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ABSTRACT

The elastic nucleon-nucleon scattering, due to the exchange
of #, n, p, w, ® and an effective I = 0 scalar o -meson is
calculated using unsubtracted vartial wave disrersion relations
with a cutoff. <vhe p, w and ¢ vector coupling constants are
related by SU3 to a single constant assuming pure T coupling.
The ratio of the vector to tensor coupling of the p -meson is
determined by the I = 1 charge and anomalous magnetic ratio
and the tensor couplings of w and ¢ are neglected. The 17 -
nucleon axial-vector coupling constant is related to that of the
pion by 8U_ with a D/F ratic of 3/2. The I =0 and I =1
phase shifts are calculated using a total of four adjustable
parameters: the mass and coupling constant of the effective o -
meson, the octet vector coupling ccnstant and the cutoff parameter.
For each of the cutoff values corresponding to laboratory kinetic
energies of 600, 700 and 800 MeV, the remaining three parameters
are adjusted to fit the I = 1, lso, 3130, 3Pl and 3P2 and
the I =0, 381 phase shifts at 25, 50, 95, 142, 210 and 310 MeV.
In each of the three cases, a goodness-to-fit parameter is obtained
corresponding to a theory with approximately 10% inherent uncer-
3

s

tainty. A deuteron pole appears in the solution for the 1

amplitude corresponding to a binding energy of ~ 10 MeV. All of
the calculated higher partial wave phase shifts are in good agree-

ment with results of phase shift analyses.



Having obtained a fit to the nucleon-nucleon phase shifts,
the nuicleon-antinucleon scattering amplitudes are calculated
after changing the signs of the odd G-parity exchange terms
( 7, w and @ ) but keeping the same values for the four param-
>ters. For-each of the three ~utoff enerzies, ¢ houné state pole
. . s _ 1 3 3 =
ig found in the I = 0O, SO’ 1’ and PO and the I =1,

1 35 amplitudes. These bound states have the same guantum

S

SO and 1
numbers as the 1, w, o, * and p respectively. Although the
masses of the bound states are not near to thosc of the physical
megsons, it is argued that if the important meson channels (anni-
hilation) were included, the bound state poles will move toward

the physical values. These results lend strong support to the

conjecture that the observed mesons are composite particles.



I. INTRODUCTION

The nucleon-antinucleon interaction due to the exchange of
mesons is related by crossing symmetry to similar interactions
in the NN system. In principie, ilufcrmation about the NN scatter-
ing amplitudes can be deducea from the known ampiitudes for NN

scattering.

The major difference between the NN and NN systems is that
inelastic channels are closed for low ecnergy NN scattering whereas
multimeson channels coupled to the Nﬁ'system are opened even at
the physical NN threshold. Nevertheless, it is possible to sep-
arate in an approximate fashion the absorptive effects from the
two-body potential in both cases. For the NN problem, the first
attempt along this line was that of Ball and Chew, 1 in which
they made use of the fact that the one-pion exchange potential in
the NN system is the negative of the same potential in the NN
interaction. The absorption (annihilation) in their model was
approximated by a black sphere with a radius small compared to
the range of the one-pion force. Although the fit to low energy
NN scattering with the Ball-Chew theory was quite satisfactory,
it would be desirable to improve the black sphere approximation
by making use of our present knowledge of NN and NN interactions.
In particular, it would be of some interest to separately in-
vestigate the effects of short range (shorter than {rr ) two-
body potentials and those of annihilation processes. The present
paper is a study of the short range NN forces due to the exchange

of wvarious mesons.
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Recent theoretical treatments of nucleon-nucleon scattering, 2

such as that of Scotti and Wong, °

have been gquantitatively suc-
cessful in fitting experimental data solely in terms of an NN
interaciion which arises from the exchangs of pszudoscalar ( T, M ),
vector ( p, w, ® ), and an effective scalows w2son { ¢ ). ¥ Because
the source of this interaction is meson exchange, the NN interaction
can be deduced directly from that for NN by simply changing the sign
of the odd G-parity exchange terms. The most significant feature
is that the short range repulsion in the NN system which is pro-
duced by the exchange of I =0, G = -1 vector mesons (o and o)
becomes a strongly attractive short range force in the NN systenm.

As we shall show in the main text: the net attraction in all four
S-wave amplitudes ( I and J = 0,1 ) are sufficiently strong to pro-
duce bound states. These bound states have exactly the guantum

numbers of the 17, n, p, and w or Q. 5

From this observation
it seems likely that in any dynamical model of these mesons, the
NN interaction will play an important role. This is particularly
true for the 17 since the only low mass states that are coupled
strongly to the 7n contain at least four pions. In fact, we find
that the energy of the bound state in the I =0, lSO amplitude
is in the neighborhcod of the 7 mass while the remaining three
S-wave bound states correspond to masses in the neighborhood of
1.5 BeV. In addition to the S-states, the BPO amplitude for

I = 0 has the property that all of the exchange terms add co-

herently producing a very strong attraction which can overcone

T



the centrifugal barrier to produce binding. Such a bound state

has the gquantum numbers of the exchanged o. While no attempt is
made to include the multimeson continuum in this work it is clear
that these inelastic contributions are additional attractive inter-
actions which will serve tc¢ incx:ase t.e oinding enzrgies of the

NN bound states. This would be an improvement over the present
result which gives too high a mass for the =, p, and O (or ).

In the present work, we will use relativistic dispersion rela-
tions to produce unitary scattering ocmplitudes starting from the
sum of single meson exchange terms. Our ireatment will be similar
to that of Scotti and Wong, except for several important differences
stated below. Since we are interested in the calculation of the
NN and NN S-wave scattering amplitudes in terms of the interaction
without additional parameters, we cannot employ the subtraction
technique used by SW to produce the S-wave scattering lengths.
Therefore, we must return to the NN problem, determine what inter-
action is necessary to fit the NN data and the S-wave scattering
lengths without using the subtraction method, and then apply
crossing to obtain the NN interaction.

