INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700 800/521-0600

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



AN EXTENDED NAMBU-JONA-LASINIO MODEL FOR HADRON INTERACTIONS

By

Wei Dong Sun

A dissertation submitted to Graduate Faculty in Physics in partial fulfillment of the

requirements for the degree of Doctor of Philosophy, The City University of New York

1997

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



UMI Number: 9732977

UMI Microform 9732977
Copyright 1997, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ii

This manuscript has been read and accepted for the Graduate Faculty in Physics in
satisfaction of the dissertation requirement for the degree of Doctor of Philosophy.

S -2(-97 C%//i‘%/‘—\

Date Chair of Examining Committee
Date Btecitive Ofﬁcer

[Prof. L.S. Celenzal % /Qﬁ
- ‘_/’%Ai Z J/
rof. M. Kaku

[Prof. H. Lancman] %ﬁw—\__
[Prof. M.K. Liou] %‘?’W g&'\w

Supervisory Committee

THE CITY UNIVERSITY OF NEW YORK

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abstract

AN EXTENDED NAMBU-JONA-LASINIO MODEL FOR HADRON INTERACTIONS

By

Wei Dong Sun

Adviser: Distinguished Professor Carl M. Shakin

We use the Nambu-Jona-Lasinio model to study the structure of mesons and the
interaction of nucleons. A microscopic model of confinement is introduced to calculate
various properties of hadrons. The confining interaction eliminates unphysical quark-

antiquark cuts.

The model is used to calculated the nucleon-nucleon interaction for sigma, pion
and vector-meson channels. It also calculates rho-omega mixing. An improvement is
made for gauge invariance in the NJL model. Reasonable quantative results have been

obtained.
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Chapter 1. Introduction
1.1 A Generalized NJL. Model

The Nambu-Jona-Lasinio (NJL) model of 1961 was based on an analogy with the
BCS theory. The model was later used as a dynamical theory for quarks.

The Lagrangian of the simple SU(2)-falvor version is

2(0) = guofirka, - m)qw)

Geli— - — 5
* TS [(q(x) q00)” ~(q®ivs rq(x))-] (L.L1D)

_— N _ — b
- (@779 - @, s ey]

Here, m(? is the current quark mass.
The low-lying mesons are found by solving the Bethe-Salpeter equation for the

quark and antiquark systems. The T matrix in the scalar-isoscalar channel is

Gs
t, () = 1.1.2)
aq) [-Gs/50 (
where, with ; = p2,
4
Jg(P?) = (—Uncnfij L ISp(PI2 ~k)iSp(-P/2 - k) (1.1.3)
(27x)

is the basic quark-loop integral of the NJL model. [See Fig. 1.1.]
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1.2 Confinement Interaction for Elimination of Unphysical Quark-antiquark Cuts.

In our generalized NJL model we introduced a model of confinement. That led to a
modified form for jS(Pz). In Fig. 1.1(a) we show the summation of a ladder of
confining interactions [Ce 95b]. We also define a vertex for the confining field that
satisfies the equation shown in a schematic fashion in Fig. 1.2(b). Once the vertex
function is calculated, we can replace jS(PZ) of Eq. (1.1.3) by js(pz) shown in Fig.
1.2(b). Note that js(pz) does not have an imaginary part which that would arise in a

theory without confinement when both the quark and antiquark go on mass shell.
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Chapter 2. Bosonization of the Extended NJL Model

2.1 Bosonization of Scalar-Isoscalar Mode

We will use a generalized version of the momentum-space bosonization scheme

introduced in [Be 92]. There it is shown that one may write for the scalar-isoscalar

channel,

2, s
Gs - 854q(2) @.1.1)

1-Ggls(g)  ¢* -m’(q?)

Explicit expressions are given for Js(q 2y and the momentum-dependent coupling constant

and mass in [Be 92].
In our extended version of the NJL model, we replace J5(q 2y by Js(q*) and also

include the amplitude [{'S(qz) shown in Fig 1.2 in the denominator of the T matrix in

some cases. It is then useful to write j (42) as

RY
2 2.1.2)

js(ql) =5 - >
q--m

QAW

where S0 8, and m,, are constants. (This form may be used for spacelike values of q?-,

even if we do not find a pole in js(qz) for 42 > (0.) We now write
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- 2 L i
I5@%) = ~ —/———r 2.1.3)
Gs -Js(q7)
q"'ﬁfJ
-1
- G5 s (2.1.4)
- | mg - 2
Gs -5
Therefore, we may put
2 2 52
my o= g - — : (2.1.5)
Gs -5,

and also define a momentum-dependent coupling constant (with ql < ,7,2),
2

L2 b
2 m,-q~
8oqq@®) = — (2.1.6)
Gs -5

which arises naturally in this formalism. Note that we will define gl = g3 (0), with
7qq Tdq

t
Qo

2 m
85940 = —— 2.1.7)

GS - Sl
With the various definitions given above, we have
3
22

Tg(q?) = 29997 - (2.1.8)

- 5

gt -m;
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We also see that

2
1 _ 854¢@ 2.1.9)
GS—I "js(O) ms

which is a useful relation for obtaining gjqq from knowledge of Gg and js(o).

The situation in the case of the scalar-isoscalar channel is quite subtle, since the
choice of parameters depends on the physical situation. For example, our studies have
shown that, for spacelike values of q2 near qz = (, the value of m, in Eq. (2.1.8) is
540 MeV and gqqq(o) = 2.58, in one case [Ca 92]. However, there is no pole in the

T matrix for g2 = mdz, with m, = 540 MeV . Forexample, as we will see, for timelike 42

we find a pole at ¢2 = mj', where m_ = 900 MeV, if « = 0.20 GeV2. One way to
understand this point is to note that j¢(¢g?) and j¢(g%) are quite similar for q* < 0,
while these functions are quite different for timelike ql. [See Fig. 2.1.] Note thart the
rapid rise of Js(q-’-) for qz > 0 seen in Fig. 2.1 is due to the presence of a qq cut
starting at 42 = 4m3 = 0.275 GeV2. Beyond that point js(qz) is complex. On the
other hand, j s(q %) is everywhere real and a rapid rise in the value of that function could
signal the presence of a bound state in the (linear) confining potential.

As a specific example, relevant to the spacelike region, consider the parameters

0.520 GeV?, 5; = 0.0479 GeV? and 5, = 0.0178 Gev*. These values yield

0.540 GeV, 8544(0) = 2.58 and fS(O) = 0.0821 Gev?. This parametrization

3
"

describes the behavior of Js(g?) rather well for - 0.3 Gev? < q> < 0: however,
there is no pole at maz = 0.520 GeV? in the timelike region. (See Fig. 7 of [Sh 95 a].)

Note that, if we include K(q? in our considerations and use , = ( 37 GeV?,
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6
we find js(o) + 12'5(0) = 0.0917 GeV?. Therefore, using js(o) + ks(o) instead of js(o)
in Eq. (2.1.9),we find 85440 = 2.90, if we again use Gs = 7.91 Gev™2 and

0.540 GeV. This modification serves to enhance the magnitude of the T matrix

my

at g2 = () by about 27 percent relative to the result obtained when we neglect g (q 2.
(We remark that an easy way to obtain Re K(q? s to calculate Im K(g*) and then
obtain Re ks(qz) by use of a dispersion relation [Ce 93 d].)

The rather complex situation that exists in the case of the sigma meson is greatly
simplified when we consider the omega and rho mesons, since a single parametrization

of the form of Eq. (2.1.2) may be used both in the spacelike and the timelike regions.
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2.2. Bosonization for the Omega Meson

It is useful to divide the omega propagator and T matrix into transverse and

longitudinal parts [Ce 95a]. For example, we may write

v _ v 2
(™ -9%q"Im,] _ grr_grgrig?)  qrqr _ 2.2.1)
2 2 2 2 2.2
q--m, q--m, qg-m,
One may also define the function j(w)(q2), related to a tensor j(‘;‘; (qz). Here,

. 2 B
Ta@) - - [g#y—qqg ]’m)(qz) ,

where [Ce 95a]

4

-z'f(ﬁ:;(qz) = ( = l)ncnfTrI (;111;4 [iSF(q/Z +1€)F“((1, k) iSF(' (]/2 °k)':/y] (223)

In this case (g, k) contains the vertex for the confining field and

¥ o= v -4q"1¢* (2.2.4)
Note that quj(‘;‘; (@3 = j(‘:; (@®q, =0 in accord with Eq. (2.2.2), since
q,T* = 9,7 =0 [Ce 95a].

In Fig. 2.2 we show j .4) for x =0.16 Gev2, « = 0.22 Gev2, and
x = 0.28 GeV>. A vertical line drawn at [ = Mj intersects each of these curves at a

point. The ordinate of that point then yields a value for 1/G,, since the (transverse) T

matrix may be written
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7“-(}:; = _[g#y_q#qV/qZ]T(w)(qZ) , (2.25)
with
- 1
T@) = ——
(w) 1 - 2 2 6
-C—;:—j(w)(qz) ( o )

A particularly useful representation for j(w) (g%) that has a simple physical

interpretation is given by

a 2 VZ
Jy@ = v, - : (2.2.7)

In terms of these parameters, we have

and

& o

n,
-1

G -V,

w

824, = (2.2.9)

For example, if , = .22 2 ' -
€ =0.22 Gev®, we find that with G_ = 7.86 Gev~2,
vy = 0.0284 GeV?, v = 0.0850 GeV* and 122 = |.476 GeV?, we obtain an accurate
representation ofj(w)(qz) for g2 > 0. This result may be understood by interpreting 5

as the mass of a bound state in the linear confining potential. (Note that ;7 is obtained
@
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9
in the absence of the short-range attraction parametrized by G,-) The introduction of
the short-range interaction then moves the bound state down to m, = 0.783 GeV. As
noted above, this situation is much simpler than that in the scalar-isoscalar channel, since m,

of Eq. (2.2.8) is equal to 0.783 GeV in both the timelike and spacelike domains of q2-
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2.3. Bosonization for the Rho Mesog

Here, the new feature relative to the previous section is the importance of a tensor

that describes the coupling of 4g states to the two-pion continuum [Ce 95a],

. [
K(I-;;(q.?.) = - (g}ll'_ q z K(p)(q.?.) , (2.3.1)
q°
in addition to the tensor
F @ = - o - 2" 7 (2 (2.3.2)
@) = 8 — @) .
PE
The (transverse) T matrix is of the form
. Bov i .
T(l;‘)’(q?.) = - [glw_ q ? T@)(QZ) ’ (233)
PE

with

l
_l a Y
G, - U,)@® - Ky(q?)]

