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MASS PERTURBATIONS IN A BETHE-SALPETER EQUATION MODEL QF THE NUCLEON
< thﬁ Harte
; Lawrenbé'RadiationvLaboratofy'_‘
University of California
' Berkeley, California

' January_lS; 1967‘

._ ABSTRACT
Abgodel of thé nucleon‘ﬁased'on_thé_Betheféalpéter eqﬁatién is

used fo investigﬁte the response of the binding eﬁergy to»émall péfturba—

tions. Comparisons wifh the prediétiohs of an N/D model‘are drawn,

and it is'shqwn that thé effecf of perturbations in the strong-interaction .

coupling eonsfant may bé better described with off-shell dynamics. In
‘this mode; neither the photon-exchange graph nor the feedback effect :
_;an‘explain the'neutfon-proth mésé differénce, but if N* exchangev
.provides the éftfaqtive forcé to bind the nucleon;rfhen radiative
: correct}oﬁs to the »N*Nﬁ 'vértex ma& gﬁplain the sigﬁ'qf my = By
© Bvidence is given for the preddminahce of pseﬁdovector réther than

pseudoscalar «llN coupling.
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'in the, pest few years, much efforu has been made to: obtaln
1ns1ght into the behav1or of stroncly 1nteract1ng composite systems
wh1ch are subgect to a perturbatlon For example, on-sbell N/D
fdynamlcs haS'been used to calculate mass citljf‘f‘erences:L when a symmetry'
is broken, and to probe the dynamlcal origlns of octet enhancement
However, ev1dence3 of pos51ble 1nadeouac1es in the customary N/D
anproximations'has, in part, motlvated.con51derable interest lately
in offfshell dynemicai models.u' We diecuss_nere a‘bound—state mociel5
rinlwhich the nucleon is asSumed'to be déscribed_by a BetheeSalpeter
:wave function, and.aoply‘the model to a calculation of the neutfon-
proton mass difference. We’are'interestedfnot only in underétanding
this mass difference, but also in hlghllghtlng certaln dlsparltles
" between perturbatlon calculatlons in N/D and Bethe- Salpeter'
dynamics. Lacking any detailed understandlng of the nature of the
forces that might produce a composite nucleon, we try to emphasize
3 generel properties that ane independent of the details of the
interaction kernel. To simplify the model we consider the nucleon ‘
- as a pion-nucleon bound state, thus neglecting the other members .’
of'the baryon.octet end the decuplet in the constituent particle
"channel.‘ |
_The important conclusions of this paper are:
1. .The model strongly suggests that the pion-nucleon coupling is
predominantly pseudovector rather than pseudoscalar.

2. The dhoton-exchange gfaph betiween the x  and the proton in
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the neutron state makes £he neutrbn'liéhﬁer;fhan fﬁé'pfoton in
v contrast to the aﬁﬁafehtly replusiv¢ éfféct calcuiatéd'iﬁ,an N/D
moclei.l | o |
B.V_Tﬁe ”feedbéck mechanismf;é‘undéf qﬁite general conditions,
.cahﬁoﬁ yield a signifor the n}-vﬁ vmass différenc¢ which is opbosité
to thaﬁ obtainedvf?om'the driving.terﬁgg  This:re§ult does not
‘contain £ﬁe émbiguity.associatedeith‘unknoﬁﬁ renormalization constants
ithat one fiﬁds:in feédback models with elémentéry nucleéns;
4.'-The'radiative cérrectiéns'tqvthe _N*Nn coupling provide a
. plausible mechaniéi to explain the sign of the >n - p mass difference
‘ ifn N* _exchange is assumed to érbvidé the predominant éontribution to
thé interacfibn kernel. This is in coﬁtrast to the neéligible'effecﬁ
of thé‘coupling—constant.renofmélizatiOns in tﬁé N/D' model..’
| Beforé proceéding with the details.of this model, we mention
;several wayé in whiéh our treatment of the nucleon compares favorably
with other.modeis. vFifst, the uSé of an off-shell Bethe-~Salpeter
 descrip£ion of the»bound state eliminates the %nfrared divergence
difficulty in the phbton—exehange correction to thevbinding energy
which apparently piagues ﬁhe N/b m.odél.7 A second advantageous
feature.of our médel is fhat‘it tréafs ihe relativistic effects due
to the pion ﬁotioh and iﬂ additioﬁ includes some damping pfovided by
nuclebn'fecbil. This.latter effect reﬁders our results less sensitivé
to the unknown'high—momentum behavior of tﬁe 5Qundfstate wave function
than would be the case iﬁ a sfatic ﬁodel.. |
- Lastly our model differs significantiy‘from an N/D model in

the following way. Let us agssume that the exchange of some pafticle




-left-hand cut by a pole, then the s1gn of the shift in the blndlng
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| prov1dee the domlnant fcrce in a bound statevcalculatlon Then we

