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NUCLEAR FORCES FROM PSEUDOSCALAR MESON THEORY
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July 1, 1952
ABSTRACT”

_Radiative corrections are calculated for the interaction
of two nucleons through pseudoscalar coupled mesons. After
renormalization these are veryilarge for the usual magnitude of
" coupling constant but do not change the raﬁge of the potential
_or-its shape‘at large distances.

The tensér ﬁart of the nuclear force is relatively
insensitive to these corrections, For the self action terms the
‘relevant expénsion parameter in the perturbation tfxeory is g.z/b, 1
with none of the factors of /AZ/ZM which result when such terms

are neglected.,
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Iﬁtroduction

,&Théwtormg lnwthe:perturbation_expansion-of}theus-matrix
describiné the interaction of two nucleons throﬁgh,almeson fleld“,
.are of two types:

(a) In the Feynman diagrams representing the,procoss phe
only meoonsvpresenﬁ are those which are éxchangod betweon the two
nucleong,ovizf, gféphé_(l);‘(ﬁ);v(B); and .(7) of Fig, 1.

_ J(b) lhe graphs'includo:radiative correcoions whlch involve
elther closed nucleon loops or meson llnes which begln and end on
the same nucleon llne, v1z., (2), (3) (habc), and (6) of Flg. l.
These lead to dlvergences whlch must be handled by the staﬂdazd |
renormallzatlon procedures.i-

The pseudosoalar meson theor} w1th pgeudoscalar coupling
requires a large coupling constant; Z/AZﬂﬁb is usually taken
between L and AO ltlhéé Beénfpoiﬁted'outlsz that even for a
coupllng constant as large as lO terms of type (a) whould CU“'“Toeo-

35k

After a canonical transformatlon charge symmetrlc

pseudoscalar coupling becomes
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quﬁ-o‘/-a'aﬁx; 7Ii¢i+'%1:¢ fl%'(gzﬁ)¢
) | o ,
- 250_}‘_ ¢ :5%;; Ti ¢i] c.ozL’}.
| (1)
¢2 = :E; ¢ 77; 'is the nucleon isotopic spin operator and

M is the nucleon mass,

The first term of (1) gives rise to the interactionvrepresented

in graph (1) of Fig. 1:

oo o- (LY (aw 7‘1)%2)6";3'70‘2)&7 (’ur>

(2)

The second term yields the major part of the potential repfé—

L

sented by graphs (4) and (5) of Fig. 1. According to Lepore it 1is

o
Vh’,:j'—cﬁ-z-)z(ﬁ) 34 \ x, 2ad

LY o A :
Mipur
b e (3)

A contact term has been.omitted, Graph (L) is a1reducible Feynman
diagram; it contains higher order corrections to the g2 potehtial

and thé contribution to tﬁé scattefing from the seéonﬂ Born abpfoximation
of the potentiall V2 from grapﬁ (1);‘ The latter is automatically
inCluded when V2 is put into the Schroedinger equation and should

not be included in Vh° However it is easily shown that for

r zuﬁ//u,c the iteration of V, in the Born approximation is

2
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N(/u/M)_z Ve 1.Eor_,sufficient‘1fy_1_a_x;ge" r it therg:j_ore e‘hou‘]:c_l‘rlpt‘ be
necessary to make use of the Bethe-Salpeter5 equation to extract the
contrlbutlon to the potentlal from graph (A) Slmllarly the effect of
succe531ve 1nteractlons of the potentlals from graphs (1) and (3) is

f\J€/4/M) smaller than the’scatterlng represented in the reducible
graph (4c) if the effect of the various potentials is restrlcted to
r >-‘ﬁ/%/ic For the low energy'properties of the nuclear force a
good approximation is obtained for the contributions of graphs (l) - (6)
merely by taking for the potential the Fourier Transform of the S--m,_atrlx°

This is not true for graph (7) but it has a negligible effect unless
F s AMes | | . o