T,)(@? = (2.3.4)

Since mp2 is known, we find the appropriate value of G, by solving the equation

L s > o2 5
= ~Ugm) +ReRyy(m)] = 0 . (2.3.5)
P

Again, we may indicate how this solution appears in a graphical form. For example, in
Fig 2.3, with ; = g2, we show j(p)(qz) +Re k(p)(qz) for various ,. (Note that
j(p)(ql) = j(w)(qz).) Figure 2.4 shows Re km([) for various value of . Since we
have fixed x = 0.22 GeV? in our study of the omega meson, we use that value here and

find that G = 7.12 Gev ™2 yields a rho meson with m, = 0.770 GeV.
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In this case, we put

P2 > 2 p)
Jq )+ReK(p)(q ) =r- 3 (2.3.6)
so that
2 _ .2 r
mp - mp - 1 (237)
Gp -rl
and
!712 q?
s _ a2
Soaq@?) = == : (2.3.8)
Gp - I‘I
in analogy to what was done for the omega meson. Again, gpzqq = gpzqq(o), with
_2
) m
85qq® = —— . (2.3.9)
Gp - rl

A good fit to Jj (g% +Re K,(qh for g2 >0 is obtained if
ry = 0.0304 GeV?, r, = 0.0968 GeV* and 1’ = 1.476 Gev2. (As noted above,

G, = 7.12 GeV™2))
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Chapter 3. Nucleon-Nucleon Interaction for the Pion and Sigma

Channels

3.1 Pion Exchange

In Fig. 3.1a we represent meson exchange in the OBE model on the left-hand side of the
figure. There, the open circles are the form factors of the OBE model that are of the

(monopole) form

4

5
Ar -m~
F_OBE([) - ’7 ! 3.1.1)
A -1

4

for a meson of mass m; and OBE cut-off A;- On the right-hand side of Fig. 3.1a we
represent the interaction in terms of the quark-quark interaction, 7. We do not consider
all possible diagrams, but isolate those diagrams that are of leading order iny/ n,
counting [Sh 95b]. The interaction in that case may be expressed in terms of the
functions, j(qz) and }Z(qz), for the various mesons. For example, in Fig. 3.1b we

show those interactions that lead to the use of

G
[;;)([) . (3.1.2)
1 -GgJs(0)

in the case of sigma exchange. To keep in mind that we sum only the leading diagrams,

we denoted the quark-quark T matrix as Laq in Fig. 3.1c and in Eq. (3.1.2).
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With reference to Fig. 3.1, we write a scattering amplitude for pion exchange in

the OBE model as

2 2 2 2
FORE(y - Sx A-r7- My L (3.1.3)
4r Ap-t | - mf
BE OBE
= f-f-) Oh, @ . (3.1.4)

In Eq. (3.1.3) we have included the form factors of the OBE model that appear at each

pion-nucleon vertex. It is also useful to define

2 2
TNN _ Sxan | Ay -y (3.1.5)

with similar definitions for the sigma, rho and omega mesons. The amplitude

corresponding to jfBE([) in the NJL model is (see Fig. 3.1c),

(%)
[ () I 2
£y qZ; (.0 (3.1.6)
- FY oMy (3.1.7)

Here, ;;;’ is the quark-quark scattering amplitude of the NJL mode! and F@isa

nucleon form factor defined such that
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Fr@u(p+q,s)ivsu(p, ) <t' | 7(t> = <p+q,s' 1" | 3O)ivs 79| 7. 5, 1>

(3.1.8)
It is useful to introduce a monopole form for the nucleon form factor,
A2
F = RO 2| . (3.1.9)
AL -t

In a previous work [Sh 95b] we saw that, if we took A, = 0.8 GeV. there was
excellent agreement of the functions h;WL([) and hrOBE([). [See Fig. 3.2.] Here, we
also consider the magnitude of the amplitude in addition to the q* dependence, so that
we have to provide a value for 1?‘7(0). In an earlier work, we found Fr(o) = 4.78,
when we calculated the form factor 1-"1(;) in a covariant soliton model of the nucleon [Ce

85]. Near ; ~ (, we may put r;;)([) = gﬁqq/([ -mf), so that, in our model,

2 - 2
FYL) = - Brag O (3.1.10)
4r mZ
x
= -676 GeV™? @G.1.11)

where we have used 8rqq = 2.68 and 13"7(0) = 4.78, as found in our earlier work [Ca
92,Ce 95]. Noting that A_ = |.3 Gev and g2yy/47 = 14.4 in typical OBE model

calculations [Ma 89], we have

FOEQ0) = -727 Gev 2 3.1.12)
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15
which is only 8 percent greater than f:”L(o) given in Eq. (3.1.11). Thus, we see that
for pion exchange we fit both the value of G, MV(Gr NN = 8xgq Fr(o) = 12.3) and the
q* dependence of the amplitude up to - g> = 2 GevZ?. However, if we try to calculate
FT(;), we obtain a form factor that is too soft. For example, the quark wave function

of [Ce 85] yields a dipole form for the form factor,

- _ 2
F.0 = F(0) L : : (3.1.13)
536

where 17“1_(0) = 4.78 and ¢ is in GeV? units. For a monopole fit, the effective vertex

parameter would be about A, = 0.43 GeV, which may be compared to the value used

above, A, = 0.80 GeV.
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3.2 Sigma Exchange

To study sigma exchange we need the nucleon form factor, F(r), defined by the

relation
Fu(p+q,s")u(p, s)s,, <p+q,s,r|q0qO) | p.s,t> . (B.2.1)

We may write
2 2 _ 2 2
A_—m
fUOBE([) - s NN 0'" ¢ 1 _ (3.2.2)
ol - eem?
- fOPE(g) nOPE ) (3.2.3)
and
(o)
‘ e (s
£9%0 - 9O op G.2.49
4r
Now
2 A2 2 2
fUOBE(O) _ _ Sawv e~ Mg _1 (3.2.5)
4 2 2
AO’ mO’
while
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2
Do 1 (3.2.6)
4 mZ
a
2
FUL) = - Soag Lirop 3.2.7)
4x m2
12
Thus, we would like to have
GO’IVN = go'quS(O) . (328)

We note that, if we include 1&5(0) in the formalism, gaqq(o) =3.05 In our most
recent analysis. In an earlier work, we calculated F¢(0) = 1.94 [Ce 85], so that, from
Eq. (3.3.8), we find G,av =5.9.- This value is in fair agreement with the
phenomenological value, if we consider the case where the effects of excitation of the
delta are treated explicitly in the OBE model. For example, consider Table B.! of (Ma
89]. For model I listed there, we find giw/ziw =6.32, A, =15 GeVv and

m, =550 MeV. Therefore, for that case

2

2 2 2 2
GUNN - 8onn | Mg~y (3.2.9)
4r 4 1\2

aq

= 4.73 (3.2.10)

so that G,yy =7.71 which is somewhat larger than the value of G,yv = 5.9 given

above. Of course, the result is quite sensitive to the value chosen for F(0)- (It is
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possible that vertex corrections enhance F(0) to yield a value closer to 3. Such a value

would place our analysis in better accord with the phenomenology of the OBE model.)
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Chapter 4. Calculation of the Nucleon-Nucleon Interaction Due to

Vector-Meson Exchange

4.1 Electromagnetic Form Factors of the Nucleon

In this section we review a number of well known relations, with the aim of providing
a phenomenological representation of the isoscalar and isovector form factors of the

nucleon. We recall that proton and neutron form factors may be defined, with o > Q,

(P, s, 7 = 121J5 )P, 5, 7 = 112)
@.1.1)
io*?
sz

=e5<3',s')[v“Ff’(qz)+ quz”(q2>Ju(75, 5)

(P 5" 7 = - 121JE O P, 5, 7 = - 112)

4.1.2)

— — 1 y ——

= eu(p's') {V“F{'(qz) - ;"“ qug"(qz)] u(p, s)
2my,
Here o’ =p+g.
One further defines electric and magnetic form factors
P, 2 P, 2 . G° op 2
Gg@9) = F{ (g°) + >£2(97) (4.1.3)
Gy@® = Fl @)« F{qh | “.1.4)

and
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n n 2 n
Ge@)) = Fl@)+ L5F@™ 4.1.5)
ampy
Gyla?) = F'@® - Fq) . 4.1.6)
We also put
FP@?) = Fgd - F @D , @.1.7)
Ff@Y = Fy(g) +FyY (@) (4.1.8)
Fig? = F@d -F@D (4.1.9)
and
F@? = F3(q) -F @) . (4.1.10)

We then solve for the isoscalar and isovector form factors

_ GE@®) + GE (@) - @%/4my) (Gl @ - Gyy(g?)
2(1 - g%/4m})

S

F @.1.11)

@3

A

P, a2 _[qPr2y o g2
Fy(g?) = [GM(q) @ )] [GE,(q)'GE(q )J , 4.1.12)
2(1 - q%/4my)

and
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(626 - GF@?]- @*14md)[Gha? - GiaD)] GLL3)

FY @Y = |
21 - q%/4my)

[Gika®) - Guad)] - [GE @D - G @?)] @.1.14)
2(1 -q2/4m,?(/) '

v
£ (gY =

s
We remark that £'(0) =0.5, Fy(0) = -0.06, F'(0) =0.5 and £(0) = 1.85.
For the range of momentum of interest to us, we may use the dipole forms (with q? in

GeV? units),

Glgh = — L

) |° 4.1.15
-9 ( )
0.71
Gi@? = uw,GE@D (4.1.16)
Gu(a® = 1, GE(@? . .1.17)

Here, ry=2.795 p, = -1.91 and G,:_'(qz) = (0. Use of Egs. (4.1.15)-(4.1.17) in Egs.
(4.1.11)-(4.1.14) provides a phenomenological representation of the isoscalar and
isovector form factors. We will describe a procedure for obtaining theoretical values for Fl(gY

and sz (qz) in the next section.
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4.2. The Vector-Meson-Dominance Model for the Nucleon Electromagnetic Form

Factors

It is well known that hadron electromagnetic form factors may be calculated in some
form of the vector-meson-dominance (VMD) model. (Indeed, the VMD model provides
a remarkably accurate representation of the pion form factor for both timelike and
spacelike values of g2[Sh 97a,Fr95].) Here, we will develop a version of the VMD
model for the nucleon electromagnetic form factors that will provide some information
needed in the calculation of rho and omega exchange in our study of the nucleon-nucleon
interaction.