“can 1nqu1re as to the elfect on t he blndlng energy if thevccunllng
ld-piconstant of that exchanged partwcle 1s perturbcd N/D‘vdynamlcs

fprov1dee a strangelanswer to thls questlon In particular, if we

.con51der the nucleon bound state in the N - 1 channel and assume

flrst only the N exchange force with the usual replacement of the

energy depends cruc1ally on whether that pole is placed to the left
or rlght of the bound-state pole 8 Indeed in the statlc model
the dlscontlnuity across the cut collanses to a  d-function ‘at the
bound-state energy, and the shift in the binding energy vanishes

identically‘for arbitrary shifts in the coupling constant. This is

‘becadse.the shift in the binding energy is related to an integral
of the prodnct of the discontinuity in the perturbed Born amplitude

~times the sduare of the D function, and the latter vanishes identically

ap the bound-state energy. This aspect of _N/D calculations results,

we believe, is an underestimation of the magnitude of the effect of

coupling-constant perturbations on bound-state energies as well as an

amblgulty in the sign of this effect

We shall see that this spurious, or at best ambiguous, feature

=

is ncﬁ present in our model, but that the response of the binding

energy to chenges in' the coupiing constant of the exchanged particle

is determined by off-shell effects. .In particular, we shall show that

the intuitively expected decrease in the”bound—state mass when the

attractive force is increased is obtained when the effective coupling



UCRL-17329
of the.bdund state nucleon into the constituent x - nucleon channel
is predominantlyvpseudbvector rathér'thaﬁ'pseudoscalar. In addition,
in éontrast to the situvation described above in an N/b. model, wve
. find that. the electromagnetic corrections to the coupling constant

of the particle exchanged in the u channel can give a significant

contribution to the n - p mass difference.

<
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. II. BETHE-SALPETER EQUATION: BOUND-STATE AND PERTURBATION FORMULAE
?This_éebtiqn céntains'a briefzreviéw of the.Bethe-Salpéter
_description of é bound state and'a_derivétion of a perturbation formula
by means of which we may calculate the electromagnetic shifts in the
| A s ' R : :
bound-state energy. We consider a g - nucleon system with incoming
. monmenta pl, p2 and outgoing mpmenta ql_,‘q'z.
It is convenient to introduce a center-of-momentum (c;m.)'

variable P and rélative momentum variables p and g, defined by

Pro=Pp*p = 9 a ._(2.1a)_
- and
. D, D Coa,-a, o
- Py7Pp 179 |
= —t = I - (2.1b
P 2 YT T - (2a0)

We will henceforth remain in the é,m.Asystemuand set. P =0 . The

four-point function, G, satisfies the Bethe-Salpeter equation9 .

6(p,p,a) = GO(P,p) 8(p - q) + GO(P,p)jdhk V(f’,p,k) ¢(P,k,q),
' ' | - (2.2)

“where

GO(P)I.))" = AF(P)P) SF(P;P) :7 ‘ " : - (2'5)

end V is‘the.interaction kernel. e
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, If the. Green s functlon conta;ns a bound~state pole at
P? = M32 R then it has been shown uhat the Grecn s function may be .
‘written in ‘the form9; ., I o '., ' | , T

¢(P,p,q) = i , é‘. —~ 2_.)-* + .R(P,p,qa) , .('2.‘1L)

B )

where R- may be neglectéd at P2 ='M32. Furthermbre, the Bethe- ,

Sélpeter wave function, X ,'satisfies the'homogeneous equation

X(P,p) = GO(P,p)f.d, k V(P,p,k) X(P,k) (2.5)
a:t P2 - MBQ-,- .
R Two additional_relations iﬁvdlving the wave function that

o

Cowill Be useful later are the normalization conditionlo

o [etes)
2iP . = d*p X(P,p Lo PP X(P,p
b f p_ V(P )iL BPH J ( )
| | (2.6)

| r | | |

ff dup duk X(P,p ) iM; X(P,k) - A -
i . L.9F, - '

and an_equatioﬁ relating the ﬁa&e function to the effective coupling

cohstaﬁt of the bound state into thé constitueht pértiéle channel. . ¢

This\coupling'constant is defined as the residue of the on-éhell

T-matrix élemenﬁ at,thé bound-sfate pole and can be related to X by

the integral ‘equation

T = V+VGV. N R O R
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It:can' ‘.be':}se‘éeﬁf ffom tl;le defn‘nitiéhg of X'.: as a tvime'-o.rdefed product
| ox f*he const:.tuent-*oar ulcle.fleld operators‘betveen the vacuum and the
bound state that the nucleon wave i‘u.nctlon t'r'ansforms llke ar spinor.