- Radiative Corrections

IA

The g~ radiative corrections to (2) (graphs (2) and (3) of
6 7

Fig. 1))’ have been shown to be 'small next to the. (a) type .terms of

graphs.(h)tandt(S) of Fig. 1. As 1ong‘as the transfer of momentum is

small the matrix element for the nucleon line;_p1 - pé may be writt,en6

; o 1 o :
' oliN L2y N2 M2
<p2 ; s pl> ( 577’)51;77 ‘Qn 1+ 4 x;{% %) dx+0(§)
v : (4)
2‘: Eéhiflzglqlo "

.This. matrlx element is of. order - o oo
L ><g)~c (-g__)(/‘) 5.
277’ Tf Xt 57 2
since we are concerned only with the low energY’properties of‘the
nueleartforce for large r. The insertion of a closed nucleon loop

into a meson line of momentum ¢ multiplies the meson propagation.
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function by minus the bracket in (4). Its contribution is therefore
small.

| | The expre351on (h) is correct only if P} and p2 refer to
.free nucleons, If <:P2 l does not refer to a free nucleon state

- one mnst add to (4).

(p l(pz-M) A7 ,p1> | )
where | | | | o
‘ ) 1 . l-s5
S _ . |
ANM-1(g) \d dt <t-l)M-s
Yow ) ~

(- t)M-l-(l-t)sp q-'{glgg

o
o

)

For radiative correctiéns to higher order meson exchange
diagrams the expression (5) is large. For example in graph (A4c)

of Fig. 1, if 52 is small,

<p; |- Q’zl ¥s(Ra = 2 mflzéz l“fs(-?")_,-l

(7

and (p2 - M) of (5) becomes -2M instead of zero. - In addition
D :

there exist important radiative'éorreétiéns'from'diagrams which

can not be descrlbed as an iteration of lower order processess,

viz., Fig. 1 graph (ha)
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Let El and ,ng be the Lf-momentum for the two mesens
which aré‘exchanged in graph (4); ol and P, are the momenta of
one of the nucleons of graph (h) and (5) before and after the

exchange of the meson palr.‘

) The matrix element for this nucleon line is

-1dp | 7 LGmth-" %7 |y  ®

2 . E : : ’
| ij,»:"-l ; £§M|p1>

For theee“ mesonsiwhich'eonpripute to the lew energy properties of
-the puqlear:force at large distances. k; is small next to
P~ KZ M andt(8) becomes

Gl BTNy - @
With this epprexiﬁaéion £he sum of the matrix elements from graphs
(4) and (5), Fig. lﬁgives.just the nuclear fofee whieh arises from
épe‘eecond ter@ of_(l) alene, i.e., Vh. of (3). In computing the
petential to terﬁs‘in gh the error‘introduced by neglecting ‘k&'
iﬂjtﬁevnucleon line 1is equivalent»ﬁe the neglect of a fepulsive

: 2
term in the potential

..(5_2_,)2&(_&)_{;"'_1“_“:); o M (10)

which is /L¢EM smaller than the dominant attractive term.
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The correction to the nuclear force from Fig. 1, graph (4a)

is finite. The matrix element for the nucleon line corresponding

to (8) is

S R S |
I ACEYD |P1>-
(11)
Since the sum of graphs (4) and (5) yields a charge
Eh and ,BQ do not refer to free

nuéleons, the sum of graph (4a) and the éﬁalogouS'(5é) is also

independent, interaction even if

charge indepéndenta' The sum on m ‘gives a factor three, 'The

integration in (11) can befperformed in a straight forward manner
using the péfaﬁegric represéﬁtatibn of Feynmaﬁztovgive-zi
Lt

Pt k + 39J=-.2M

1 1=t
4 g<pl| Sdt Codx dy
8% O A

Wp, 4 k - @4MQ |
wl | oAl ~|p
| 2 | 2>

A

(12)

0t

tptthryp+ Q-t-x-vp

1 &34

2 2 2

B |
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For sﬁall"'ki',zéndﬁne lectlnz )bb xt to M, (12 } ‘becomes

Wng,, p2| 73 A ,1’> . (13)

N4 Y 4

. Comparing (13) and (9) and taking into account that the radiative
correction contained in graph (La) must be applied to both nucleon

lines, we have

a 2
Vg ~(=3)g )V
AR . 7.
7w oAr
The sixth order potential from graph (4a) is repulsive and has the
same range as. the fourth order terms from graphs (4) and (5). No

factors of '/LVM enter into the ratlo ‘V6 to Vh .

i The radiative correction from (4b) is

~1 -1
(38°%) <p2| b Tyt W etk mk-W
L | 1 | ::2 - 2,;1 , '
CF Gty oM ¥ Tk - /{°1|>-
(15)

which is finite after charge and nucleon mass renormalizaticn.