Since our treatment of the NN system will have considerable
uncertainty due to the neglect of the multimeson continuum, it
seems unwarranted to attempt to obtain an NN interaction which
contains a large number of parameters all delicately fitted to the
experimental data. For this reason, we have minimized the number
of parameters used to describe the NN interaction to the extent

that a reasonably good fit to the NN phase shifts can still be
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obtained. This simplification is achieved by (i) employing a single
sharp cutoff in all dispersion integrals instead of the three Regge-
slope parameters in SW; (ii) using SU3 to relate the coupling
constant of the p to that of the @, w mixture; and (iii) fixing
the ratio of the vector coupling of the p to the tensor coupling
by usiug the ratio of the _harge to magretlc wwmeat isovector form
Tactors. The resulting NN interaction then depends on only four
parameters: the cutoff energy 8. the coupling constant of the
nucleon to vector mesons gv, the coupling constant of the scalar
meson ( o -meson ) to the nucleon gc, and the effective mass

of the scalar meson mU. The four fiee parameters are sufficient

to produce a good fit to the NN phase shifts obtained by phase

shift analysis of the data. ©

The only remaining assumption nec-
essary to obtain the NN interaction from the NN interaction given
this type of parameterization is to relate the cutoff in the NN
case to that in the NN. TFor simplicity, we use the same cutoff
in both cases.

In the foilowing section we formulate the partial wave dis-
persion relations and the ND equations with special attention
given to removing a kinematical singularity at zero total energy.
In Section III the =, W, o0, p, w, and ¢ exchange contributions
to the partial wave amplitudes are calculated. Section IV con-
tains the application of the ND t equations to the NN problem
together with the resulting fit of the NN phase shifts. The in-
teraction obtained is then converted to the NN interaction and the
integral equations are solved to obtain the NN scattering amplitudes

and the masses of the bound states. The last section contains a
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discussion of the results and possible extensions and improvements
of the present calculation. Some remarks are made in support of
the composite particle interpretation of mesons. v Explicit
formulas for the single meson exchange cowptributions to the par-

tial ave ampllitudes are givea du 29 fppeldix.

TI. PARTIAL WAVE DISPERSICN RELATIONS

The usual scalar variables s, t, and u are the following

functions of the center of mass energv, momentum and scattering

angle:

t = -2p%(1 - z)
u = -20%(1 + z)

where z = cos 6.

Following the notation of SW, the partial wave amplitudes
are defined in terms of Stapp's nuclear bar phase shifts: 8

Singlet

= () lewlais)) - 21, (1)

Uncoupled Triplet

gy = (g ) [emeleieg) - 11, (2)



Coupled Triplet

B .
hJ—l,J = (m) [(COS 2€J) exp(215J_l’J) - l] s (3)
E : peg ]
Bri1,0 = (Z’zﬁﬁ/‘ [cos 2¢5) exp(228,,, ) - 21, (+)
J B . s
h = <-§;-n-l-)-) sin 2€J eXP[1(5J_l’J + 6J+1,J)]. (5)

These expressions hold for I = 0,1 NN as well as NN amplitudes.
In the NN problem, the h's are related to the invariant helicity

scattering amplitudes © , ¢ , ® , ¢ , and ¢ Dby: 3
1 2 3 4 5

+1
E
hJ_ = ]E f dz PJ [Cpl - sz] s (6)
-1
+1
B J o J
W= f az (a7 o -d o1, (7)
=1
+1
1 E
1,0 %751 T f dz{ TBslo + o)
-1 (8)

J

J L
d E[J3(J + 1)12 4
* (J * l)(dllcpiﬁ * 11@4) * [ ( * )] 10 CPS} b4



+1

1 E
hJ+l’J =577 o L/\ dz§ (7 +1) PJ(cpl + @2)
-1

(9)

J J NS AT
+J(@ o +d o) -L[J(dw)]7a o
I 1 -1l 4 10 '5

1 +l
J_[3(g+1)]2 E
= T T dz PJ.(CPl + @2)
SO
(10)
(@ o +al )+ 2/13(J + 1)]‘% a7 o
11 3 -11 4 10 's '

For NN scattering, similar expressions hold except that a factor
of 2 should be multiplied into the right hand side of Egs. (6) - (10)
because the Paull principle does not apply to NN scattering.

It was shown by Goldberger, Grisaru, MacDowell, and Wong ®  that
the amplitudes E@l, E¢2, E@Z, E®4, and @5 have no kinematical
singularity in the complex s-plane (s = 4E°). Therefore, it
follows from Egs. (6) - (10) that h_ and h have no kinematical

J JJ
singularities, but the coupled triplet amplitudes

hJ—l,J’ hJ+l,J
end h° all have a (s)% type singularity at s = 0. In the
work of SW, no attempt was made to remove this kinematical singu-
larity in the formulation of dispersion relations because the point
s = 0 is far removed from the region of interest s 2 Um®. On the
other hand, if we consider now the NN problem with the expectation
of finding strongly bound states, this singularity should no longer

be ignored. In our present treatment of partial wave amplitudes,

proper account of this kinematical singularity will be given.

-9 -



A. Singlet Amplitudes

Iet us first examine the singlet amplitudes and give a brief
review of the formulation of dispersion relations and the ND
method. From the phase shift expression given by Fq. (1), one

obtains the u.ual uniterity cond tiown:
Im hy = (%E) thlz 508 > ko (11)

A dispersion relation for h_. can be written in the form

J

[s¢]

n(s) = _(s) +% f

n yi2
@’ (mg'r) ls"T(i :l- Te (12)
n®
where bJ(s) is a real analytic function containing all the singu-
larities of hy below s = W . As in oW, b (s) will be
approximated by contributions coming from single-meson exchange
diagrams. Oné obvious defect of this approximation is that
solutions of (12) will certainly not have the required thresheld
behavior hJ(S) =~ (s - )+m2)J for J > 0, because bJ(s) itself
has this behavior while the dispersion integral is positive definite

- at threshold. Therefore, some rescattering correction to bJ(s)

must be included. We shall modify Eg. (12) by using a similar

equation for EJ defined by
J
- 1[5t 8,
n(s) =5 {——= ] nbys) (13)
s - um®

where sc is a real parameter.

- 10 -




For this amplitude, the analogue of Eq. (12) becomes

o

EJ(s) = gJ(s) + % L/m

J ~ ' 2
s <mP'S‘) Sl W LG B e

e E! s' + 5. st - 5 - 1le
/
where SJ(S) is given by
S 18t s. d 1f % !
b(s) == ——=— ] v.(s) += <h (0) - v (0)) (15)
J s s - L J S L J J

Now, the threshold behavior of EJ from the single-meson exchange
contribution will be like a constant. The solution of (1k4), if
it exists, will also produce a constant threshold behavior for EJ,
thus the partial wave amplitude hJ(s) given by the inverse of
Eq. (13) will have the proper threshold behavior. However, hJ(s)
will now have a J-th order pole at s = ~sc. This singularity
is interpreted as an approximate replacement for the singularities
produced by rescattering corrections.