' “Ie wrlte

X ER) 5 R UER ., (28)

and use Eqs. (2.4), (2.5), and (2.7), and the relation between the T-matrix

‘elemenﬁ a.ndvt'he vertex function, Faé; to obﬁaih

: .2
Te = zi——)ﬂ Ta(Br2) (F - MB> o(P0)
y .-1-,' , R R
| _ A (?,p) H(P. p)]aﬁ U (P,p) )
p? —»MBQ ' -

T, ) mep) 57 (RR) g

If U is now taken to be a free-particle spinor for the boUnd—_state»

) nucleon., then we hé.ve_.

’ B _ ) R ’ . ’ _vl .

u(®) @) oe) = (F+mp) ()™, (2.20)
end we obtain.fhe result

r(?,p) =' ‘(zﬂ)g GO'_l(P,p) H(P{p‘)(sz)'% . ‘ .(2..11)
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. I we now go on.the'édnstifuént—particlé nass shell,'aésuming, for

'definiteness, pseudoscalar ‘sNN coupling, then we have T = FO = 75

and
’ !

<

. | . | 5 1 S - —1-‘ 3 |
875 = (21)™ 6, " (P,p) H(P,p) (24;) 2 ; . (2a2)
is.thévdesired relation between_the couﬁling chstaht, which is known
from experiment, and the Bethe-Salpeter wave function.

We next derive an expression for the change in the bound-state
mass in the presence of a small perturbation. To simplify notation | . i

we rewrite Eq. (2.5) in the condensed notation . i

6,70 X0) = V() X(Mﬁ) L | (2.13)

The variable Mﬁ .which appears here is to remind us that the equation i

~is only valid at 'Pg = MB2. Now iet us write another Bethe~-Salpeter

eQuation valid when a small perturbation is applied to the system

which results’in a bound staﬁe with mass M'B: - o . . ;
-1 ' _-‘.'v - _ [ '1 ' ' : ' ‘

G (M B) X' (M B) = vM B) X' (M B) . (2.14)

0

We first translate this equation to P° = MBQ by writing
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v ) ¢ g

o W (P%) ST
vzg’V’(ng):fﬁ ! (ME) -_ﬁﬁ;__ 5Mé PR
v'aﬁdr; . ST T

X’(MB) Tﬁ;“;;f’MBf’_; N R

Rl

. X'.(.M:'B)j_:;
l 'so.thatvK.'(é;ii)vbécomeé,'£d 10westjq£d¢r'in;£hé pértﬁrbation, _
(MB) X! (MB) + G <MB) ——WB_—— oMy + L X! (N_LB-) 3Mp

iy ey
= V'(MB) x: (MB) + S X' (M) By + V'<M'B) OM'B oMy

B N
o (2.16)

Heré,\ My = M'ﬁ \ MB[_.If e now define the perturbatlons in the
N e , .

guantities X, Vo and Gy by the equatlons | :
q
(

Go MB)

(MB)+6G (MB);

VOg) V(MB) ‘s V(MB)_.,] |

-and

N

o [iX'<MB>” “:X(MB) + 5X(MB)  2":" ., ‘(2.17)_

and substltute into Eq (2 16 we obtaln o
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S S RS: IS T VARUPTRRT. [N .
M : A . i ! { M.
o ) L , | (2.18)
L VBX ' v : '
VX»+VO T+ TIB 4 MB+ VX -+ ST _B
s e e e L 2 2
© Since all quantities in this equation are to be evaluated at P = MB
we have dropped the varieble M, . Now multiply on thé left of Eq.(2.18)
by X ‘and integréte over the relétive momentum, Equatlon(QZLB)and its
. adjoint allow the cancellatlon of the first three terms on the right
 @ and left, leav1ng! after a rearrangement, the equation
-1 . _ .
2 Do y% W] m - vew-%eotx. (2.19
g T ag s 7T o
,The comblnatlon of terms on the le t is exactly that which appears in

the normallzatlon equatlon (Eq. 2. 6) and we therefore may simplify

'eEq.(e.lg)to_the useful form

. _ - )
. = - . . oo
. 21 My oMy X S;GO X - X &V | (2.20)

The lowest order contribution to o Go-l is given by

o, Rt ae B
8C, " = m o+ —Q — By (2.21)
om out '

vhere m and 'u ‘are the masses of the constituent nucleon and pion.
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'.Thls term glves rise to the feeabeck effect,'lt relates the shlft

1n the bound staue mass to the shift 1n the conSuﬂtuent Dartlclﬁ-'