We will not use the bag model in our analysis; however, we do have in mind a
picture of the nucleon as a valence-quark "core" strongly coupled to surrounding meson
fields. From this point of view, we may consider the processes shown in Fig. 4.1.
There the wavy line denotes a photon, the single lines are quarks and the cross-hatched
area represents the "valence-quark core". In Fig. 4.1a the photon is absorbed by a quark

in the core. The process shown in Fig. 4.1a gives rise to an isoscalar amplitude

e’ .S, 2 - (4.2.1)
2qu,f2(t1) u(p, s)

A*(p,p) = —Z‘EU(F,S’) ~/“f15(q2) +

where fls(q-’-) and fzs(qz) are form factors of the core. In Figs. 4.1a and 4.1b, we see
the photon being absorbed,with subsequent rescattering of the quark-antiquark pair.
(Note that we do not show the confinement vertex in these figures to avoid excessive

complexity in the figure.) Inclusion of the full series of qq "bubbles", as shown in Figs.
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4.1a, 4.1b, 4.1c, etc., yields the amplitude in the omega channel J=17,1=0)

J u(p, )

(4.2.2)

1
1-0[1‘ @) +R. (g2
wlY () @)

©® ’ 4
Buw®'p) = 5

]u(p’ s') [‘Yuf[

From this form we may identify the VMD result by using our bosonization relations.

We find

I Zoge@?- io**q,
(w)(,D ,P) = _g_ G— gq u(p s) [ #fl + m:llﬁ ] u(p, s) (4.2.3)

This may be put in a somewhat more familiar form by defining a meson decay constant 2%(q 2)

[Sh 97a,Fr 95]:

"~

My 8ugd@) (4.2.4)
£9q% 6G

w

Thus,

me |1 2
Bl(P'p) = e — | — - 8uq@ ) WP ) | ¥R+

J u (;, S)

£°@) | m; -q?
4.2.5)
Thus, we may identify isoscalar form factors of the nucleon

2 2

s 8uqqd”)
FSqY = L Swadd INE (4.2.6)

6G, m2?- 7>

w
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2
@Y = = g“’g"(q?f;‘@z) : 4.2.7)

w mw ‘q
For defini d = i = ince S
or definiteness, we can define fls(O) = 3 and require that fi(o) = -0.12. (Since£;(0)
is quite small, we will neglect it at this point.) We may use G, =17.86 GeV 2,

m,, =0.783 GeV, and g, (0) =3.86, and find F,%(0) = 0.5.

For the isovector form factors, entirely similar considerations allow us to write,

2
L &eg@

F(@%) = o 287 g (4.2.8)
“~p mp -q-
2 2
8,00@®

B@) = 5o 21 Y 4.2.9)
[ mp -q

Here, we require £ () = 1 and £ (0) =3.70, so that F\'(0) =0.5 and F,)(0)=1.85.
The choice of fis(O) = -0.12 and fzv(O) =3.70 may seem somewhat arbitrary.
However, we have seen in past work that, if one uses a relativistic version of the SU(6)
quark-model wave functions of the nucleon, it is quite easy to fit these values in what
may be considered to be a pure "core" model [Ce 85]. Thatis, in [Ce 85], we did not
use the VMD model, nor did we consider the contribution of the "meson cloud". The
success of that analysis was based on the fact that, if one calculates the matrix element
of the isoscalar current, ;j£(x) = g(x)y*q(x), between nucleon states, the resulting value
of fzs(O) is quite small. On the other hand, if one calculates the matrix element of the
isovector current, jc(x) =q(x)y* T3q(x), 2 large value of fzv(o) is obtained. Indeed, the

moments of the neutron and proton were very well fitted by the simple "core" model of
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[Ce 85]. However, in the present work we have used a VMD model and a nucleon
“core" to facilitate our study of the nucleon-nucleon force due to vector-meson exchange.
The purpose of the foregoing analysis was to find some information concerning

the core form factors. To that end, we put

2
£gd = ( V) (4.2.10)

RP-7

2
3.70 _&. (4.2.11)

£ @Y

fgd =3 _()‘i (4.2.12)

[
|
o
ro
gy
)

fZS(qz) - (4.2.13)

At this point, we may find values of the various )'s by using the
phenomenological values of Fls , FZS , FIV and sz given in Section III. We will
concentrate on Fls(qz) and sz (g%, since these form factors appear in the most
important components of the nucleon-nucleon interaction that arise from vector-meson
exchange. In Fig. 4.2 we show a fit to Fls(qz) obtained with )\f =(0.745 GeV and in

Fig. 4.3 we show a fit to sz (42) obtained with )\,_Y =(0.70 GeVv. (If we convert these

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



26
values of ) to a "core radius” by using the formula R = /g / \, we find R, =0.69 fm

and R, =0.65 fm. (These values represent about 80 percent of the value of the

electromagnetic radius of the nucleon.)
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4.3. Vector-Meson Exchange in the OBE Model

The one-boson-exchange model provides a particularly simple representation of
the nucleon-nucleon interaction [Ma 89]. One characteristic of the model is the inclusion
of a vertex cutoff at each meson-nucleon vertex. For the monopole form of the vertex

cutoff, we have, for meson i,

2 2

A =m;

ZOBE(ql) = _‘Z_‘ 4.3.1)
A - q2

at each vertex. For example, for omega exchange, one has an amplitude

2
2 A2 om2t

BE( 2) _ 8uANN w My, 1 4.3.2)

(w) q - 4 2 9 2 >
A,-q" m,-q-

Here, g .. is the omega-nucleon coupling constant as defined in [Ma 89]. We have
included a factor of (1/47) in Eq. (4.3.2), since the value of the coupling constant is
usually given by specifying the value of g2/47r- For example, we havegj w/ 47 =20.0

and A, =1.5 GeV as typical values in the OBE model [Ma 89]. From these values, we

OBE

w)

OBE -2 e : ven
have f(w) =17.26 GeV~2, if we use the definition of f( (qz) given in Eq. (4.3.2).
To calculate the corresponding amplitude in the extended NJL model, we consider
the diagrams of Fig. 4.4. Note that to obtain an expression similar to that of the OBE

model, we may consider the interaction of the valence quark "cores" that were introduced

in the last section. For example, we may write, for omega exchange,
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e — - G
Thr = (P~ 4.%) [ “£3 g% - w# QJS(Q")] u(Py. ;) -
1 -G' j(w)(q-)

X u(p, +q,5}) [v“fl @ + q,fz (q")] u(py, 51)

We now use our basic bosonization relations to extract the amplitude proportion to

[fls(q 3) ]2. We again insert a factor of (1/4x) and write

2 2

NL, 2 1 8ugl4) (s, » ‘
o @) = H—"'}q—-—;[ﬂ @[ (4.3.4)

mw-q

S\2 -
;@ (A)” S,m P (4.3.5)
) @) | —5—| o . @
41r ‘ag ()\f)z_qg [1 F

; 2 ) N .
where we have put [;‘;)(q 3= gwqq(qz)/(mw - ¢%) and made use of Eq. (4.2.12). With

N =0.745 GeV. g, (0) = 3.86 (see Table 4.1) and f£5(0)=3.0, we obtain

OBE

f(;:l)”'(o) =17.4 GeV~2, which is close to the value f( 0) = 17.3 GeV 2 calculated

above. The functions f(N)JL(q~) and £ 9P (¢2) are compared in Fig. 4.5. We see thatf‘V{L( 2

OfE(qz) as —q? is increased.

falls off more quickly than f,
We now turn to a consideration of rho exchange. Here we will concentrate on

the tensor component of the force. In the OBE model, we consider the amplitude
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2
2
FOBE2) szN A, -m 1 (4.3.6)
() 2 2 5
A -q° m, =9

where j; NN is related to £oNN by j; ! EoAN = 6.1 [Ma 89]. The coupling constants are
used to parametrize the form of the meson-nucleon vertex in the OBE model. For

example, the vertex for rho-nucleon coupling is [Ma 89]

e o o jot?
Tose = 4(p+q.s") ’:&NNY“ *Jonn l,mq

14

AT -m

v 1V

2
0
2

-q

A

N

Ju(;,s) <t'|ry]r>

A>3 IS ]

@.3.7)

Here, we see that, in the case of the OBE model, the same value of A, is used in the
b .
central and the tensor term. We have g /4T =0.99 and A, =13 GeV as typical

values in the OBE model [Ma 89]. Thus, ffNN/""" =36.8 and, from Eq. (4.3.6), we

find fOBE

(0) =26.2 GeV 2.
The NJL amplitude is obtained by considering an expression analogous to Eq.

(4.3.3),
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o _ : v,V — G
Thsr = 4(py - 4, 53) [v“flv(ql) - ";‘mq fzv(ql)J u(py>5) —
N L~ G, J(ah * Kip(a®)]

- i -
X u(p +q,s]) [v“flv(qz) + 2mq3fzv(q2)} u(py,sy)
N 4.3.8)

In Eq. (4.3.8) we have not written the isospin factors, for simplicity. Thus,

NIL

S

1 G
@)= ———_[A @] (4.3.9)
L~ G, [T @ * Ry(a?)]

2 2
_ 1 g-q(q-) \"s :)_
- = = Zsz(q )]2 , (4.3.10)
m; -q
V.2 2

l @, 2 M) VR 4.3.11

= —i2@) | —=—| O] . #.3.10)
4 94 ()\2\/)2_(1_ [f ]

Noting  that (0)=3.66, 5'(0)=3.70, and m =0.77 Gev, we find

8o 99

f(g’L(o) =24.6 GeV 2, which is 94 percent of the corresponding OBE result. [See Fig.