Aside from the J-th order pole at s =-8_, We have alsc in-
troduced a (1/s) factor in the definition of ﬁJ. Of course,
if bJ(s) and hJ(O) were known exactls; there would be no point
in considering the amplitude EJ instead of hJ. However, with
a given approximation for bJ(s), the solution of Eg. (12) for the par-

tial wave amplitude may be improved by using the above manipulation in

(13) - (15) provided hJ(O) can be obtained by an independent method.
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It was shown in GGMW that hJ(O) is in fact related to a combination

of other partial wave amplitudes at s = 0. Namely

_ J 1\ J
by =hyo+ <3¢T>\m) [(J+l) hy1,50+9 hye1,5 - E\IJ(J+1) h ]

20 + 3

J+3 1
TG (02 hJ+lv,J+l' (j:g) (m) [(J+3) i1, g42 (16)

+ (J+2) hJ+3 Jeo 2y (d+2) (J+3) hJ+2]

For J = 0, the second term in Ej. (15) vunishes and we obtain
a relation between the singlet S-wave amplitude and a combination
of P and higher partial waves. Since our single-meson exchange
model of NN and NN interaction will be more reliable for higher
partial waves, Eq. (16) will probably yield a better determination
of hO(O) than the corresponding quantity obtained through the
dispersion relation without the (1/s) factor in (13). In practice,
it 1s sufficient to approximate the right hand side of (16) by

using dispersion relations analogous to Eg. (14%) but with

EJ(S') 2 replaced by IgJ(s')lZ. For J > 0 in Eq. (15), we
shall simply approximate hJ(O) by bJ(O).

Once gJ(s) is given, Eg. (14) can be solved by the familiar
N/D method provided gJ(s) vanishes faster than (log s) ! as
s - + . This asymptotic behavior is in fact not satisfied due

to the logarithmatic divergence produced by the exchange of vector

mesons. On the other hand, if a cut off is imposed on the dispersion

- 12 -



integral, then a solution can be obtained. For simplicity, we will
impose the cut off at s = 8. where sc is the same parameter which
enters into the J-th order pole at s = "S,- This cutoff pro-
cedure is considerably simpler than the Regge pole approximation
of SW and reduces the thiee Regec-ciope paremeters to a single
cut off parameter for the present calculation.

The N/D equations are obtained as follows. First, we express

EJ in the form of a quotient

EJ(S) = NJ(S)/DJ(S) (17)

and impose the condition that NJ is real above s = 4m® and

D; is real below s = Um®., TFrom the unitarity condition (11),

we obtaln

J
Im D.(s) = —(Z - 21:2 ) (m.gs) N(s) 5 s 2 b (18)

¢ 2 J N.(s")
(e Y ey B0 a9)
Di(s) =1 - % s’ + 8 £ ) (s" - s)
2 [¢]

- 13 -



For the N-function, it must contain all the singularities of
%J(s) DJ(S) below s = 4m® but must be pure real above the

threshold. Hence the expression for NJ reads

s
¢ b (57) Ta ?J(s:)

NJ(s) = %J(s) DJ(S) - % k/; ds' == - - (20)

m

After substituting Eq. (19) into Eq. (20), we obtain the integral

equation

(21)

J 1
s' - hm® mp's' NJ<S )
(s" - s)

Equation (21) is a regular Fredholm equation of the second kind
which possesses a unique solution for a given gJ(s). This
equation can be solved by straightforward numerical methods.
Having solved Eq. (21) for the N-functions, the D-functions can be
evaluated by using Eq. (19). For a gJ(s) corresponding to a
7strong attractive interaction, the D-function will pass through
zero at a point below the threshold. This zero corresponds to

a bound state pole in the partial wave amplitude. The square of

the mass of the bound state is equal to the value of s at the pole.

- 1h -



B. TUncoupled Triplet Amplitudes

For the partial wave amplitudes hJJ(s), the orbital angular
momentum i1s equal to J and is greater than zero. Therefore no
advantage will be gained Tty making ige of relations at s = 0 such

as those given by Eq. (16). The pioblem of threshold behavior is,

however, handled in the same way as in the singlet case. We define

Ba(s) ( i ) ho(s) (22)

(s + s J
5 (s) (____> o (s) (23)
S

and use the same N/D equations as (19) and (21) except that the
(mp's' /B') factors are now replaced by (mp'/E'). Here again

bJJ denotes the meson-exchange contribution to hJJ.

c. Coupled Triplet Amplitudes

For any given total angular momentum J, let us define h to be

the 2 X2 matrix

LER I, h
h = (2k)

Bre1,g

-15 -



The unitarity condition can then be expressed as

1 0
Im bt = - (ER) ;0 s> bn® . (25)

[N

If it were not for the (s)2 kinematical singularity, we could

immediately write down’ ND equations in the matrix form*®
as long as Im h't is a known function in the physical region

s > um®,

i

As we shall see below, the (s)® singulevity appears in a

simple form in the helicity partial wave amplitudes given by

HJ HJ
11 12
0= = X hX (26)
HJ HJ
21 22
where

1/ J J+1
2J+1 2J+1L

X= (27)

‘J J+1 1{ J
2J+1 2J+1

- 16 -



Explicitly, the relation is

J 1 % J}) (28)
B =y {J hyp,y+ (341) hyy o+ 200(3)F
J _ . __L % % - o
g 1[J(J+1)] (51,5 - Bp,g) + B } , (29)
g _L1 | - 37
B, = 57 {(J+l) hJ_l,J + JhJ+l,J 2[J(J+1)]% n } . (30)

By making use of (28) - (30) and the relation between partial

wave amplitudes and invariant scattering amplitudes given by Egs. (6) -

J

(10), one can easily verify that H
11

and Hia are given in terms
of By, Bp , By , and Bp while H° (' ) involves only Eo .
1 2 3 4 12 21 5
Therefore, the (s)2 singularity only appears in HJE(Hi ), thus
1 1
this kinematical singularity can be removed by simply dividing
J . J 3 .
i (H2 } by (s)2. Unfortunately, the task of formulating the
1 1
ND * equations is a somewhat complicated matter. ©Not only do we
want to remové the kinematic singularity from the partial wave
amplitudes but we must also perform a transformation similar to
BEq. (22) to produce the proper threshold behavior. Since the helic-
ity amplitudes HJ ; HJ , and HJ are each a combination of
11 22 12
J
there i i
hJ-l,J’ hJ+l,J and h’, are three algebraic relations at the
threshold which must be maintained in the ND ! +type equations.