) masses. The second. term in Eq (2 20) can be decomposed in 51mllar

: féshion.‘ If the strong 1nteraction kerncl 18 glven by q:ngle

partlcle exchange then we wrlte

BV = =5 sx + ;;————- smexch + 8V (2.22)

exch

“where &V is a dr1v1ng term whlch mlll be the 51ngle photon ekchange
, graph in our model ‘mexch | is the mass of the exchanged particle and
N 1s the product of the couollng constants of the exchanged particle

 with the constituent»particles. A graphical summary of Egs. (2.21),

(2.22), for an interaction kernel consisting of single particle
2

" exchange in the u channel, is given in Fig. 1.
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vf'iiI; 'THE>NUCLEON WAVE’FUNCTION |
‘fﬂfhe problém réméins of finding a sﬁitable Bethe-Salpeter wave
 function. While théreAhaﬁe‘béen somé inﬁefésting attempts £o find . L &
approziméte SOlutioh§ to Eq. (2.5)? éésuming'a particular form for |
5 the_in£eraction kernel, we will‘notvfolioﬁ this apprdach here.
,instéad;"we shall fégnstructf.é wave function in a'manner'whicﬁ is
'iﬁdgpendent1of the deﬁaiied dyﬁamicé of the ﬁ‘- ﬁ systém, taking
as our gﬁidethe geﬁefai proﬁerties which a Bethé-Salpeter wave
function“should.sapiéfy. |

Let us first,ébnsider'the analytic structure of the wave
: fuﬁction. If the effective‘coupling constant, g, in Eq. (2.12) is
non-zero and finité,lthen X must haﬁe simplé poles when the constituent

O .

_particles'are on thelr mass shells. Thus we can write
- X(Bp) = Gy(Bp) F(Bp) UP) . o (3)
The function F(Iyp) nas the transformation properties of the vertex
function as can be seen from Egs. (2.8), (2:11). For pseudoscalar
coupling; we.expecﬁ:'
Flp) = cel®)rg | (3.2)

while. for pseudovector coupling we.would have
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“¢5 %13ffi‘3"
F(p)f_j = ¢ f'(p)__ /5 (g " 2{) | (‘3‘:3..)

Here,vic is a normalizatibh'coﬁstahtvto be determined'by Eq; (2.6)."

In order to proceed we make the.crucialiassumption that

flp) dﬁd ag(p){'have_no nearby singularities. That_is;iwe assume
' that the only singularities of the wave function, for small. values
“of the relative_mompﬁtum,,are'the poles at ﬁhe T méss‘and at the‘
" nucleon mass. This iS»eQuivalent:tcisaying that f£(p) and g(p)
-are approximately indepéndént of thé.fburtg component of the relative
‘momentum since any integral over the wave function [as in Eqs. (2.8) or
(2.20)] will be dominated by the low mass singularities-provided for
example by the x meéon pole. Tt can be shovn’ that the functions

f(p) and g(p) should ﬁé insensitive to the relative énergy of the

two 5ody system if retardation‘effects in the interaction kernel can be
igﬁdfed.  Re£érdétion may, in fact, be unimportant if the lowest mass
sihgularity in thé_interaction kernelvis at a sufficiently large
momehtum.comﬁared.to the binding energy. Therefore, if N and N*

exchange provide the nearestysingularity in the cross channel, then

‘the binding energy, which is equal to.the X mass, indeed satisfies

this condition and the approximation may be expected to be valid.
While these'arguments'are not figorous, they are plausiblé'and ve

shall accept their conclusion by setting f(p) and g(p) equal to

. functions of .only the relative three-momentun.
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Another condition we . can use tp;further restrict the form of

_the'wave function is the asymptotic behavior of the wave function.. It

has. been shown™> that a Bethe-Salpeter wave function must decrease.
,faster”than a certain power of the‘relative momentum as p = . -For
a =N bouhd'state, this requireé-that

7

Coxe<bl?2 G-
'for_.lﬁi'é od{ Heﬁce, fér'large -El’
1
g(») <[] © (3.9
and ' 3 - | |
to) <ol ® . . (5.6)

For smélliig\ Wé-expéct an asymptotic’form‘for J[X-Qéfpo) d Py
which is Chéracteristic of a Scﬁrbedinger bound Stafe wafe function.
This, invféct,;is_guaraﬁteed by the free propagators afbearing in
Eq. (3.1).- .

For f(p) and g(p) we shall use the forms

g(‘g) = P o+ A ) 3 Eoaw

o . . 2,2

. . 2 2,2 -p/A
_ } f(p) = (PT+A7) , eim

o

B

G.7)

&

-



;s are 1nappllcable and the model would be. unsupportable
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'_eontaining a_sdnvle ﬁafémetér,fA tliTnis parameter, as Weil as the'

lloverall-constant e, multlolylng the vave functwon, w111 be. determined

‘byvﬁqs (2. 6), (2 19) and the eyPerlmen t51 value of tne NN coupllnn
. faeonstant. Clear]y 1f A turns out to be too small, sa& of the order

of the ﬂ—mass, then the arguments given above to Justlfy the model.