4.6.]
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Chapter 5. Many-Body Theory of Rho-Omega Mixing
5.1. Introduction
In this work we will use a generalized Nambu —Jona-Lasinio (NJL) model [Na 61,Ce
95a,d] to calculate the polarization tensor that describes rho-omega mixing. That
quantity has been of some interest in recent years, since the value of the tensor at
q2 = mj was used to estimate one form of charge symmetry breaking (CSB) in the
nucleon-nucleon force. However, it was pointed out by several authors that for the
calculation of the nucleon-nucleon force one needs the tensor for spacelike ¢, that is
qz < 0 [Go 92]. It was found that the relevant matrix element is small at q2 = 0 and,
therefore, p-w mixing was seen to be unimportant in the calculation of CSB. Therefore,
the motivation for studying p-w mixing is diminished. However, there are a number of
interesting theoretical issues associated with the calculation of the mixing that have not
been fully resolved. One problem that arises is the ambiguity associated with the
definition of the rho and omega interpolating fields. For example, Cohen and Miller [Co
95] point out that it is possible to shift CSB effects from the mixed p-w propagator to the
meson-nucleon vertex functions. This leads, of course, to significant ambiguities. To
a large degree these ambiguities can be avoided by working at the quark level and
calculating the current correlator of isoscalar and isovector vector currents. That
program has been carried out in [Ha 94,Iq 95] using QCD sum-rule techniques.

We may also use quark degrees of freedom to perform a calculation of the current
correlator of isovector and isoscalar currents using the NJL model. It should be clear,

however, that if we use the NJL model, we need a model for confinement. We have
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extended the NJL model to include a description of confinement [Ce 93a,d] and will use

that model in this work. The Lagrangian of our model is
e 2] O GS - 2 - - \2
£(x) = q(id-my)q + 5 Uqq)" + (qivs 79)7]

G, _ _ -
S @¥7* + @157, 79)"] G.L.1)

G, 6 _
" @7 - Loy

which we present here in order to define the coupling constants, G, and G,,» Which
appear in our discussion. (Work somewhat related to ours has been reported in [Mi 94],
where confinement is implemented in a Euclidean-momentum-space analysis of a global
color model.)

The organization of our work is as follows. In Section 5.2 we introduce various
current correlators and the associated vector currents. We also relate the omega and rho
fields to these currents. In Section 5.3 we discuss the momentum-space bosonization of
the extended NJL model and calculate the fundamental matrix element that parametrizes
the on-shell (g2 = mj) p-w mixing. In Section 5.4 we relate the p and w decay constants
to the rho-quark and omega-quark coupling constants that we have calculated in an earlier
work. In Section 5.5 we describe a subtracted current correlation function that vanishes
at > = 0. Finally, Section 5.6 contains some further discussion and conclusions. We

0

also give the value of the current quark mass difference mg -m, that leads to a fit to

the experimental data.
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5.2. Calculation of Current-Current Correlation Functions

We find it useful to start our discussion with the definition made by Maltman [Ma

95]. He defines a mixed propagator for rho and omega fields in vacuum,

nff:»(qZ) =i [ direid ® < T, @ w,©)> (5.2.1)
= - L UACH) (5.2.2)
Sur 2 2 2 . .2 2 ..
1 @°-m; +ie)(q” -m, ~ie)

where §(g?) is the function to be determined. At q’ = mj, 8(q*) is proportional to
the matrix element < p | Hgp|w> [Mc 75]. In this work we will exhibit the relation
between 0(mj) and
<p|Hgglw> for the choice of omega and rho fields that we will use here. (In some
studies the definition of the fields is such that O(m:“,) may be taken equal to
<p|Hgplw> [Ha 94,Iq 951.)

It has been pointed out that the widths of the rho and omega mesons must be
included, if we wish to obtain the correct 42 dependence of 8(q>)[1q 95]. Therefore,

we use the definition of 05 (qz) of [Iq 95]. That is, Eq. (5.2.2) is modified to read

) 853

wr @ = 8,,(9) - ) T(5.2.3)
2] -2
q- - mp—T q - mw__z_'

(5.2.4)

t

with
8,09 = g,,-9,9,/9*

The functions T, and r, are q2~dependent with the values T (m j) =8.4 MeV and
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T, (mpz) =151.5 MeV. (The omega width is small, since two-pion decay of the omega
violates G parity.)

As mentioned in the introduction to this section, some of the recent literature
deals with the fact that the interpolating fields, p,(x) and ¢ (x), are not fixed, but may
be transformed in many ways without changing the values of the S matrices of the theory
[Co 95,Ma 95]. Because of that ambiguity, it is found that CSB effects may be
transferred from propagators to vertex functions and visa versa. Therefore, it is
important to define the omega and rho fields in a definite scheme and relate that
definition to the underlying quark degrees of freedom. The most natural choice is to
define these fields via a momentum-space bosonization procedure [Be 92]. In that case,

the fields are proportional to the isoscalar and isovector electromagnetic currents [Ma

951,
Jf(x) = éﬁ(X) 7,9 (5.2.5)
and
J'“V(x) = %6&)7“73(1():) : (5.2.6)
Therefore, instead of working with Eq. (5.2.1), we define
ﬁ;(ff)(q) = ifd4xe"""‘<T(/'“V(x)j,,s(0))> : (5.2.7)
We also introduce currents
(5.2.8)

S -
J, 00 = gy, qk)
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and
7@ = 30,7390 (5.2.9)
We then define
17 = i [tz "‘<T(J#V(x),lys(o))> , (5.2.10)
where
149 = 1201 . 5.2.11)

The reason for introducing ﬁ“f’y“’)(q) is that it lends itself to a more transparent

diagrammatic analysis. For completeness, we also define

L@ = d“xeiq"‘<T(iﬂv(x)jyv(0))> : (5.2.12)
= -8, (@IP@g% | (5.2.13)
and
() = iI d“xeiq'x<T(j#S(x)ij(0))> , (5.2.14)
= -, (@ I¥q% . (5.2.15)
Let us write

=(pw) _ oA
Hy.v (q) - gp,y(q)

J " (5.2.16)

| S
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so that we now need to specify the relation between 93((12) of Eq. (5.2.3) and 93((12) of
Eq. (5.2.16). A simple way to do that is to relate the p and w fields to the isoscalar and

isovector currents as in [8],

D
) = £-j40 (5.2.17)
m
/]
and
@ = ke (5.2.18)
mw

Here, g# and g« are rho and omega decay constants, defined such that the matrix

elements of the current between the vacuum and the vector meson states are

2

m

<0!jﬁip(q,e>\)> = —E—e’{(q) , (5.2.19)
8

and

m? _

<0 ljs | w(q, 6>\)> = —i::e‘)t(q) . (5.2.20)
8

Here, ei(q) isa polarization four vector. (At this point, we note the difference between g*
and g« and the meson-quark coupling constants, such as 8uaq and 8p4q’ that describe
omega-quark and rho-quark coupling, respectively. See Section 5.3.)

It follows that

p,,w
6;(q%) = £ 8

§ S 0@ (5.2.21)
12mp

m,

if we assume that the isoscalar and isovector currents couple predominantly to the low-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37
lying omega and rho fields. Note that, when we use Egs. (5.2.19) and (5.2.20), the rho
and omega mesons are on-mass-shell. Therefore, while 53((12) is well-defined for all
q2, the off-mass-shell behavior of 03(42) is somewhat arbitrary. If so desired, it is

possible to carry out the entire analysis for 8:(q 2y only.
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5.3 Bosonization for Omega and Rho Fields

Consider the calculation of ﬁff;")(q). That may be done in terms of fundamental

quark-loop integrals of the NJL model. We define tensors [Ce 95a]

14

Jéy @

A C) VIO I (5.3.1)

and

Iy @ = -2 @J @ . (5:3.2)
The caret over the symbols in Egs. (5.3.1) and (5.3.2) indicates that we have
implemented a model of confinement. For example, in the absence of confinement,
j(w)(q2) and j(p)(qz) would be obtained in a calculation of the diagram in Fig 5. la.
Figure 5.1b shows the addition of a ladder of confinement interactions described by a
linear potential, V(r) = xrexp[-pr]- The parameter p is included to soften the
momentum-space singularities of the Fourier transform of v C(r). (We have used
p = 50 MeV and ¢ = 0.22 GeV? in our calculations.) The ladder of interactions may
be summed to define a vertex function [Ce 95a,Ga 96b]. (See the shaded area of Fig
5.1b.) The equation for the vertex is shown in Fig 5.1c. The solution of that equation
and the calculation of j(p)(qz) and j(w)(qz) have been discussed at length in our earlier
work [Ce 95a,d]. (Note that, in the absence of isospin symmetry breaking in the
Lagrangian, j(w)(qz) = J,(g%-) In Fig 5.2 we show j(p)(qz) for both timelike and
spacelike values of g2. The calculation is made in the timelike region using the methods
outlined in {Ce 95a]. A cutoff of A5 =0.702 GeV is used and the confinement vertex
is included with a string tension , = 0.22 GeV2. The calculation for the spacelike

region is made in a Euclidean momentum space with cutoff Ag = 1.0 GeV.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



39
Confinement is neglected for the spacelike region. We find j(p)(O) =0.0944 GeV? for
the calculation made in the spacelike region and j(p)(o) =0.0860 GeV? for the
calculation made in the timelike domain. Ideally, the results of the two calculations
should overlap near 42 = (0. In Fig 5.2 we have introduced a dotted curve that
interpolates between the spacelike and timelike regions.

In the case of the rho meson, we also define a tensor [Ce 95a]
Ko@ = - 8" @R 0Y (5.3.3)

where 12(‘;;’((1) is obtained by evaluating the diagram of Fig 5.3b. The imaginary part
of K‘“'(q) arises when both pions go on mass shell, since the introduction of vertex
functions associated with the confining potential removes the (unphysical) qq cuts that
appear in K(’;;(q)- The calculation of p-w mixing requires a small modification of the

calculation already made to obtain j (q) [Ce 95a]. We had

d*k )
: TrliS(q/2 + YT (g, k)iS(-q/2 - k)y*] (5.3.4)

(27)

~iG @ = (- Dnng

where T¥(q, k) is the confining vertex and 4% = Y’ -4q*/q*. Here, ne=2 is the
number of flavors and n.=3 is the number of colors. We may define a tensor j&‘x‘;)(q)
by introducing one factor of 73 in Eq. (5.3.4) and removing the factor of , - More

precisely, we can defire

(Dw)(Q) = [(p)(q m,) - J(p)(q md)] , (5.3.9)
g

where m and m, are the constituent masses of the up and down quarks. (Note that

Joy@ =Ji5@ i€ m, =my)
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Thus, we see that we may use the original calculation made for j(‘;;’(q) and only
consider the variation of that quantity with the constituent quark mass, as in Eq. (5.3.9).
[See Fig 5.4] Indeed, the p subscripts on the right-hand side of Eq. (5.3.5) could be
changed to w subscripts with any change in j(’;:)(q), since we are actually using Eq.
(5.3.5) to obtain the difference of an integral involving the up quark and one involving
the down quark.