For this reason we introduce a new set of amplitudes

- 17 -



given by

AJ A;
11 12
- T
A= =Y HY (31)
AJ AJ
=l 2z
\ ’
where
(3-1)/2 (3+1) /2
S+8 [ s+s
m N J+1 T S
2 \ .2
e p Py
Y = ;- B (32)
r
s+s (J—l)/2 m\ [s+s (J+l)/2
-EVT > -2 T (- 2"
P E p
For the individual elements of the 2 X 2 matrix, the above trans-
formation gives
ses\ U
i
pd o2 c { (F1)® &+ JER B - 2[3(3+1)]2 mE B } (33)
11 p4 PE 11 22 27

J
S+
N LY K (F+L)mi®  + Jm B0 - [J(J+1)]%(E2+m2)HJ /EY (34)
. 1l 22 12 3

2 21 2 2
b b

J+1

A7 (2J+l)< c) {(J+1)H‘Il + W[5 - 2[5(3+1)12 mH‘Iz/E}' (35)

22

- 18 -



It is easily»seen that these amplitudes have no kinematical
singularity at s = 0 and all behave like a constant near the
threshold. The inverse transformation from A to h will give the
proper threshold behavior for each element of h.

At lhis poinl, we can leri-: the N1 cquations for the

2 x 2 matrix A, First, the unitarity condition is given Dby

Tm At =1Inm (YTXT h Xy *

D =
= (Y1) (X7Y) (mmn) (X))
71 (36)
_ mp p2 1
= '(?E") (EsTé'c ) J(I+1)
/(J+1)E2 + Juo© (mE2 )
/ (23+1) ~ \s+s
H c
X , s> P
mE= JEZ + (J+)n E =
N s+s, (27+1) <s+sc

- 19 -



Expressing A in the form

A =ND %

and making the usual requirement thst the N-matrix is ieal on the
right s > bm® and the D-matrix is real on vhe left s < hmz,

we obtain

o) =1-L [ ole e ()

where the product pN is of course understood as a matrix product.

Finally, we denote the meson-exchange contribution to A; by BJ

and obtain the integral equation for N as before:

S
c

-5 L '
ORELORS N LI [BJ(s'> i BJ<s>] o(s") M(s'). (38)
-l 5°-8
. e J J J
Returning now to the definition of A" , A~ , and A
11 12 22

given by Egs. (33) - (35), we see that in general Aiz has a

pole at s = 0 given by

J+1

K (0) } /s (39)

A = {hJ(2J+1) - (-sc/mz)

- 20 -



In order to take proper account of this pole, the Biz(s) element

appearing in Bg. (38) must be replaced by

Biz(s) —;Big(s) + (40)

Jdrl
+ th(2J+l) m” (’Sc/ﬁ?) Hiz(o) ) [SBiz(S)]s-—>o§/s

For J =1, we make use of Eq. (16) to obtain the following

expression for Hiz(O) in terms of P and higher partial waves:

H =2n -2h -
22 1 3

h +—§-H3 . (k1)

2,2 22

W\

As in the case of the singlet S amplitude we approximate the right
hand side of (41) by the meson-exchange contribution plus a dis-
persion integral obtained from the first iteration of the meson~
exchapnge terms. For J > 1, +the gquantity appearing in the bracket
of Eg. (40) will be neglected.

Now we proceed to the calculation of the meson-exchange contri-

. J
bution to bJ(s), bJJ(s) and B (s).

- 21 -



ITI. SINGLE MESON EXCHANGE CONTRIBUTION

In the following, we write down explicitly the t-channel meson
exchange contribution to the NN helicity amplitudes R in
the I = C state. The o-channel cortribuljon giveg rise to a factor
of 2 which must be supplied to the right hand side of Egs. (6) - (10)
for all partial wave amplitudes that are not excluded by the Pauli
principle. For the NN partial waves, there is only one crossed
channel having baryon number zero. Therefore, one needs not supply
a factor of two in the calculation of meson-exzchange contribution.
However, a factor of two is already present in the relation between
partial wave amplitudes and the invariant scattering amplitudes as we
noted earlier. The net result is that the magnitude of each meson-
exchange contribution is the same for a given NN and NN partial wave
provided that the NN state is not excluded by the Pauli principle.

As one can verify by general arguments, the odd G-parity meson ex-
changes (%, ®, @) have the opposite sign in NN compared to NN, and

the even G-parity mesons have the same sign. Hence, all of the meson-
exchange contributions to the NN partial wave amplitudes can be in-
ferred directly from those of the NN partial wave amplitudes.

To avoid ambiguities in the definition of soupling constants,
we shall write down the conventional Lagrangians which will give
rise to the following invariant amplitudes in the first order per-

turbation expansion.

- 22 .



A. w-Meson

The Lagrangisn is given by
L=NlrgFr - gV (42)

The T = O heliciily amplitules corresronding to the t-channel single-

pion exchange diagram are

E (o

z @ oo (43)

E ,(0) <3gi) F ) (1)

o2 b uz -t/

;El;cpio) =0 (45)

() o (2]

) (llm (1 -2) z (46)
sijr_l 5 ‘PQO) =0 | (¥7)

We shall use

2.’:‘.
g 13

in agreement with the coupling constant determined by most nucleon-

nucleon phase shift analysis. &
B. n-Meson
The Iagranglan is
= \btg Vv v (48)
L=\lre T o

- 23 -



The I = O amplitudes can be obtained from w-exchange terms by re-
placing gi by (-gi/B) and o by un . The coupling constant gi
can be obtained from gi assuming SUs symmetry provided the (D/F)

ratio is given. The relation is
- \2
A‘_.L. l“F—z
gﬂ =3 (1 - 5:?) S (49)