For small . kl . the renormalized.matrix element is

35/(:57)@ |*( 73<p,l+51 R %}[“7‘“ *1‘“'2],

(16)
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Terms in ('/u'/M) An( /a/M). have been omitted. Comparing (16) and
(8) the contribution of graph (4b) applied to both nucleon lines

gives
b 2
vV, ~ (-3 (g )V, . - (17)
N |

The contribution of the vertex term of graph (he) is.

; | S -1
+g <pzl a \((p —k—M) 5‘7;(p1+k1"k'M)

(

TR YA -/fz)' |».7-

- (18)
For emall }31 and ,l\cq Eq (18), by virtue of (5) afxd (6); becomes
| ( 2 ) (19)

& |7 7'i|p1>‘§7, "

Multiplying by four for the four vertices and comparing with (9)
) °) (20)

v 2 v . 20
AT L T

The replacement of one of the meson lines: in graphs (4) or (5)
by graph (2) glves an 1nteractlon proportlonal to (/IA/ZM) (g /AI/)V

Therefore radlatlve correctlons glve a potential

V, - r(g_z_)v . (21)
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Even for gz/h7T'/\/l this correction is large. In fact since the
radiative correction gives a repu131on, the usual fourth order
perturbation calculations overestlmate the nuclear force and a larger
.coupllnggconstant would be needed so that the perturbation calculatlon
would beveven less sensible.

V6 has also been estinated fron-the Bethe-Salpeter equation,-
For large r the effectlve non—relativ1st1c 31xth order potentlal

agrees with (21)

Conclusion.. o . . ‘ .

A small coupling constant (g /AW/L< 1) for pseudoscalar
coupling is in violent dlsagreement with experlment For a large

coupling radlatlve correctlons from the self fleld of the nucleon, as i
given in qu”(zl)vs,are big enough to invalidate the perturbation theory
:Lexpansion\evenrfor;wg?/uﬂ“;g'l glz. For r Aﬂﬁé/bc; the effect of these
corrections ‘is.to multiply:'VAf by some unknown constant while leaving

Vé unchanged. This is equivalent to redefining the coefficient of the
second term of (1) S0 that the effectlve Hamlltonlan for perturbation theory
calculations 1nvolv1ng mesons whose momentum is not large compared to

/-"C is 0 - o
H 2 a7 _&_7‘95 2 ¢ o (22)
y)g /‘ é:x .f 2M SP

wheretﬁf 1s an unknown function of g which.determlnes the'ratlo of
ordlnary to tensor force in the deuteron and the magnltude of low A
energy Zf— nucleon scatterlng., - “

Thls work was performed under the ausplces of the Atomlc Energy

Comm1s51on.
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»].. -2 | " (1 )(2./A )‘

A is the cutoff momentum.
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(Cont“) ' ST T

Assuming gz/AZV small and A ~ Mc,

i , ‘  . : 2 | ) v‘

o= L) MMY, X - @A,

| b

However, the pair interaction given in (1), whén taken by |

itself, does not lead to a renormalizable meson theory.

It is easy to show that thefe exist radiative corrections to
, . 2
(3) of the same range that involve (g /4#) +to any power -

but do not introduce factors of g#k/ZM).

The major part of the integrals represented in graphs (L4a, b, c)
are due to contributions when two ﬁucléon pairs éfe present'at
at the same time, If these are neglected (P. T. Matthews and
A. Salam, Phys. Rev. 86, 715 (1952)), the perturbation theory
gives a reasonably convergent description for g%ﬁhﬂ’ as

large as 10,
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FIGURE CAPTION

3 .

Figure 1 Representative Feynman diagrams for the two nucleon

interaction.



. MU 4112

Fige b §