By studying the gap equation of the NIL model, one finds that
m,-m, = m,? - mg, where m,? and mg are the current quark masses that appear in the

Lagrangian. It is again useful to write

Jom@ = =2*"@J @ (5.3.6)
and, using Eq. (5.3.5), we see that
7 2y 11 2 - 2
(@) = [‘I(p)(q »my) = J (g ,md)] . (5.3.7)

ne

-~ ‘) . ., . " . - ‘, . . .
Note that j(pw)(q-) 1s positive for q- > 0, since j(p)(q-, m) 1s a decreasing function of
m and my;>m,. (For example, we show j(p)(qz‘ m) as a function of m in Fig 5.4 for
several values of 42.) Note that, since Ii'(p)(qz) is small, we do not concern ourselves
with isospin symmetry violations (n 4%m,) in the calculation of f{(p)(q 3).

At this point we may proceed with a diagrammatic analysis. For example, in Fig
5.5a we show j(pw)(qz), where the cross-hatching reminds us that this diagram is
nonzero due to the isospin violation. The calculation of the current correlator requires
that we sum the additional diagrams shown in Fig 5.5b, where we have included only

a single factor of j(pw)(qz) in each diagram, since that quantity is quite small. In
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evaluating these diagrams it is useful to note that

Q8 () = 8*"q) . (5.3.8)

The result for the correlator may be improved upon by including factors of k(,,)((l 2y and

k(w)(qz). We find that the diagrammatic analysis leads to the relation

93(¢%) |
. 2 . 2
2 _ _ i, 2 _ _ i,
[ [m" 2 ] ] ! [m“’ 2} } (5.3.9)

1
l - Gw[j(w)((] 2) * k(w)((] 2)]

1 "
= - Jow(@®

L= G i@ + Ripy(@?)]

We have noted that j(pw)(ql) is positive for g2 > 0, so that 93((13) is negative in that
region.

In order to extract an expression for 53((12) from Eq. (5.3.9), it is useful to use
a momentum-space bosonization procedure with the aim of exhibiting the complex zeroes
of the denominators on the right-hand side of Eq. (5.3.9) [Be 92]. As a first step, we
separate K (g% and K (g% into real and imaginary parts. We have seen in a recent

work [Ga 96b] that the following representation is useful for qZ >0,

j(p)(qz)+Re[%(p)(q2) =r- 3 = 5 (5.3.10)

q - -m

[+

where rys Iy and m, are parameters. We will provide a similar representation for the
isoscalar channel, but we will drop Re k(w)(qz), since it is very small. Thus, we put

For example, in the absence of k(w)(qz), we find
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a 2 Vz
Jw@) =vi-5—— (5.3.11)
q° - m,
2 2
L JSueg@) L (5.3.12)
1‘G¢,,J(¢,,)(qz) q2 mj G,
with
\'%
my =g - —2 (5.3.13)
Gw Vi
and
n‘zz -q2
Cagg@) = =2 (5.3.14)
Gw Vi

[See Table 5.1.] The expressions for m;' and g:qq(qz) are analogous to those in Egs.
(5.3.13) and (5.3.14), with G, v, and Vs replaced by G, r and ry- Note that
,ﬁj > qz in this representation.

The momentum-dependent coupling constant, gjqq(ql), appears naturally in this
analysis. For nuclear structure studies the relevant value of the coupling constant is
gjqq (0), since such studies are performed for relatively small, spacelike values of q2
(The representation given in Egs. (5.3.10) and (5.3.11) may also be used for small
spacelike values of q2 For timelike values, we have the restriction q2 < mj or

2

qg-<nm:.)

2
P
In the case of the rho, we keep Re k(p)(([ 2y and Im k(p)(‘l 2y and find, upon use

of Eq. (5.3.10), that
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1
-G, {17 4@ + ReRyy(q)] +ilmR (¢}

) -1 5.3.15
_ &ww50 (5.3.13}
—")
q -m =i @ Im K(p)(q)
.o N
2 -
_ &,@)G,)]
= : (5.3.16)

2 )2

q*- [mp - 28 ’]
We may obtain an expression for rp(ql) by comparing Eqs. (5.3.16) and (5.3.19), if we
neglect ri(qz). Alternatively we may use Eq. (5.3.15), which provides more accurate

representation of the result of our analysis.

Finally, we have, upon use of Eq. (5.3.9),

a2 2 (4) 2
6307 = - g,0,a? %"”G 8uad@? (5.3.17)
and
T 2
- 8Y¢” 2 2 Jew@) 2,
5507 = - 25585000 —Fm— 8ueg@?) - (5.3.18)
12m; m; o Yu
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To carry out the calculation, we need the following parameters [Ga 96b]:

G,=7.12 GeV 2, ry =0.0304 Gev?, r, =0.0968 Gev*,
mr=m; =1.476 GeV2, G, =7.86 GeV?, v, =0.0284 GeV:, and

v, =0.0850 GeV*.

We also use the empirical values, g¥=15.2 and g? =5.3 [Du 83], while [Ha 94,Iq 95]
has g¢ =3g% and (g%)2/4x =2.4.

Considering the on-shell value, 42 = mj, we find j(pw)(mj )=4.03 X 107* GeV?2,
if m 4 =262 MeV and m, =260 MeV. (See Fig 5.6.) Using the various parameters
given above, we then calculate 53(m5) = -0.493 x 1073 GeV® and, from Eq. (5.3.18),
we find  g;(m)) = (18.47 GeV™) 8(m>) = 9106 MeV>. Note that, if
my ~mg =3.0 MeV, we have 9, (m?) = - 13,660 MeV>.

It is of interest to ask for the relation between 03(”13,) and <p| Heglw>- In
reference listed in [Mc 75], <p |Heg| w > was defined in terms of the ratio of the

width for two-pion decay of the omega to the width of the rho:

r mpl"p

2
Lyerr _ [<les3Iw>} ' (5.3.19)
P

From this relation, it was found that <, | Hgg | w > = - (4520 + 600) MeV?2, a value
quoted in the recent literature.
Now, we note that, from Egs. (5.3.15) and the analog of Eq. (5.3.14) for the rho

meson, we have
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2 2
8pqs(Mm,) 5 2
I, =22 2 ImK,m) . (5.3.20)
P
In a similar fashion, we find
g2 am2)
Tymry = —292 9 ImR (m2) . (5.3.21)
w

o 2 . o 2 . ..
Further, we see that Im K(w) (m_) contains Im K(p) (m)) asa factor in a p-w mixing
calculation of the width of the omega. We find

2 2 2 2. 11?2
Pyarr - gpqq(mw )J(pw)(mw) gwqq(mw) [ﬂ] (5.3.22)

5
r m, Pp gpqq(mp') m,

where we have used the fact that a consideration of the relevant phase space gives
Im Ii'(p)(mj)/lml?(p,(mf) - (mj/mpz)- In writing Eq. (5.3.22), we have neglected
direct - x* + 7~ decay and taken the decay to proceed via w-p mixing, as noted above.

We see upon using Eq. (5.3.19), that

2
8uqq(My) (5.3.23)
7 b

2 253 2
<plHsglw> = -g2 (m2)], . m2) .

where we have replaced (mw/mp)“2 = 1.01 by 1. The last factor in Eq. (5.3.23) is
equal to 1.056, while gpqq(mj) =2.81. We recall that j(pw)(qz) is proportional to
mg -m). If we put ;9 -m%=2.69, we have Jipu)m>) =5.42 X 10™* Gev? and,

therefore < p | Hep|w > = ~4520 MeV?2.

Retumning to Eq. (5.3.18), we see that, with our treatment of the p and w fields,
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@, p m m
by(mD) = 878" Suadl RINGA <pl|Hglo>  (5.3.24)
¢ 12m%m? Gp G,
p w

where we have used G =7.12 GeV™2, G =7.86 GeV2, g° =53 , g¥=15.2,
gwqq(mj) =2.95 and gpqq(”lpz) =2.81. (SeeTable 5.1.) Our result for g, (mj ) is based
upon the use of Eq. (5.3.19) to define <p|Hsgglw>, as in [Mc 75]. It is in that
reference that the value <, | Hsp|w> = -(4520 + 600) MeV? is extracted from the
data.

In this section we have used the empirical values for g” and g«. In the next

section we discuss the values obtained for g? and g¢ in our extended NJL model.
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5.4. Relation of Meson Decay Constants and the nization Scheme
In the simplest bosonization scheme [Be 92], the source of the rho and the omega

fields are vector currents introduced previously,

(g% - M) = - g,,,7() ¥ q0) (5.4.1)

and

@ = m)pH0) = = 8,0, 3077390 642

It is then useful to introduce the currents of Egs. (5.2.5) and (5.2.6), so that Eqs. (5.4.1)
and (5.4.2) become

(@* - m2) k) = -6g,,,j5®) (5.4.3)

and

(g% - MM = = 28,4, /b) (5.4.4)

Since the decay constants are calculated for on-mass-shell mesons, we have

= 2 5.4.5
gw - 6gwqq(mw) ’ ( )

gp = 2gpqq(m5) , (546)

where we expect that g” = 3g¥. Equations (5.4.5) and (5.4.6) are mean-field results
for a theory without confinement. We will not make use of Eqgs. (5.4.5) and (5.4.6).
However, with gwqq(mj) =2.95 and gpqq(mpz) =2.83, we have g@=(7.7 and
g” =5.66, which compare favorably with the empirical values g¥=15.2and g =53.

We may calculate g# and g« using the extended NJL model. We find
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g° = , (5.4.7)

PR 2 5 2
80qq (M) [J(p)(my) + Re K,y (m)]

2
) 2mp Gp

(5.4.8)

2
8oqq™,)

and

2
g“’ = « (5.4.9)
2, ¢ 2,
gwqq (mw) J(w)(mw)

2
_ G (5.4.10)

Buqq (M)

Using g (m)) =2.81. g, (m2) =2.95 (see Table 5.1), G, =7.86 GeV~2, and
Ji(m) « ReRy,,(m?) =0.140 GeV?, we find g# = 3,01 and g« = 9.80. These numbers
may be compared to the empirical values, g =53 2and g¥ =15.2. Since our calculated
value of g# and g« are too small, we see a need for further exploration of the parameter
space of our NJL model. (It is interesting to note that the calculations reported in (Kl
90] gave g°=17.0 and g% =240, which are larger than the empirical values quoted
above. Note that in [KI 90] the notation for the decay constants differs from that used
here.)