In the work of Martin and Wali, ** they find that

<-ﬁ%)z 0.25 (50)

would give a good fit to the masses and coupling constants of the

baryon decuplet members N*, Yf, E* and Q@ . This would yield a very
small value for gi . On the other hand, if one assumes the ap-

vroximate SU6 symuetry, then one finds

(%) = 0.k (51)

However, Eq. (49) should now be applied to the axial-vector coupling
constants rather than the pseudoscalar coupling constants. One

obtains then

m2
2 | T _ 2 L2 2 2
g, = = (1-1.6)"g ~0.3 . (52)
n

We note that our final solutions for the NN and NN amplitudes
are quite insensitive to the value of gi . For example, setting
gi = 12 ag in SW will require a small modification of the scalar

and vector coupling constants, but has a rather insignificant effect

- 24 .



on the fit to the nucleon-nucleon data. The bound state energies

in the NN problem are also insensitive to the variation in gi .
C. p-Meson
The Lagrangian includes the voctor 2ounling constant gp and
1
the tensor coupling constant gpz :

£=i@(gpl+gp2)w7vg~gpv

- N(gpg/&n)(p +7'), Voo g: Vo, (53)

The T = O NN helicity amplitudes corresponding to the t-channel

diagram are

= 2 1, 2 s o o
E ,(0). <+ 3gm> FP v (m)] . (ngzp ) [3-uz+z ]
m 1 - .
" m -t bm m=- t
P p

(54)
(nglgpz)[ £ ]
) m mz -t
o
2 CP(O)= (_ Bgil){ - Z] + <3g§2p2> ['3P2-m2+2p22+(192+m2)z2]
m 2 om m2 -t )-l-m3 m2 .
° P
(55)
()
2111 m2 -t
o
B ,(0) <+ 38§l>\:(l+z)(p2+ —é‘mz):l . (3g§2p2) [(l—*-z)(z-l)l -
mw 3 n ' m2 -t iy m2 L
° P
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2. (T |22, (B D e
m 4 m m2 -t le3 m2 -t
e P
)2 (57)
] (Bg 52;) (1 zi_~]
; 12 _ _tl
a / L an j
2 2 =) 2
10 _ [ . m ) 3¢5 p (1-2)
sin 6 s om m2 -t iy 2 -t
P p
(58)
<3€2 & ) ( e )
+ | —E£=P=2
m n® - %
P

We shall assume that the electromagnetic form factors of the

nucleon are dominated by the contribution of the vector meson pole.

We then have

roj @

(8

- (5&591) (59)
mp

= (ﬁp‘g—gp—z) (60)
P

where b, = 1.83 1is the gyromagnetic ratio oi the isovector ancma-

lous moment. From (59

2
gpa

) and (60), we obtain

S b g =13k g2 6
=t g =13k e (61)



D. o and ¢ Mesons

The Lagrangians for the ® and ¢ interactions are the same
as that for p except for the replacement of (Z . g) by © . As
’in SW, we omit the ng and g¢2 conpling in view of the extremely
small isoscalar anomalous magnetir moment. 1In the present work, we
also assume that the vector-baryon coupling is primarily in the form

of a pure F-type octet. We can then obtain all the coupling constants

in terms of one parameter gv :

2 _.o L1 =2 _ =2
gpl gm1 2 g@l & -
(62)
2 2
= 13.4 = =
gpz 3-% e Cup g@z 0

Here we also use the w-¢ mixing hypothesis to obtain the ratio
between gwl and g®l . In the actual calculation, we will set
all the vector meson masses equal to an average value, hence the

results are independent of the w-¢ mixing ratio.
E. I = 0 Scalar Meson (o)

Following SW, we approximate the contribution of the I = O,
J =0, P =+ multli-meson continuum by an effective scalar particle

of mass m0 and coupling constant gc . The Lagrangian reads:

£=\/—4?gofcpoxlf.
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The T = 0, NN amplitudes are

2\ [.2
EQP(O) = (5‘1) m_Eﬂ (63)
mol 2m mi -t
| B
2\ [ -7 ZY{1-2)
e (o) (B [0t (64)
m 2 ' 2m m2 J
o T
o (3| o
mos 2m mi -1t
|
N _
E q)(o) ) %1 (1 Z)(P + m-) (66)
R e 2m mZ -t
o}
2\ [ 2
g -m
si]r-l 8 “P(O) = (£> (67)
5 2m m> -t
o]
IV. NUMERICAL RESULTS
A. Nucleon-Nucleon Scattering

Having obtained the formulas for the single -meson exchange con-

tribution to the helicity amplitudes as giver in the previous section,

one can apply Egs. (6) - (10) to evaluate the partial wave projection

of these amplitudes. These results are explicitly given in the ap-
pendix. Some of the parameters appearing in the single-meson ex-

change terms are measurable gquantities which will be taken with
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fixed values, namely

m = 938 MeV ,
m, = 140 MeV ,
m, = 548 MeV
g = 13 .

For simplicity we will use an average mass for the vector mesons

p, W, and @

n? =1]i (mi + 2+ szp) ~ (6451 )2 .

The weight is taken according to the coupling strength

(68)

(69)

The tensor coupling constants gac2 and g¢2 are set equal to zero

and gp2 is determined by the isovector anomalous magnetic moment

to charge ratio:

2 2 _ 2
gpz - 13-)'{’ gpl = 13.1}' gV .

The n coupling constant given by Eg. (52) is

g2 = 0.3

The only additional parameter is the cutoff sc

into the ND™' equations.
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To summarize, we have a total of four adjustable parameters:

and & . For a given value of s we var, m
gv: md’ go-) e & c ? ¥y gv: o?

3 3 3 3
Py s “Py 5 B, 5,

phase shifts at 25, 50, 95, 142, 210, and 310 MeV. ® Results for the

gy to obtain a best fit to the pp lSO s and np
autoff 5, correspondin® to laboratery kiretic energies of 600, 700,
and 800 MeV are presented in Table I. It is apparent that the fit is
not very sensitive to the value of the cutoff in this region. In
terms of the "goodness to fit" parameter, all of thesebfits are con-
sistent with a four-parameter theory having an inherent uncertainty
of approximately 10%. The best vali=s of tie three physical param-
eters g§ » mi s gi for each value of the cutoff are given in

Table IT.

By calculating the D-Tunction (the determinant of the D-matrix
in the coupled triplet case), we find that a bound state pole ap-~
pears in the I = O coupled triplet J = 1 amplitude. This pole cor-
responds to a deuteron with binding energy in the neighborhood cof
10 MeV. The amount of discrepancy between this value and the true
binding energy of ~ 2.2 MeV is not surprising in view of the simpli -
city of our four-parameter theoretical model.