To conclude thls sectlon we apnly Eq. (2.6) to the normalnza—
tion of the wave functlon and, together w1th Eq (2 12) to the
determlnatlon of the parameters A and ‘c . Consider, for definiteness,
the wave function corresponding to pure bsendoscalar ﬁNN' coupling
which is given by

o) - G2 BT

. (3.8)
[ - p)P- )G + 2)7- 40 .

vhere g(p) 1is'given by Eq. (3.7). In order to apply Eq. (2.6) we

| have to knOW'something about the interaction kernel because of the

second term which contains a derivative of V with respect to the
center of mass energy. If V ‘consis ts of nucleon exchange then this

term vanishes because the nucleon exchange kernel depends only on the

‘relative momentum.’ However, the N* exchange kernel does depend on

"the center of nass energy because of theyderivative N*Nﬂ interaction.

We may expect thls term to be small fortunately, as can be seen from
the fact that in the statlc model, the N propagator prOJecfs out
only the spatlal components of tne pion momentum. Thus the kernel |

depends only on the spatial components of the'center of mass energy,



whéreés>in apéiyinnlEqr:(é;6) ﬁe féke ohly‘the foﬁrfh compdﬁéht of

P . With :r.lon-'static kinerﬁatics we expect this term to bé'_ sma 1l ond -

',_aﬁ,estiméte‘gives‘a‘contfiﬁution vhich iéiapﬁfoximateiy. u/ﬁN* vﬁimes -
' the contribution of the first termvon the right in Eq;,(2.6). Wé

will therefore drop the.fermvdepenéing ég' g%—' »although a possible
large contribuﬁion resuiting frém morevcomﬁlicéted kerneis“cannb?‘_'

be ruled out.
From the fourth component of the first term in Eq. (2.6) we

obtain'® the normslization condition -
C N 2 o 2~' .2 n12
2[&"3 (p) (py” + 2 +mpy+3)
-c dp .
- P 2 2, /P 2 2
G+ )~ (G - p)7-n7]

. (5.9)

2im =
after performing some Dirac algebra. We have set Mé = m ‘because the
1bound state méss'is equal to the constituent nucleon mass in lowest

order. A second relation between A and c¢ is obtained from Fg. 2.12.

‘ We write‘
R L R CHLE
- | (3.10)
n) = _V-%——' lnx®) - Vfg lp «7)
and"hence.have i
o - (2x) (o2 n -12) (s

©

-



_wher'e
, . o : L )
g o= 1k.h, : - (3.12)

Calculated values for A and c ‘appear in Tableli‘for pseudoscalar

and pseudovector xlNN - coupling.
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V. ESEUDOVECTOR OR PSEUDOSCALAR 7NN COUPLING?

- In this and the f0110w1ng seCulon, ve 1nvest1gate the consequepces

of 0ur model. We have dlbcqued two forms for the wave function
corresbonding to pse . aoscalar and pseudovec;or n-nucleon coupllﬂg..
Strangely enough the model shafply distinguishes between thesevtwo
vpossibilities. We make the reasonable postulate that if the ﬁagnitude .

of the couplihg constant of an attractive forée is increased then the

mass of the bound state will decrease. Let us then compute the contribu-

tion to 'Bm ‘resulting from the first'term in Eq.(2.22): o

eitixbm = - 6\,Ud pa'y X'(P,p) [BV (2, p,0)] X(B,q) . (4.1)

We need not assume that the kernel consists of the single particle

exchange graph as A could be any overall constant multiplying the

kérnel. That is,we only assume

vy (1.2)
N N
and fheréféfe we have.
B r . ! .
2imdm = - §L\‘ ff dhp d.uc X(P;G) V(P:'D;Q.) X(P)Q.) (A-Z’)
/ J )

Using the Bethe-Salpeter wave function equation (Eq.(2.5)) we .can

eliminate the unknown quantity, V, in Eq. (4.3%).and ovtain

L]

-
a4
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i'ei-'m.an; - j . x ®2) 6 (02) X(B3) . )

' We have written thls equatlon for a one channel problem as this

131mp11ficatlon does not affect the valldlty of the argument The

multlchannel generallzation w111 be glven later when we compute the

© effect of the radiative corrections to the = N*Nr coupling constants
eon the nucleon masses. For psﬁedoscalar and pseuvdovector coupling

(24, (3.2) and (3.3)) we have
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and performing the pole integrels in'the D, plane we obtain the

results
| - 2 o,
pimen = + 2 2riiet Fan 20y [T+ WT)F - (p7 +m)")
A A 4m J NI
o - (k9)
and o
r : o
. . . i o, . , -
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(k.10)

For simplicity, we have dropped terms vhich are of order %ﬁl or

smeller for arbitrary p and which do not affect the argument. In
Faala)
the first of these expressions the right hand side is clearly positive

imaginary and the second it is clearly negative imaginary for arbitrary .