We note that to obtain values of 0, (g%) for spacelike g2, it is best to return to
Eq. (5.3.9) and to calculate the various functions that appear on the right-hand side. To

obtain J(p)(qz) and Je@ 2), we may use the expressions given in the Appendix.
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One often defines a rho decay constant called j; [Ce 95a]. The relation to g°
is
i)

gﬁ

£, o= (5.4.11)

If we use our calculated value of g°=3.01, we find j; =0.256 GeV, which is larger
than the empirical value J; = (0.152 GeV. (The calculations of isovector current
correlators reported in [Ce 95a] used rather different values of m, and G, than those
used in the present work. In [Ce 95a] we found j; =0.166 GeV.)

We may note that the values we have found in [Ga 96b], gwqq(o) =13.86 and
gpqq(o) =3.66, lead to the following consequences, when we consider the one boson-
exchange (OBE) model of the nucleon-nucleon interaction [Ma 89]. For omega
exchange, gwqq(o) =13.86 leads to gj /47 =20.2, while the phenomenological value
is gj an/ 47 =20.0 [Ma 89]. In the model of [Ga 96b], the vector and tensor parts of
the rho-nucleon interaction are related by £/ g,=3.70, instead of the phenomenological
value of £l g,=6.1- (The £, of this paragraph should not be confused with j; of Eq.
(5.4.11).) However, with 854¢(0) =3.66, we found £ -20.6, while prBE =21.5 [Ma

89].
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5.5. Subtractions for the Correlator

One can argue that, if [T¢) (42), 1% (¢2) and 1) (42) are unequal to zero for
¢ = 0, one would generate a mass for the photon. Actually, the condition [Tlo«) ©0)=0
arises on more general grounds [Ma 95,0c 94]. To implement that constraint, we define

a subtracted tensor

o . 002
2" q) = ¢,,() 3@ _so
i 2 - iT 2 ms'm2 (5 d 1)
SR
853

{
&
A
~~
)
N

so that

63 = 859" - [{12- [mp ‘#} ] [{12- [mw - ;] J 03,(0), 633

mp mw

Note that 53 (0) =0, as desired. We remark that, if we evaluate 53((13) at

N

q* =(m, - iT /2)*, we find
n 2 ) _
by(m,) = 63(m)) . (5.5.4)

Therefore, our results for 05 (mj') pertain to —9-3 (mj) as well. (See Fig. 5.7.)
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5.6. _Current Quark Difference

In this work we have shown how the NJL model, extended to include a
description of confinement [Ce 95a,d], may be used to calculate the mixed-current
correlator, which is nonzero due to explicit isospin symmetry breaking in the Lagrangian
of the model. (In previous works, we have shown how our methods may be used to
calculate correlators of the scalar-isoscalar current, J @) =q@)q(x) [Ce 95¢] and the
correlator of the vector-isovector current [Ce 95a).) In the present study, we obtain the
experimental value of < p | Hgp | w > = - (4520 + 600) MeV?2, if m)-m? =2.69 MeV .
Taking the errors for <, Hgglw> into  account, we suggest that

0

mg-mg =2.7+0.3 Mev. From [Ga 82] we have m =5+2 Mev and

mg =9 + 3 MeV . These values are consistent with mfvg =5.5 MeV. m, =6.85 MeV,

and m,=4.15 MeV. For that choice, mg - m‘? =2.70 MeV, which was the value given

0

. anywhere in the range of 1 to 5 MeV are also

above. However, values of mg -m
consistent with the uncertainties in the values of mf and mg. (We remark that

m° = 5.5 MeV Yyields the correct pion mass, when Ag=1.0 GeV [Ca 92].) Clearly,

avg

0

, would be quite useful in evaluating

more information concerning the value of mg -m
the success of our calculation.
Finally, we note that a recent analysis [Oc 95] yields

<p|Hsgglw> =-(3800 + 370) Mev2. If we accept that value we would have

mg -mg =2.26 +0.23 MeV, which is smaller than the value given above.
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Chapter 6. Gauge Invariance and Confinement in a Generalized NJL
Model

6.1. _Subtraction Procedure for the NJL Model

In the application of the Nambu-—Jona-Lasinio model to the study of hadron
structure one calculates quark-antiquark loop diagrams of the type shown in F ig. 1 [Vo
92,K192]. In this work we will concentrate on those diagrams that appear when thegg
system has the quantum numbers J = | -, with isospin O or 1. These diagrams arise in
the study of the omega and rho mesons when using the NJL model. For such studies it
is important to include a model of confinement. We have shown how that may be done
in an earlier work [Ce 95a]. For example, if we include a ladder of confining
interactions, as shown in Fig. 6.1b, we may define polarization tensors that do not have
the unitarity cuts that would have appeared, in the absence of confinement, if both the
quark and antiquark go on mass shell [Ce 95b].

With reference to Fig. 6.1a, we define a tensor [Ce 95a}

4

-iJE¥q) = (—1)ncnfTrJ d’k

. istv*isw - q)] (6.1.1)
LT

where n.=3 is the number of colors and -=2 is the number of flavors. Further,
S(k) = [k -m+ie]”', where m is the constituent quark mass. Often the integral of Eq.
(6.1.1) is regulated by including a cutoff, Ag- After pass to a Euclidean momentum
space, one imposes the condition ké < A;-: [Vo 92,K192]. (Typically, Ag ~ 1 GeV is

used.) That kind of regularization destroys the gauge invariance of the result.
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Therefore, the following scheme has been adopted [Vo 92,KI 92]. In Eq. (6.1. L),y
is replaced by 4+ = 7“-,14#/42 and # is replaced by ¥ = 7’_44"/42. This allows

one to write

I*(g) = -g*" @) , (6.1.2)

where

g-/.w(q) = gp.y _qy.qu/qZ (613)

This procedure imposes the condition q,/""(q) =J*"(q)q, = 0. However, we must also
have j(0) =0 to avoid generating a mass for the photon [Fr 95.0c 94]. That may be
accomplished by making a subtraction, so that J(g 2y is replaced by J(q?) -J(0)- This
is the procedure used by Weise and collaborators in their extensive applications of the
NJL model to the study of hadron structure [Vo 92 Kl 92]. (Note that, in their work,
it was necessary to neglect ImJ(g%), since those authors did not include a model of
confinement.) One may avoid making a subtraction by using a regularization scheme that
respects gauge invariance. For example, Friedrich and Reinhardt use a proper-time
regularization scheme and obtain vacuum polarization diagrams of the correct structure
in their study of rho-omega mixing [Fr 95]. (A more complete discussion of this matter
may be found in [Oc 94].)

In our work dealing with confinement, we have used a Euclidean momentum-
space cutoff for spacelike g2 (42 < ) and a cutoff for each of the three-momenta in the
loop integrals, when qz > (0 [Ce 95a]. The (Minkowski-space) cutoff, A used for

g% >0, was chosen so that the vacuum polarization integrals calculated for q2 and
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g* < 0 were (approximately) continuous at g% =0. (See Fig. 6.2.) In our earlier work,

we calculated the tensor

d*k

[Pq. 0 S0 Stk - )] (6.1.4)

-iJ¥Ygq) = ncnfTrI on
x

where fu(q, k) was the vertex function that arose when we summed a ladder of
confining interactions [Ce 95a,c]. Our calculation was made such that q, fu(q‘ k)=0-

Thus, we could define

7" @) = -g*" @i . (6.1.5)

In the limit that the current masses of the up and down quarks are equal, the tensors,
J#¥(q), calculated for the rho and omega mesons are the same. Therefore, we can
identify j(p)(ql) =J (@) =J(g%- In Fig. 6.2, we show value of Ji,)(q?) calculated
in [Ga 96b]. (The dotted line in the figure interpolates between the calculations made
for 42> 0 and g2 < 0 to yield a continuous curve.) In Fig. 6.2, we see that j(p)(o) £0.
We may make a subtraction to obtain j(p)(o) =0, as discussed above. This subtraction
does not change the momentum-space bosonization we have used in our work. For

example, we may define a T matrix in the omega channel,

G,
T.@% = L, (6.1.6)
-G, J(w)(q~)

where we have neglected reference to the Dirac and isospin matrices, for simplicity. (In
Eq. (6.1.6), we have summed a string of qq loop integrals. The simplicity of the NJL
model allows us to provide a simple result for that sum.) In Eq. (6.1.6) G, is a

parameter of the Lagrangian of our extended NJL model,
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- Ger/m - -
20 = g@)id - mlae) - —=[(q01900)} + (0 ivs 700

- [(aaw?q(x))z +(c‘1<x>vsv“?q<x>)2] ©.1.7)

3
G, -
- =5 qx) v q(x) + gcanf(x)

Here, ¥ x) refers to the model of confinement that we have introduced [Ce 95a,c].
conf( )

In a momentum-space bosonization scheme, we may put [Be 92]

2 2
G, R (6.1.8)

l ‘ij(w)(qz) qz—m,;

Equation (6.1.8) serves as a definition of the momentum-dependent coupling constant
8uqdd 2). (The widths of the omega and rho mesons may also be considered. However,
we do not enter into that discussion here.) We now consider the subtraction procedure,
replacing J (g% by T @ - J((0). for example. If we simultaneously replace(;w'[
by éw' = (;w'1 - J,(0), we see that gjqq(qz) and mj are unchanged. (On the other
hand, replacing G, by éw does significantly increase the (dimensionless) meson decay
constant, ¢«, that has an empirical value of about 15.2 [Sh 97b].)

In the present work, we wish to investigate the merits of the subtraction
procedure, while maintaining our model of confinement. To that end, we will introduce
a regularization procedure (Pauli-Villars) that respects gauge invariance and show how
our model of confinement may be implemented in this case. That analysis is carried out
in Section 6.2. In Section 6.3 we provide further details concerning our model of

confinement, while Section 6.4 provides some additional discussion.
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6.2. Gauge Invariance and Confinement in an Extended NJIL Model

First, let us consider the calculation of the vacuum polarization tensor in QED.