We note that it is not possible to obtain a reasonably good fit
with a cutoff below 400 MeV or above 1200 MeV.

Tor each set of parameters corresponding to Table II, we also
calculated the D and higher partial wave phase shifts. These

results are comparable to those obtained by SW and they are in

fairly good agreement with those given by phase shift analyses. &
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B. Nucleon-Antinucleon Bound States

After fitting the NN scattering phase shifts with the four
adjustable parameters, we solve the ND equations for NN scatter-
ing without changing the values of the parameters. The only modi-
fication needed is to chunge vhe si_n of the (w,w,p) exchange con-
tributions as required by crossing symmetry. Here, we also calculate
21l of the =mplitudes excluded by the Psuli principle in the NN
problem. For each of the three sets of parameters given above, we
find that there are five and only five bound state poles in the
partial wave amplitudes. They are the four S-wave amplitudes having
the quantum number of 1n, 7w, ® (or @), and p, and the I =0 3PO

amplitude having the quantum number of the o¢ . Numerical results

are tabulated in Table III.
V. REMARKS

As we have stated before, the main objective of the present
work in regard to NN scattering is to use a minimum number of phe-
nomenological parameters in as much as an overall fit to all the
I =0, 1 phase shifts is possible. The results given above indicate
that the two-body nuclear forces are, to a good approximation,
dominated by =, 0, 7, p, ®, ¢ exchange.

Although a reasonable fit to the 381 phase shift will guarantee
the occurrence of the deuteron pole, it is rather encouraging that
our calculation yields a binding energy within 10 MeV of the physical
deuteron in spite of the fact that the potentials due to an indi-
vidual meson is typically several hundred MeV in strength.
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From a pragmatic stand point, the question of whether a particle
is composite can be answered by an S-matrix calculation using our
knowledge of the strong interaction at any given stage. If the cal-
culated S-matrix agrees with the scattering data to the expected ac-
curacy and contains a pole with the proper mass and the proper sign
¢f the residne, then *his poie zorr~spend:. T~ o .omposite particle.

A physical particle must be found with the same quantum numbers and
approximately the same mass and coupling constant, otherwise, the

fit to the scattering data would have to be invalidated. In the case
of the deuteron, experience has strongly supportad the composite par-
ticle interpretation and we have only added oue more claim along that
line, Presumably, nuclei with baryon number greater than two are also
composite in the same sense, The more interesting gquestions concern
particles of baryon number one and zero.

For the baryon number one, many authors 12 have contributed
works showing that the baryons and the baryon resonances are composite
particles coﬁsisting of mesons and baryons. However, the knowledge
of the forces, the S-matrix method, and the scattering data are all
less reliable than those in the NN problem. Nevertheless, from the
point of view discussed above, it is fair to say that the accumulated
evidence is in favor of all baryon and baryon resonances belng
composite.

When one examines particles with baryon number zero (mesons),
the question of compositeness is still more dubious. The most fre-
guently discussed problem is that of the p-:meson.13 In all of the
works without the NN channel, a very short range force of phenomeno-

logical nature either in the form of a cutoff or in the form of a
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distant unphysical singularity has to be included in order to pro-
duce the physical p-meson as a composite particle. On the other
hand, our present work shows that the NN channel alone is capable
of producing a bound particle in the I = 1, triplet J = 1 state
without vsing a A tan. cutff. I'ne dact that the same nuclear
forces used in the NN'problem does produce the bound state in the
NN system can be taken to be a strong evidence that this composite
state is associated with a physical particle. Due to the ommission
of the low lying =, KK channels, it is tc be expected that the
bound state we produced is substantially wore massive than the
physical p-meson. It seems rather likely that the combination of
these meson channels together with the NN system can yield a fairly
reglistic picture of the p-meson.

For the w and ¢ mesons, we have also found a bound state
in the NN system having the proper quantum numbers. Again, the in-
clusion of meson channels such as KK will lower the mass of the
bound state. However, it i1s very unlikely that the meson channels
will produce an additional composite particle to account for the
physically distinct @ and ¢ . Since the physical « and ¢ are
commonly believed to be mixtures of a singlet and an octet in the
SU3 scheme, one should naturally take strangeness into considera-
tion. As onhe can eagily see, the baryon-antibaryon system can
couple to the singlet as well as the octet states. Generally speak-
ing, the potentials in the singlet state tend to add coherently and
is therefore stronger than those in the octet. On the other hand,

the existence of the bound state with the quantum number of the p
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indicates that the potential in the octet is already strong and at-

tractive. Hence one might find that the addition of the AR, £Z

bt
-
—

I

and channels will yeild two bound states of I =0 and J =1
with the singlet particle more tightly bound thar the octet. Further
addition of the twe iseudescal_r chonnel w1 then lower the mass of
the octet particle Without affecting the singlet since the latter is
forbidden by Bose statistics. Of course, the foregoing arguments are
speculative and can be substantiated only by calculations. Neverthe-
less, this seems to constitute a feasible cdynamical model of the w-p
mixing.

For the singlet J = O systems, our result for the mass of the
I = 1 bound state is approximately a factor of 10 heavier than the
rion mass. Clearly the NN system is not the dominant channel in
making the physical pion. Among the available meson channels, the
totally symmetric three pion system seems to be the most likely candi-
date to produce a low lying bound state.?® Tt would be of some
interest to combine the NN channel with the three rion system and
ihvestigate the migration of the bound state pole. In particular,
one can observe whether there is one or more composite particles in
the combined system.

As we have shown in the previocus section, the bound state in
the T = 0, J = O amplitude is considerably more tightly bound than
all of the others. It is also the only bound state that is sensitive
to the cutoff parameter. The square of the mass varies from 71 mi
at 600 MeV cutoff to the unphysical value of =75 mi at 800 MeV

cutoff, Although these results undoubtedly indicate the inadequacy
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of the present S-matrix calculation, nevertheless, they also show
that the attractive force in this state is clearly stronger than that
in the other states. There seems to be no compelling reason to be-
lieve that other channels will be important in & realistic calcula-
tion of the n-r=son. Am-wmg +he meson chsriels, the lowest lying
ones are the KK' channel and the uncorrelated four pion channel.

