty) Our result is also consistent with the analysis of

Vogl and Weise[21] that is based upon the use of the
Feynman-Hellman theorefi22,23 in the calculation ofry .
Vogl and Weise calculate a pion-quasiterm and then mul-
tiply by 3 to obtain the pion-nucleonr term. It was found
that[21,24]

Ill. o EXCHANGE IN THE OBE MODEL
OF THE NUCLEON-NUCLEON INTERACTION

In earlier work we have discussed a relation between the
BE model of the nucleon-nucleon interaction and the NJL
odel[25-27. To describe that relation, it is useful to de-

fine a parametex, that governs the momentum dependence
of the valencescalar form factor of the nucleon:

2

3.1
"2—gq CHY

Fval( 2) Fval(o)(
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FIG. 2. (a) The OBE amplitude due tor exchange between FIG. 3. The values oIﬁOBE(qZ) (dotted ling anthJL(qz) (solid
nucleons. The large open circles denote the vertex cutoffs of thﬁne) ar-e Ishown Here\ —15 GeV andx.—1.10 GeV. For the

OBE model[1]. (b) The representation af exchange in the NJL . _
model based upon the use of the valence form factor seen in Fi(j.)BE amplitudem,=0.550 GeV[See Egs(3.7) and(3.8)]

1(a). (c) The nucleon-nucleon interaction is related to a quark-quark

T matrix. A o dominance model of th& matrix is shown in(b). As in our previous work, we determirie, by equating

Vg2 andV9®5(g?). We find that\,=1.1 GeV yields an
excellent fit. For example, we may put

with F2(0)=(N[qq|N),y. We putF¥(0)=3.02 in accor-

NJIL, 2y — \/NJIL NJL, 2
dance with the analysis of R€fL6]. (See Table ). Vo (g9 =V, (0)h (%) (3.7
In the OBE model there are vertex cutoffs that are depenz 4
dent upon a parametéy, . Thus the OBE force in the scalar
channel is{1] VeRR(a?) = VPO (a?), (3.9
2 2\ 2
VOBE(¢2) = g2 (AU— m(,) 1 (3. Where hMH0)=h9B5(0)=1. We compare the values of
‘7 NN\ AZ—q? ] g?-m?’ ' h28&(g?) andh?%(g?) in Fig. 3 for the casa,=1.1 GeV. It

) ) ] ) is seen that the fit is excellent for the chosen valua of
(We suppress reference to Dirac and isospin matrices for \ye now ask whether our formalism has any further pre-
simplicity.) In Table B.1 of Ref[1], we find A,=1.5 GeV, (jctive power. To that end, we may now calculate our values

2 _ —
9nn/4m=6.32, andm,=550 MeV. (These parameters are for the scalar form factor of the nucleon. We see that in our
given for the case where the effects of the virtual excitation;.qominance model

of the delta are treated explicit)ylt is useful to define

(GSE’,E)Z _ g(2)'NN ( Ai_ mi) 2

47 4w A‘Zr

2\ _ 1 val )\5
Fs(q )—m Fs (0) =) (3.9

(3.3

. _ - OBE whereF 4(0)=3.02, as determined in Ré€fL6]. (See Table ).
With the values given above, we fir@l;yy="7.71. We now define

The corresponding amplitude in the 2NJL model is given
in terms of the quark-quark matrix t,,(q°), such that Fs(g?)
" fs(0?) = =) (3.10

)\2 2
VQJ%qZ)=tqq<q2>[Féa'<0>]2(P_qu> (3.4

[1-GsJs(0)] [ A5
= 1-G 2 2_ 2 (311)
2 2 2 [ Js(@9)] \A5—q
— quq Fval(o)]Z )\‘T
g>—m2 - S A2—q? In Fig. 4, the solid line representss(q?), while the “data

(3.5 points” are the result of the QCD lattice simulation of the

) . L scalar form factof16]. Again, we find a good fit for our
[See Fig. 2b).] For consistency we should hav@,yy  choice ofn,=1.1 GeV.

=GoNN, With

GEJNLN:ggqu\éal(O)- 3.6 IV. DISCUSSION
In our work we have stressed that the lineamodel is
Evaluation of the right-hand side of Eq3.6) with  quite useful for nuclear physics studies. However, that does
U,qq=2-58 andF§!(0)=3.02 yields Glyy="7.79, so that not argue against the use of the nonlineamodel. For ex-
GOEEIGNE =0.99. Thus, we see that the strength of theample, thephysicalo mass has been given as 860 MeV, with
force is predicted accurately for this choice of parameters. a large width of 880 Me\[12]. Therefore, if one wishes to
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strength of the OBE scalar-isoscalar force and toghele-
pendence of that force. We also fit the values of the scalar
form factor of the nucleon that were obtained in a QCD

1.0¢ lattice simulation[16]. However, some cautionary remarks
are in order. Our results are sensitive to the value obtained
& for [1-GgJs(0)]. Various modifications may be considered.
e For example, if we include a model of confinemeiy(0) is
T 05 replaced byl¢(0) which is about 6 percent smaller thag(0)

[25,26. However, we may also include coupling to the two-
pion continuum, as discussed in our earlier wptk,17. If
both effects are included[1-Ggl(0)] is replaced by
Y- — 1'0 —— p 5' {1_—GS[JS(O)_+ K<(0)1}, WhereK$(q2) de_scribes the cou-
: » » ‘ pling of theqq states to the two-pion continuum. We remark
q°(GeVv®) that K4(0) is positive and about 10% of the value &§(0).
Therefore, our results are only slightly modified in a first
FIG. 4. The values calculated fdig(q?) =Fs(q%)/F(0) are  approximation, if we include such effects. These corrections

shown.[See Eqs(3.9) and(3.11).] Here),=1.10 GeV. The circles g ,gqgest that the rather precise agreement foun@ i, and

\[l\ilg]} error bars are results of the QCD lattice simulation of Ref'Ggﬁﬁ may be somewhat fortuitous. However, small modifi-

cations of the value dfl—GgJ¢(0)] will not change the gen-

write a Lagrangian describing meson-meson interactions, thgf@ SUCCEsS of our analysis. We have also seen that the value
grang 9 of the enhancement factofid,— GgJs(0)] 1=3.12, found in

neglect of the scalar octet is probably a good approximation; . )
%n the other hand, if oneplimits oynesgelf to tﬁre): consider—Ref' [20] ar_1d used here, provides a satisfactory valuerfer
ation of only spacelikemomenta, the linearr model is a The aSSOCIat'ed value of the consituent qgark ma§$,2§o
useful effective theory(We note that the lineas- model has ~ M€V: also yields a good phenomenological description of
been studied by Ko and Rudaz, who have also included veébe nuc_:leon scalar form factor and the OBE potential in the
tor mesons in the effective Lagrangif2g]. They attempt to scalar-isoscalar channel. In a future work. we hope to extend
relate theo to observed scalar states and therefore need t84" model to study the SG)-flavor version of the N.‘]L
find a mechanism for reducing the large width of tnéor model so that we can make a more detailed comparison to
o—m+m. They find such a mechanism when including (€ results of Refl16].
7—a, coupling. This model is therefore quite different than
that of Ref.[12], where theo has a very large widtti880
MeV) and is not identified with any scalar-isoscalar mesons This work is supported in part by a grant from the Na-
previously known. tional Science Foundation and by PSC-CUNY Faculty Re-
We have seen that we have obtained an excellent fit to theearch Program.
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