We will follow the discussion of Kaku [Ka 95]. Kaku defines the tensor

d% SV 6.2.1)
Qx)* “k-m-ic TE-m+ic

I, ) = ~e2Tr[

where the dependence on the fermion mass is made explicit. He then defines
0@ =1, @) -1, 4@ . 6.2.2)

where M is the Pauli-Villars regulator mass. Further, we have the definition
0,9 = (8,97 -9,9,)0,(q> . (6.2.3)

The result obtained for [1,(¢?) is

2
l+2m
2
q

i
I,q? = ﬁ_z C-2
127

12
2 2
4m” - 1 cot™! | 4m” _ 1
2 2

q q

(6.2.4)

for 0 < g% < 4m?.
Now let us assume that we regulate j(qz) of Eq. (6.1.1) using the Pauli-Villars
method. We may call the result j(g2) =/ (42)- Ju(q?) - The relation between jig2)

and ﬁl(qz) is then

n.n -
T Y . (6.2.5)

JqH =i
e2

At this point we have not introduced the effect of confinement. (Note that the condition
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J(g?) =0 corresponds to the requirement that ﬁl(qz) not have a simple pole at 42 =(.)

Equations (6.2.4) and (6.2.5) yield a result for j(qz) valid in the region Q < q3 <4m?,

1/2 172
- n.n 2 2 2 -
JgY = - 1 2 c¢2[1+2’" ] [4’" '1] cot'llﬁ—lJ Sl

1272 q2 q2 q2
(6.2.6)
with J(0) =0, as expected.
In the case that g2 > 4,2, we may introduce
512
X = [1 _4m , (6.2.7)
72
and obtain
2
ReJg?) = - g2icen (1200 | | X1 [Lex) (6.2.8)
12%2 qz 2 I -x ’
and
12
- 2 2
Imig?) = 22 |1 2m° | || _ 4m? ' (6.2.9)
127 q2 qZ
(In Eq. (6.2.8), x < 1.)
For qz < (0, we may define
, |12
y = [1 - am (6.2.10)
lq~|

and write
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From Eq. (6.2.10), we see that y = 1. We note that

1M,0) = e | M| (6.2.12)
1242 2

m
(In QED, the dependence on | (M2 /mz) is removed when introducing the renormalized
charge. The NJL model is not renormalizable and the various observables depend upon
the regulator mass.)

We now want to show how these results are modified when we introduce

confinement. In particular, our model of confinement will make the polarization tensor

real for g2 < 4p2.
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6.3. Numerical Results
It is useful to introduce the notation j"";"(q) for the tensor defined in Eq. (6.1.4).
Recall that m is the constituent quark mass. (Note that we may replace 4# by v#, if we

are using a regularization scheme that preserves gauge invariance.) Let us define
I = it @ -1 @ 6.3.1)

where j:'{”(q) is obtained from Eq. (6.1.1) upon replacing m by M. (This tensor is
depicted in a schematic fashion in Fig. 6.3a.) Note that we do not include confinement

in the calculation of jl’;{”(q).

It is useful to rewrite Eq. (6.3.1)
@ = 1@ -1 @) - - 1 @) (6.3.2)
where we have added and subtracted j";"(q). It is also useful to define
T*Q) = - 2" I(g?) . (6.3.3)
For completeness, we also write
T =3 @ - I (@) (6.3.4)
= -2""@) g . 6.3.5)

The value of j(q?-) was given in Egs. (6.2.5)-(6.2.9), where we gave the results for the
Pauli-Villars regularization procedure, without reference to confinement. The second

bracketed term of Eq. (6.3.2) may be written as [Ce 95a]
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-ilIn'@ - I8 @] = (-1yn ngTe | (d:;

(@ 0 - S, 007" iS00 -]

(6.3.9)
where Sk) =[k-m~ie 17!. The contributions to the integral in Eq. (6.3.4) are finite
only in a limited region, since I*(g, k)-»+# (in the frame where q=0). if | %] is
large. To see this in more detail, let us consider some results of [Ce 95a], obtained by
first performing the integration over 49 in the calculation of J(g®H- We record Eg.

(3.14) of [Ce 95a]:

dk [ m :’2 ay T{ +ay T,~ a T;"

Qx| E(R) q° - 2E(%) + ie ) q° - 2E(%)

+a, T; (6.3.5)

]

f(qz) = —ncnfj

where E(%) = (k% +m?)!/2, and where the T*- and -+ parametrize the confinement
vertex calculated there. In Eq. (6.3.5), az” T=a, "=4E29%)/3m?. The corresponding
integral, without confinement, is obtained from Eq. (6.3.5) by putting
T* =0 "*=m/%2% and 1‘2*' = pz"’ =] [Ce 95a]. (Note that the arguments of the
@srseglad |E| hfefewe 7=0) R (%] > 0.7 Gev, velser+= =+ = /72
and r‘;‘ = 1‘2'+ =1. Thus, the integral over | %] in Eq. (6.3.5) only receives
contributions if , 7{, < 0.7 GeV. (Thatis, we may extend the integral over large values
of |%|, once |’ k] > 0.7 GeV, without changing the result.)

Note that j(q %y is real and that we may drop the j¢ in the denominator of the first
term of Eq. (6.3.5). That follows, since r‘l"(q, | %|) and pz*'(q, | % |) are equal to

zero at the on-mass-shell point, where qo = 25(7{). We see that the cut that would have

been present for g2 > 4m2 has been eliminated, when using our model of confinement.
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6.4. Discussion
It is useful to compare the results obtained in Section 6.3 for J(g2) with a

subtracted function. Let us define
Jos@® = J@® -J 0 . (6.4.1)

The function j(p)(qz) was shown in Fig. 6.2 and was taken from [Ga 96b]. (Note that,
in the calculation of j(p)(q 3) , we used the regularization scheme that involved the cutoffs
Ag and Az Thus, this function makes no reference to the Pauli-Villars regularization
procedure that was used when defining J_(q?) =J,(¢%) -JylgDH), O
Jiy@?) = T (0% ~Dyq? =T (@) + 1 @ - @)1
The function js ub(qz) is shown in Fig. 6.4 as a solid line. We see that jmb(o) =0, as
follows from Eq. (6.4.1). In Fig. 6.4, we also show the function ]((12), calculated
with M =0.62 GeV and m =0.260 GeV. The calculated value of j(Q) was equal to
-0.0045 Gev2. That quite small nonzero value has its origin in the various
approximations used in calculation of the confining vertex, T* (q, k- In Fig. 6.4, we
have made f(g2) consistent with the gauge invariance constraint, 7(0) =0, by adding
0.0045 GeV? to the calculated values. The fact that the two curves of Fig. 6.4 are quite
similar lends some justification for the subtraction procedure that was used when a
regularization scheme that did not respect gauge invariance was introduced [Vo 92,Kl
92,Ce 95a].

To understand the role of confinement in the calculation of the vacuum
polarization diagrams, we compare J_, (42) and Re J(¢2) in Fig. 6.5. There, we see the

rapid rise in the value of Rej(42) near the threshold value of q* =4m?* =0.27 GeV2.
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Since js ub(qz) contains the effects of confinement, the unitarity qq cut is absent.

Therefore, there is no rapid rise seen for g% = 4m? in the case of j (g% - (As noted

sub
earlier, J(g2) will have an imaginary part for q?>4M? = 1.54 GeV?, since we did not
include confinement in the calculation of those diagrams where m was replaced by the
regulator mass, M.)

In summary, we have shown that a subtraction procedure used previously appears
to be in accord with a more fundamental approach to the maintenance of gauge
invariance in the regularization of the integrals of the NJL model. [See Fig. 6.4.] We
have seen rather clearly, how our model of confinement removes the unphysical quark-
antiquark unitarity cut. We have also see how the g*-dependence of the integrals

considered here undergoes significant modification in the presence of confinement. [See

Fig. 6.5, where we compare Re J(g?) and jsub(qz).]
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Tables

Table 5.1. Values of 8oqq(q?) and gwqq(q2) are  presented. Here
8aqd@®) = (8] -qD/(G - ry and g2 (g% =(n2 - q2/(G " - vy,
With G, =7.12 GeV™2, G, =7.86 GeV2, m’=m?=1.476 GeVv2,
ry =0.0304 Gev?, and v, =0.0284 Gev?> [Ga 96b]. Note that

2 2
8pqqMy) =280, g,0,(m) =2.95, and g (m?)=2.83..

q%( GeV?) 8rqa@?) 8uqd@?)
0.0 3.66 3.86
0.1 3.54 3.73
0.2 3.41 3.59
0.3 3.27 3.45
0.4 3.13 3.30
0.5 2.98 3.14
0.6 2.82 2.98
0.7 2.66 2.80
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Fig.1.1 @)

(b)

©

Fig.1.

(8]

(@)

(®

©

(d)

Figure Captions

The diagram on the left is the basic quark loop integral of the NJL
model.

The propagators are SHp) = (8 -m, +ie)~t, where m, is the
constituent quark mass. The additional diagrams show the
introduction of a confining potential, yC.

A vertex function for the confining interaction (cross-hatched area)
is given by the equation shown.

Here the various terms summed in the equation of (b) are shown.

The basic quark-loop integral of the NJL model is shown. In the
notation of this work we have p2 = ;. [See Eq. (1.1.3).]

The function js(pz) is defined by introducing a vertex (cross-
hatched area) for the confining interaction v C. See [Ce 95b] for
a detailed discussion of the construction of such vertex functions.
The function KS(PZ) is defined by the diagram shown. (See [Ce
93b].)

The function ks(pz) is defined by including a vertex function for

the confining interaction (cross-hatched region). (See [Ce 95b].)
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Fig. 2.1. The dashed line and the solid line for ; < () denote the values of
Jg(r) calculated in a Euclidean momentum space with

Ag = 1.0 GeVv. The solid line for ; > ( represents the result of

a calculation of js(’) in Minkowski space. There, a three-

dimensional cutoff of A; = 0.702 GeV is used for all the

momentum vectors in the integral. We use x = 0.2 GeVZ,

m, = 262 MeV. G = 7.91 GeV ~2. Note that the inclusion of

the confinement vertex function would hardly affect the result for

r < 0.