It is not surprising‘that the NN channel is indeed the dominant one.

For the 3

F, amplitude, the correspondence of the NN bound state
to any physical particle is somewhat dubicus because of the lack of
clear cut experimental evidence for an I = 0, J = 0, P = + particle
Theoretically, it will be of some interest to examine the behavior
of this bound state under the coupling to the =nx channel, particu-
larly in regard to the question of whether there should be a threshold
enhancement or an actual peak in the =nw cross section.

Finally, among the other P-wave states, we find that the

3

strongest attraction appears in the I = 1, Pl amplitude. Although
no resonance is found, the phase shift is sufficiently large (~ 40°)
that a resonance can easily be produced when an additional attractive

channel is turned on. This might be a relevant consideration in &

dynamical model of the B-meson.™>
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APPENDIX

We now present explicit formulas for the contribution of each type

of meson exchange to the amplitudes hJ, h h and hJ .

75 851,50 Brer,s

These contributions are denoted bJ bJJ, ”J«lﬁJ’ bJ+13J

are the results of performing the appropriate angular projection oper~

and bJ and

ations on the o@'s as given in Section III. Fach meson exchange term
is to be multiplied by the isotopic spin crossing matrix. For the

t-channel contribution,

- 1 3\ .
Iy = © 5 -5 \/[fn =0
_./7\1 1 _
Iy =1 5 3/ \Ip =1

where Im is the I-spin of the meson and INN ig the I~spin state
of the NN. The u-channel contribution gives rise to a factor of two
for all nonvanishing partial wave amplitudes. This is included in

the expressions below.
A. PSEUDO SCALAR EXCHANGE

The contribution of mn-exchange and n-exchange has the following

form:

J T+l
2J+1 f5-1 (Z )-8 () +(2J+l) S (Zp)}

gg { J+l) ) ( J (
b = —= { = z /0 T [p—
I o (2J+l J-1 "y ) <2J+l) ge1 )}
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J¥L,T ~

1
I-L,J  op \ 2g41

L
R
&
+
'—I

Ay (2)) - 95 (2)

0y (2) - 4, (2)

m
v
-
[
—~
Cy
+
g
—

-

1%

] \’ Oy (Bp) + 285 (2) - Qg (Zp)>

where g_ is the pseudoscalar coupling constant, the Q's are
P

Legendre functions of the second ¥ind and

7 =1+ £
>

2
o

2p2

pp being the mass of the exchanged meson.

B. SCALAR MESON EXCHANGE

The scalar meson exchange contribution, i.e., the o-meson, is as

follows:

gi J 2 2 2
o = (mp2> [-<2J+l> p2q, (2,) + (0 + 20®) Q (2)

J+1 .
\oa pe5,, (2.)

o

g
b, = ——S>[-<J—+—L p2Q. . (2) + (P + 2n®) Q. (Z))
JJ < 2mp2 oF+1 J-1 8 J S

3 . ]
-<2J+l> o ()
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2 1
b1, <;§2> T { [(2J2 + 27 +1)(p% + 2n®) + ’+J'(J+l)mE]QJ_l ()

+ 23(3+1)(p? + 2n® - 2uE) Qriq (ZS) - (27+1)% p® Qs (zs)}

> 2
g
— ____s__ g 2 2 _ _ =)
Dre1,5” — <2J+l) { 27(3+1) (p® + 20® - 2mE) Q; ; (2.) - (20+1)% ™. (Z)

+ k2J2 + 23 + 1)(p2 + 2n®) + LI(I+1) mE} Qi1 (ZS)§

2
. s \/E_(TT:l_)— - p° - 20 + 2uwE QJl(Z)-QJl(Z)
omp?  (27+1)3 -0 oo
2
u
Siale

is the scalar meson coupling constant and Zs P
ep

where gs
e is the mass of the scalar meson.
¢. VECTOR MESON EXCHANGE
We will first present the results for the vector meson-nucleon
p, ® and ¢ exchange.

charge coupling, which is applicable to the

This contribution is

_ € 2 2
bJ—--——-—-2 (2p +m)QJ (zv)
mp
c 1 2. (z.) + (p%+®) Q.(z.) v (z)
b = o — jS) Z + (p©+m Z + P
JJ p? aT+1 J-1'Y% T\ (23+1) J+1\ v



2 2

g 1 [

e 2 2 2 2
b = o (J+1)° p= + (275 + 2J+1)m" + 2J(J+l)mEJ Q. -(2)
J-LJ pp? f2ga : S

+

(65% + 55 + 1) P (2. ) +3(3+1)(p® + 20° - 2mE) Qp, (Z)) }

‘ g 1
b = - =
J+1,J mp2 oT+1

{ 3(3+1)(2n® + p*- 2mE)a, ,(2) + (6% 77 + 2)p°Q(Z)

+ [J2p2 + (272 + 23+1) m® + 23(a+1) mE} Q1 (ZV) }
2 JI(a+1)

sz_ge " { [ (3+1) p® - m® + mE]QJ 1 (2,) + (23+1) »® q; (Z))
mp®  (2J+1)2 -V v

+ (~Jp% + n® - mE) Qpp (Zv)}

where g: is the vector meson charge coupling and in these equations

2
as well as in the following Z_=1 + TZ— , where m_ 1is the mass
v 2p2 v
of the vector meson.
For the p-meson the existence of an anomalous magnetic moment
type coupling gives rise to two additional contributions, one in which

both verticesare pure magnetic coupling and a mixed coupling resulting

from charge coupling at one vertex and magnetic at the other. The
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pure magnetic coupling terms are

g2 J(3-1) . J
Py~ o [(2J+l)(2J-l) P (Z) 4 2J+1

(2p% + ®) Qs ; (2.)