£(p) and g(p)

. Now, if A > 0 corresponds to the attractive case

then "3\ > 0 corresponds to a perturbation which makes the forcé more
attractive and it isvobvioué that the pseudovector wavéfuncﬁion, not
the pseudoscalar(wave function,'has thé desifed property'of yielding a
cdecrease in the méss of the bound state. We conclude that the wave

function must be predominantly pseudovector.

'Ry

b



e

let;

' UCRL-17%29

. ;21_ ‘,4
V. THE n - p MASS DIFFERENCE
.. To compufe‘thé effect -of the photon exﬁhange graph (Fig..lk)

on the binding energy of the neutron ve use Eq.f(2.20), (2.21) and’

=y

| -8.\7<P;P)Q). = 1e (%% Ll pe) . ) . .(5‘1)
- (en) " (a-p)

We are assuming édnstant nucleon and pion.fofm}factofs for simplicity
as the coﬁvergence of the integral is‘asSuréd by the high,momentum
behavior of fhe.ﬁave function. ‘For both pséudovector and pseudoscalar
coupling; the fésult is avnegative shift.iﬁ thé néufronvméss. The
numerical values are shown in Table 2.

“Next, we calculate the feedback effect given by Eg. 2.21.
Since the quantity mn.- mp_ transforms'liké ap isovéctor; qnly the mass
diffefenceé of the constituent nucleons can enter in the calculations.

From Egs.  (2.2C),(3.10) we have
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An and Aﬁ, are the contribu£idnsvffom the BV term and. m is the

nucleon mass in the absence of electromagentic effects. Solving for

m -m = ®m - Sm_, we obbain
n" T T T -
A - a o .
m_n -m = ._.Il....._fp.. o : ‘ S (5,)4.)
P legm

. Thus if the feedback effect is to change the. sign of the mass difference,

we must have

jf"]_r, i é‘-'6im . (5.5)

__“Now, in the étatic limit. II[ %‘2m as & consequence of the normaliza-
tion éondition on X . More generdlly, with pseudoscalar coupling we
obtain
, » o
. 2o, . 2 2 , m v
s f n &8 (pg-p +mpy+y )

I = ¢ {dap. . (5.6
o J [<_213_+ - “2][(5 _ P)e_ 2P

Comparing with Eq.(3.9), we see that
ozl <em . (5.7)

"with the nucleon recoil cofrection, and this is true for arbitrary
&(p).

- - | ' .l

A similer result holds for pseudovector coupling™ and the
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“Joumerlcal resths‘ere'shovﬁ in. Table 5 Note tnat the feedback 1ntegral

has the correct 81gn to cause a change vn tne SL%Q of mh'e mp it the‘a

’vinNN' coupllng is pseudoscalar, but not if it is pseudovector Ouf_ .
conclusion, at this pomnt is that nelther the photon exchange graph

‘nor the feedback mechanlsm can expTaln the n-- P ‘mass dlfference

.The remalnlng perturbatlons are the radlatlve correctlons to

’vthe strong binding potential shown in Flgs. lie, 1.3, We w1ll primarily

be interested in the effecf of the radiative corrections to the coﬁpling

~constant of the exchanged particle in a single particle exchange.

interaction kernel. In order to calculate this effect we first rewrite
(4.4) in a form éppropriate to a multichannel problem. We will use
Greek subscripts to denote the members of the bound state and constituent

nucleon multiplets, Latin subscripts to denote the x mesons and Greek

- superscripts to denote the members of the multiplet of exchanged

 particles in the u-channel. Then Eq. (2.5) can be written

_ S S :
GO, Xﬁai R 4’_ Val ,83 Xaaj T (5.8)
' 759,3

Using Eq. (2.12), We can-define'theAindex—free quantities X and V by

Foai = 8o % o _o;_ . ,_fee (5.9)
‘and
v? o= elv . (5.10)

0i,85 = 8uj ©a1

so. that Eq. (5.8) becomee
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By the same procedure;
C2imoem, = - 5(e..” g..7) &n . Burs XWX - (5.1
. B aj ol % Tpai TBdJ

Y0, 0,1,

1s the multichannel generalization of Eq;'_ (4.3). Using Eq. (5.11) we

obtain

2imdm. = - S) . ) .
=L B 7,04,%, 51 (gag €51 ) €1 €p;
2. e (e e e T)—IYG-J'X : - 6.3
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We adopt the convenient normalization for the éoupling constants :

T v e 212 ¥ 7o, 7 |
C e By Bagy = 1 o= A ey gy - .14

- Then, with a nucleoh exchange interaction kernel we have the result

2i m(amn - 8mp) = - —,2;—_ Jeg® 48P ) (5.15)

(] [o]
V3 o pTT
" where

J =f3<'(P,p) Gy (Bp) X(Pp) a'p . | | (5.19
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Since the g's are normalized to unity, the quantity X in this

‘expression. is given by Eq. (3.8). Ve note that the mass difference

is‘proporﬁionél to deviaﬁioﬁs from charge.sy@metry which are knowm
frdm ngclear physics to be quité émali; Ho?ever, thefevis reason té
believé that N exéhénge Shoﬁld'play a.mofe domiﬁant role than N
exchange-ih:the interaction‘kérﬁél éince the formef is.apﬁarently.
attracfive and the létter‘répUlsive in the nucleon staﬁe. Wifh- N*,

exchange, Bq. (5.13) leads to

21 m(dm - -~ Om = -J |0g ~-bg
n L L nw oo pﬁ+ '
*0 e |
+,'\f.']:.—‘_.5gN‘_ —_\[—%‘-‘ VSg-N_*_} . . (5-17)
3 . px V3 nx : - .