Fig. 2.2. The values of j(w)([) are shown for three values of 4.
a) ¢ = 0.16 GeV?,

b) « = 0.22 GeV?3,

¢) x = 0.28 GeV2.
The dotted line represents the value of mj = (0.783 GeV)?. The
intersections of the dotted line with the solid lines yields /G, for

the various values of ,.

Fig. 2.3. The values of j(p)([) « Re k(p)([) are shown for various .
3) x = 0.16 GeV?,

b) k = 0.22 GeV?,

¢) k = 0.28 GeV?2.
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The dotted line denotes the value of mpz = (0.770 GeV)2. The
intersection of the dotted line with the solid line yields the value
of /G, Note that j(p)([) = j(w)(‘)’ (From our study of omega

exchange we have fixed ¢ = 0.22 GeV?2.)

Fig. 2.4. Values of Re 12@)([) are shown for several values of .
a) x = 0.16 GeV?,
b) x = 0.22 GeV?,

) k = 0.28 GeV?.
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Fig. 3.1. (@)  The nucleon-nucleon interaction in the boson-exchange model is
set equal to an interaction that is defined in terms of the quark-
quark 7 matrix.

(b) Leading diagrams in 1/n_ are considered as discussed in [Sh 95b].
(c) The T matrix Laq? expressed in terms of the integrals J() and K(p)
for the various channels, is used instead of the more general
quark-quark 7 matrix of Fig. 3.1a to obtain the nucleon-nucleon

interaction.

Fig. 3.2 Values of h":UL([) are given by the solid line and hTOBE([) is
represented by the dotted line. Here A, = 0.80 GeV and

A%%E - 13 Gev. [See Egs. (3.1.3), (3.1.6) and (3.1.8).]

T
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Fig. 4.1. @)
(b)
(©)
(d)

Fig. 4.2.

Fig. 4.3.

68

Here the wavy line represents a photon of momentum q. The lines
with arrows denote quarks, while the cross-hatched area represents
a nucleon "core" that is "dressed" by various mesons (p, w, . . .
).

Here the solid dot denotes a coupling constant of the extended NJL
model (Gp or (;w).

Here we represent the development of the bubble string of the
extended NJL model. The bubble string may be replaced by a
meson  propagator through the wuse of the relation
Go/{1-G, (@™ * Rip(@d} = -8, (@D /g -m?] i n
the case of the rho meson, for example.

Via bosonization, one may introduce the omega propagator, which
is represented by a double line in the figure. At the photon-meson
vertex, one has a factor mj 18“(q?), where gv(g2) is the

momentum-dependent meson decay constant of the omega meson.

Values of Fls(q 2) are shown. The phenomenological values are
given by the solid line, while the result of our fit using the VMD
model is represented by the dashed line. Here )\f =0.745 GeV.

[See Eq. (4.1.12).]

Values of Fzs(q 2y are shown. The phenomenological values are

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

given by the solid line, while the dashed line shows the result of

the VMD model with ] =0.70 Gev. [See Eq. (4.1.11).]

Fig. 4.4. @) Diagrams that are considered when using the extended NJL model
to calculate the meson-exchange between two nucleon core states.
The solid dot represents either G, or G, The "bubble string"
may be summed by wusing the relation
G, /1L - G J (@) = -g2,,(D)/(q* -m)) in the case of the
isoscalar gq channel, for example.
(b) The omega propagator is shown as a double line. The small filled

dots denote factors of g (¢%).-

Fig. 4.5. The figure shows values of f(OBE(qz) [dashed line] and f(‘v”'(ql)

w) w)

[solid line]. (See Egs. (4.3.2) and (4.3.4).)

Fig. 4.6. The figure shows values of f(po)BE(qZ) [dashed line] and f(;")'JL(qz)

[sold line]. (See Egs. (4.3.6) and (4.3.11).)
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Fig. 5.1. a) The basic quark-loop integral for the NJL model is used to define
the tensor j(‘;;'(q) =~ g#"j(p)(qz). More precisely, the evaluation

of the diagram using Feynman rules yields - ij(‘;)”(q).

b) A summation of a ladder of confinement interactions (a linear
potential) serves to define a confining vertex, shown as a shaded
area. The diagram on the left serves to define
j;:,;(‘l) = ‘gwj(p)(‘lz)'

c) The equation whose solution yields the confining vertex.

(Solutions of this equation are described in detail in [Ce 95a].)

Note that j(p)(qz) =j(w)((12)’ if m,, =m,-

Fig. 5.2. Values of j(p)(qz) are shown for spacelike and timelike values of qz‘
The calculation in the timelike region is done in Minkowski space with a
cutoff on all three-momenta of A3 =0.702 GeV. The spacelike values are
calculated in Euclidean momentum space with a cutoff Ag=1.0 GeV.
Confinement is included in the calculation made for q-’— > 0 and we find
j(p)(o) =0.0860 Gev:. The Euclidean-space calculation made for
q> < 0 yields J,5(0) = 0.0944 GeV2. The dotted curve is used to
interpolate between the two calculations. Note that Ty = J(@? if

my=m,- The quark mass in these calculations is m, = 262 MeV.

Fig. 5.3. a) The diagram shown is wused to define the tensor
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Ii'(’;;'(q) = - g*"q) K(p)(qz)' Here the wavy lines represent pions.
(In analogy to the comment made in the caption to Fig. 5.1, we

note that the evaluation of such diagrams using Feynman rules

v

yields - ; K(‘;) (@)
Introduction of the confining vertex of Fig. lc serves to define the

14

tensor KE5(q) = -g#*K ,(g»)- Note that K)(@® > R,

since the two-pion decay of the omega violates G-parity.

Values of j(w)(qz) are presented for several values of q* and for a range

of values of the constituent quark mass.

(5]

a) g2 =0.0GeVv?

N~

b) g% =0.10 GeV?
©) 4% =0.20 Gev?

d) 42 =0.60 GeVv?

Here ¢ =0.22 GeV2 and A =0.702 GeV. Notethat (4% =J @Y

if my=m,. Further, j(w)(qz) decreases when the constituent mass is

increased. Therefore, [j(w)(qz, m,) -J @, md)] >0, since m, > m,.

The diagrammatic element that serves to define

it

Goy@ = _g#"j(pw)((IZ) is shown. The shaded triangular area

represents the confining vertex of Fig. 5.lc. The small open

circles denote the coupling constants, G, or G, of the NJL
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model. (See Eq. (5.1.1.)

b) The calculation of the mixed correlation function
II’(:;;, (@) = -8*"(q) ﬁ(pw)(q2) is shown. Each diagram contains a
single factor of j(pw)(qz) and a varying number of factors of
j(p)(qz) and j(w)(qZ), with the J (g% factors to the left of
j(pw)(q—’) and the j(w)(ql) factors to the right of Jpuy(q?) in the

diagram.

Fig. 5.6. Values of j(pw)(qz) are shown. Here m, =262 MeV., m, =260 MeV,
x =0.22 GeVv? and A3 =0.702 Gev. Note that « is the string tension
and A, is the cutoff on the magnitude of all three-momenta in a
Minkowski-space calculation of the quark-loop integrals. At the origin,
we have j(pw)(o) =0.628 X 107 Gev?. Note that j(p)(qz) =0 for
q* = -0.45 Gev2. Values for spacelike q* were obtained using the
formalism presented in the Appendix. (Values form - m? =2.69 MeVv

are obtained by multiplying the values in the figure by 2.69/2.)

Fig. 5.7 Values of §,(q2)/8;(m>) are shown as a dashed line. [See Eq. (5.5.3).
Here, the meson widths appearing in Eq. (5.5.3) were neglected.] We
recall that g, (mj) =6, (mj). Here mg —mf =2.0 MeV. (See the

caption of Fig. 5.6.)
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Fig.6.1 a) The fundamental loop-integral of the NJL model that serves to
define the tensor -iJ#¥(q). Here the quark propagators are
S(k) = [k+m+¢]"!, where m is the constituent quark mass.

b) The vertex function, T*(q, k), that sums a ladder of confining
interactions is shown as a filled triangular area. The driving term
is 4# in the case of the omega meson and Y7, in the case of the
rho.

c) The loop integral that defines the tensor -iJ#¥(q) is shown. Note
that jl”(q) is real, since the vertex function vanishes if both

quarks go on mass shall simultaneously.

Fig. 6.2 Values of j(g?) = J , (g% are shown. (This figure may be found in Ref.
[Ga 96b].) For qz < 0, confinement was neglected and the calculation
was done in a Euclidean momentum space, with Ag=1.0 Gev. For
ql > 0, confinement was taken into account. The calculation was made
in Minkowski space with a cutoff on all three-momenta in the loop
integral of A5 =0.702 Gev [Ga 96b]. The dotted curve serves to

interpolate between the two calculations.
Fig.6.3 a) The figure serves to define - j#¥(q) as the difference between a

quark loop integral (including confinement) and the loop integral

with the Pauli-Villars regulator mass, [See Eq. (6.3.1).]
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(Propagators with the mass M are shown as lines with a large
filled circle imposed. We have not included confinement for such
propagators.)

b) The figure depicts Eq. (6.3.2) in a schematic fashion. The value
of the first bracket in Fig. 6.3b may be obtained using the
procedures described in [Sh 97b]. (See Section 6.2 for analytic
expressions for the first bracket.) Note that the calculation of the

second bracket does not require regularization. (See Section 6.3.)

Fig. 6.4 The dotted curve represents ](qz) of Eq. (6.3.2), while the continuous
line represents the value of j_ (g?) = j(p)(qz) - j(p)(o). The calculation
of J(g2) was made form = 0.260 GeV and M = 0.62 GeV. [Note that j(¢2)
has an imaginary part for g% > 4M?, since we did not include the
confinement vertex in the integrals containing the regulator mass M.]
Values of j(p)(q 2) were taken from [Ga 96b], where the cutoffs, Ag and
A4, were used in the regularization procedure. This figure shows the
effects of confinement in the calculation of the vacuum polarization

diagrams. (Note that Im J(g?) is nonzero for q*>4m?.)
Fig. 6.5 The dashed curve shows the value of Jg% = J (g% -J e 2y. [See Egs.

(6.2.6)-(6.2.11).] Only Rej(g2) is shown. The continuous curve
q°)

represents js ub(ql) = j(p)(qz)_ j(p)(o) and is the same as the
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corresponding curve shown in the calculation of f(g2) and j(42) was

made with mg =0.26 GeV and M =0.62 GeV-
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