[ 2
_ | ] (532 + 57 - k) p2 + (27 1){27+3) mz} % (2,)
(25-1)(23+3) | ‘ ’

2J+1 (20+1)(23+3)

g (g+1)(s-1) @) 23+3 o . |
= 2Q 7, 2, -
bJJ . (23+1)(27-1) PRy \op) ¥ (2J+1) b (2J+l) Q’J—l(Zv)

(102 + 107 - 9 - ( 2J-l) . 2 .
- p° Q. (2 )+ - - n®| Q. .(Z )
| (23-1) (23+3) IV 2T+l (2J+l) JrLTY

[ J(J+2)
+ __________)] p2 QJ+2 (ZV.)}

{(2J+1)(2J+3

2J+2 J2 + 37 + 2
+ ( ) (p® + 2m®) Qryq (Zv) + [ ]pz Q.. (Zv)

g

2 J-1

1
XQr, (2)+ = [- (552 + 57 + 3)p% + LJm® + 4I(J+1) mEJ Q;_,(2,)
1
) [ ] [(' 2037 - 300% + 77 + 9) p°
(23-1)(23+3)
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+ (B33 + UJ2 - 63 + 6) m® + LI(J+1) uE J Q (zv)

+( t ) [_ (472 + 37 - 1) p® + WI(J+1) n® - LLJ(J+l)mEJ QJ+1(ZV)
2J+1

[2J(J+1\(J+9)

2 2 - I
- 1pZ 4+ 2T - 2m) Q {v, )
(2J+l)(2J+3)] SA }

b

&2 1 { [2J(J—l)(J+l)

- B (p2 + 2n° - 2mE) Q, , (Z_)
I+L,d w? (25+1) (2J+1)(2J—l)} s : J-2 v

v

- ( i ) l:(uJ +5) p° - W(J+1) m® + B(J+1) mE:] Q¢ (z.)
2J+1

1
- —-—-—-————-] [‘-20J3—30J2+7J+8)p2 + 2(uJ3+10J2+5J-4)mg-uJ(J+1)mE]QJ(Zv)
(23-1)(23+3)

- ( . ) [(MJZ + 37 + 2) p° - 4(J+1)% m® - LI(J+1) mEi]QJ+l (zv)
2J+1

(23+1)(27+3)

J+2
- { ][(EJ‘? + 2J+1)(p% + 2m®) + WI(J+1) mE} Qo (Zv)}

;& (W))“ 7-1

b =
L (23+1) (27+1)(27-1)

)

] (p% + 2u® - 2uB) Q; , (7,

1
+ (3p° + Wn® + 2mE) Q (z.)
(2J+l) J-L v
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[pa - 2(832 + 83-7) m® - &nE} [-31:2 + 4(J+1)m® - 2mE]
a (z,) + Py Qr,q (Z,)

+

(23+3)(25-1)

T (P -zfaeom)a, (3)
- - -+
¥ (23+1)(23+3) F Yo )

wiere %i is the mag-etic typF courling :on:ten. of *le vector meson.

The mixed charge and magnetic coupling gives

J
.- €8 [( ) Q3 (Zv) - Q; (Zv) + (_gij:) Qyy (Zv>

m 2J+1 2J+1

o'
1l

—

€efn J+1 J :
e
b, {'(QM) 650 () 8 (2 - () )|
€e8n [ E
e
b = e L%+ 27 + 1+ W(I+L) = | Q (z.)
J-l,J m(2J+l)2 { m] J=-1 v

- (20+1)(h3+1) @ (2,) + 43(3+1) (- 2) Qguy (zv)}

o= 5 i) - By e, (3) - (251)(a43) o (3)
J+1,3 T n(23+1)2 | - Tm/ YT-l MY T v

+ [1&]'2 + 6J + 3 + M(J+l)(§-)] Qriq (Zv)}

m

g VI(J+1)
I Eh [(2J+1)2 ]MEJ ~1+2 (g)} Qs (8) - 2(2341) Q5 (Z)

+ [23‘ + 3 -2 (g)] Qg (zv) }
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TABLE I

Comparison of Theoretical and Experimental Nuclear Bar Phase Shifts in Degrees

Cutoff Lab. Kinetic Energy in MeV
MeV 25 50 95 1h2 210 310
Exp. --—- |50.2 % L i37.7% .6]l25.1 %2.416.6=% .7|5.1% .6/-6.9% 1.6
600 52.0 4z.0 20,6 17.4 3.6 -15.1
1g,, |Theor . 700 47.8 59.2 20.9 16.6 3.8 -13.2
’ 800 b5.1 37.3 25.9 16.1 b1 -11.5
BExp. -——- 5.6 % 12,0 8] 12.8 *1.9/6.3 % .6 {-.T % .6/-11.3 £ 1.7
600 9.0 12.6 12.0 7.9 -0.1 -12.8
BPO Theor.| 700 8.6 12.0 11.2 7.0 -0.6 -12.9
800 8.7 12.1 11.3 7.4 0.0 -11.6
PP
Exp. e- =35 % 4| 8.0 % .3] -13.0 £ 5|-17.1 £.4]|-216+.6/-28.5 £ 1.3
3 600 -L.8 -7.8 -11.4 -1k, 4 -18.4 -24.8
Py Itheor. | 700 k.9 8.2 S12.2 2154 | -19.9 -26.5
800 -5.0 -8.2 -12.3 -15.7 -20.2 -26.7
Exp. -—— |2.0% .2 |6.1% .2 |10.6 % .5 |13.7 £ .2{15.9 £.3|16.4 ¢ .77?
3 600 2.4 5.8 11.3 15.4 18.7 20.2
P2 ITheor. 700 2.0 4.9 9.6 13.0 15.9 17k
800 1.9 4.5 8.6 11.7 1k 15.2
Exp. -——— 7875, 60.8% 2.7| 4h.5 = 1.7/29.6 £ .9l17.682.4{ -1.0 £ 5.2
np 3 600 95.7 76.4 56 .4 k2.0 25.9 5.8
1|Theor.| 700 5 .k 76 .4 56.4 42 .3 26.3 7.0
800 95.2 76.27 56.4 ho .2 26.7 8.1




TABLE IT

Masses (in pion units) and coupling constants of the effective o-meson
and coupling constants of octet vector meson obtained by fitting nucleon-

nucleon scattering phase shifts.

Cutoff 600 MeV 700 MeV 800 MeV
g§ 5.15 4.3¢c .13
m 3.90 3.95 3.85
gj 1.36 1.4y 1.41

TABLE IIT

Square of the masses of the nucleon-antinucleon bound states (in pion

units) having the quantum numbers of N, W, W, P and o .

: Cutoff
\\\\\\\\\\\\\\\ 600 MeV 700 MeV 800 MeV
Bound States
I=0, 5, 71 - 10 -7
I=1,s, 171 171.6 172.8
I=0, 78, 172.8 173 173.4
I=1, 381 155.3 150 146.4
I=0, 3PO 172.3 169.9 168.0
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