The numerical values of the intégral; J,_in Eq.. (5.16), are given in

_'Table L, We consider only the:case of pseudovector coﬁpling; : has

the opposite sign and appfoximately'thevsame magnitude as that given
in the table if we assume pseudoscalaf coupling and we have argued

above that this implies that the wave function must be predominantly -

- pseudovector,

Some experimental evidence éxists for isotopic spin symmetry

violations in N© ‘decays, and therefore we can attempt an estimate

of the quantity in’bragkets'in Eq.(5.17) by using the relation

._7 *2 13 2 2 2
- &y ol (M + my = w7
TNT-N 2

(5.18)




- UCRL-17329

. p6m
5. 0 .

and the experimental resuvlts ~ .

— = + v ) o
PN*_ PN*++ 25 T QBYMvV.
- = 7. i‘r '8V .‘. - . .o ' 5.
MN*',' MN-/<-++ 7 9 . 6 _ MeV S . . () 19)
. A : . T ~ ) .
. MN*Q, MN-*-.H .o N*O PN*++

.N*'_ éxchange can ohly confribﬁte_to the'interaction kernel.df the
proton whiié‘rN*+f exchange caﬁ:only.contributg to the neutron. The'
largér N*fl widfh impliéé a larger dpupliné»cbnstant and this results
in a more deéply bound protén._ WéAéssum¢ the,‘N*+ is nearly_'

. degenefaté'with the -N*O- and N*++‘ as SU6 givesithe‘relation

M -M = m -m and in any case the 7i=- in Eq. (5.17)

e N*f n D - V3

. + : e
suppresses, somewhat, the N*Q and N contributians. The errors in
the experlmental values of ‘BPN* = ?N*' - PN L. and GmN%
mN*_ -m *++' are strongly correlated so that, for examnle, the
smaller N mass difference should be considered with the smaller-
width difference. Taking Sy = 2 MeV, 6mN* =" 1.1 MeV we obtain

m - %m = 3. . . (5.20
bm - om, = 3.2 MeV. R )

and this ma.ss dlfference increases monotonlcally as 5FN* and _6mN+
.increase. TFor example, with SPN* = 25 NeV and BmN* = 7.9 MeV.

we obtain

b2
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Thus all the values of Sm —fémp calculated for'values of

BPN¥ and 5mN+ withnn the large experlmental errors have the correct

. sign but are cons1derably 1arger than the experlmental value

‘m“ -m = l 3 MeV However, 1t must be’ remembered that the nucleon

n P

"wave function will,'in;‘general;f represent a combination of pseudoa'
“vector and pseudoscalar couplings and the pseudoscalar part of the o

" wave function will lead to a contribution to m_ - o, ‘with the

opposite sign, thus diminishing the value calculated above. If the
predominant part of the wave function is pseudovector, we are aesured
of a positive contribution to moo- mp,Abut fhe,exact value depends

on' the relative pronortidns of the two terms in the wave function. Tn

.,vaddition, the photon exchange grauh gives a. negatlve contribution to

mo- mp of approx1mately l MeV. and the feedback effect must be
included which multlplles the final result by approx1mately H .
It is clear that a reliable calculatlon of m -'gp is 1mp0551ble

at this point. Our‘conclu51on is that the electromagnetic corrections

‘ * . 4 ) : [ »
to the N Nx coupling constant can give rise to sizeable shifts in

"~ the nucleon masseS'ahd this effect is in the direction of yielding a
‘positive value for m- mb. This is in contrast to the negligible

effect of these coupling constant perturbations calculated in an N/D

model.l



UCRL-173%29
7T. FURTHER DISCUSSION AND CONCLUSION

- We haVe>estima£ed the effect>of the N* maés differences in
. the w channel from Egs. (2.20;@2.22) and .find that these give.rise
vto ét most a‘;O% correction to the effécts calculated'previouSIy.
Thié 1s beéause‘the_differention wifh_respéct to the N* mass
brings down an-extra.factor of u/mN*' in the integrals. Thié small.
effeét.gives a negative contfibutioh to m, - mP . For the samé
reason, the effect of the graph in Fig. l.g should beiinsignificantf
A source of uncertainty.in the calculétions arises from our |
approximation of including oﬁly constituent‘pions and nucleoné. It
has been suggestea‘ﬁy.sevéral authorsl6_that-it may be necessary
to include strénge pérticles or the N resonances.in the constituent
' channe; in order to understand theAneutrop-protonAmass difference., If
we coﬁtinue'to.aésume that the inelasﬁic channels are described by
Béthe—Salpeﬁef.wave functions of the form discussed in Section 3, even
though this assumption beccmes lesé tenable as the masses of the
constituent parﬁicles increaserﬁhen it is possible to partially jﬁstify
ur neglect 6f these additional channels. For example, the effect of
the K+_4.KO mass difference in the KA _énd K= 'chanﬂels can be
‘estimated frbm Eqs.'(é.zo), (2.21).to be at most 0.5 MeV. This estimate
!involves the KAN and KN cbupling.constants which afe known to be 4
approximately % of the nNNv couplipgs;l7 It is more difficult to
‘estimate ‘the importance of the N'n or Nrx chennels. In addition,

several authors have suggested that the ¢ mesons may be imporiant
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in the inelastic channels, but- we have:not estimated Whatreffect this
might have on mﬁ - mp . |
If the expeflmental data on the charge denendence of the N*
masses and widths 1nsp1red suff1c1enu confldence to wa”rant a prec1se'

calculatlon, then - the octet of baryons an d the decuplet would nave to

- be 1ncluded, We have stressed here that the neuvtron-proton mass

difference may be qualitatively understood without this complication,

:In conclusion, we wish to reemphasize the'fact that the

- customary approximatlons used in N/D dynamlcs ‘and in Bethe Salpeter

equatlon dynamics glve a very dlfferent plcture of the effect of
coupllng constant perturbatlons on bound state masses. We have noted

that “such perturbations mayvgive a large contribution to off-shell

mass difference calculations in splte of the fact that they are often
‘negligible in N/D calculatlons. ‘This latter phenomenon is, we believe,

,the consequence of includlng only the single particle exchange contribu-

tion to the force. Frequently the many-particle left hand cuts are

- distant and may'be neglected.. In the static model of the nucleon,

howeVer, the N/D ap?roximation gives a zero amplitude with a single

nucleon exchange Born input and therefore more distant cuts are clearly
more important. Therefore in N/D calculations of the properties of the

baryon octet or decuplet, where single particle exchange in the wu channel

'gives rise tola short cut lying near or on top of the bound state pole,

the force and hence the response to perturbations in the force may be

-grossly underestimated by the approximation of including only the

u channel, single particle exchange Born input. This disadvantage is

~overcome in a Bethe Salpeter equation model which includes an infinite

‘number of left hand cuts.
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LEGEND - -

Fig. 1. Electromagnetic effects contributing to the bound-state

energy shifts given by Eq. (2.20).‘ a,b givé rise to the feed back.

effect; c,+++j are corrections to the strong interaction kernel;
X is a driving.term. Graphs a,f,i do not contribute to the

isovector quantity m_ - m_ .
n p-

16
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- TABLES -

Teble 1.  Values of A% and c? caleulated from Eqs.’i(2.6,v. 2,12)

assuming: a. pseudoscalar NN coupling,

€ 5
PR o oahh,

b. pseudo\rectof NN coupling ’
e o
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‘Table ITI. Contribution of the photon: exchange driving term, Fig. (1.3),
o &mn ‘with: a., pseudoscalar =NN coupling, b. pseudovector =NN

_.coupling. - . . T oo - ‘
N ' o ' o o , 4

_ . S . o, D
Ay 2 2.t - A N
g(p) (B"LA ) . . e P~ / ,
Eﬁn { 1.5 MeV. ; -0.9 MeV.
a.
| ' B -
. ’ -2 2 -2 ] =D A
I ONE R : e2/

S e

am P -2 Mev. . f  -1.0 MeV.

2

Kl
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- assuming: a, pseudoscalar ﬁNN

' UCRL-17329.

. _37_ ;

Table III. Value of‘ the feed back 1ntegral I, given by Eq.. (5 3).

coupling, b. pseudovector - N coupling. '

. 2,2
g(p) (p° + A%) : -
(eim) "1 -0.78 . : -0.72 ‘
- |
E
3
, 2 L 2/,2
: -2 2 - A
£(p) ‘ o (p™+ A7) | e 2
. y=1 - : R ' w
(2im) 0.91 : 0.88
b.

. Table IV. V'a.lue of the integral J, (Eq. (5. l6))wh1ch relates the coupllng-

constant renormalization to the bound state eneroy shlfts for pseudo-

vector NN coupling. With pseudoscalar coupling, J has approximately

the same magnitude, but the opposite. sign.

' . o 2,2
) . o - . -
£(p) (B4 ) /N
: 2 i ' 2
J ~38 1y | =374y
) i
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