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A gauge-invariant one-vector-meson-exchange (OVE) model is constructed for the process y+E ~ p++d.
The form of the model is obtained by selecting the simplest extension of the OVE diagram consistent with

gauge invariance. The ApE-coupling strength is considered and discussed. in terms of vector-meson domi-
nance. It is found that the interference between the OVE and one-pion-exchange amplitudes vanishes.

I. INTRODUCTION

VIDENCE for the reaction y+p —+ p+6 has been
~ found' ' in the process y+p~ p+~++~-+~ .

The one-pion-exchange (OPE) mechanism with absorp-
tion' ' ' has provided a qualitative description of the
present experimental data for the unpolarized differen-
tial cross section, but fails to predict consistent decay
correlation coeS.cients. '

'|A'e consider in this paper the formulation of a gauge-
invariant model to study the contribution of the one-
vector-meson-exchange (OVE) mechanism to the pro-
cess. Although it is unlikely that vector-meson exchange
would dominate the process, it can be expected to make
an important contribution in the forward direction.
The importance of the contribution might be enhanced

by the weakness of the gpss coupling.
An OVE model also provides the attractive pos-

sibility of obtaining information regarding the electro-
magnetic moments and therefore the internal structure
of the charged p mesons. The feasibility of determining
the electromagnetic moments of the p through an OVE
model has been discussed in an earlier papers by the
author for the process y+m —+ p +p.

In Sec. II we present a summary of the kinematics
and our choice of conventions. In Sec. III we construct
the OVE model and note that the interference between
the OVE and OPE amplitudes vanishes, thereby allow-

ing the incoherent addition of the OVE and OPE
contributions.

II. KINEMATICS

The process y+1V —+ p~+6 is represented diagram-
matically and the corresponding momenta and helicities
are labeled in Fig. 1. The notation for the polarization
vectors, spinors, and other kinematical parameters is

summarized in Table I. Our metric, normalization, and
y-matrix conventions are those of Bjorken and Drell, '
The Rarita-Schwinger spinors" for the spin-~
particles are characterized by the following normaliza-

tion, completeness relation, and subsidiary conditions:

P+cVg
Q u.(p) )u~(PX) = —— I'.p(PPIz),2'

(p —M'g)u. (P,X) =0,

u, (PX)y =0,

u(PX) p~ =0
(5)

(6)

The invariants have the standard form

~= (P'+&)'= (P~+v)'
~= (c—&)'= (p' p)'—

u= (P' v)'= (Pr I )'— —

(&)

(g)

(9)

The requirement of gauge invariance imposes a familiar
condition on the form of Eq. (10):

0 =1„*(q'A,)u.(prXr) I'"&u(p;X,)k„.

TAax.z I. Kinematical notation.

The covariant transition matrix for the process can
be written in the general form

5Rf —f ~(qX, ')u, (pfXf)l'"&u(p;X&)e„(khan). (10)
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FIG. 1. Schematic diagram for the process p+E ~ p+~.

(a}

Fig. 3. Vertex diagrams for (a) the pyp vertex
and (b) the b,pE vertex.

Pf so

The determination of the form of I "I" from an OVK
model which is consistent with Eq. (11) will be the
object of the next section.

III. MODEL

The philosophy behind our construction of the OVK
model for the general y+E —+ p+A process is to find
the simplest extension of the amplitude representing the
OVE diagram which is consistent with gauge invariance.
The erst step is to consider the amplitude representing
the OVE diagram shown in Fig. 2(a). We then en-
counter the problem of 6nding the minimal set of
additional terms necessary to ensure gauge invariance.

A. Vertex Exyressions

The expressions corresponding to the pyp vertex"
and the ApS vertex, "which are represented in Fig. 3,

(b)

(e)

can be written in the form

'U„„,= ice„(k4)i „*(qV)(it""~(q',k, q)fp(q) ), (12)

where

(it" P(q', k,q) = {XiDq'+q) g"~j+Xsfk"g s ksg "—$

+(Xs/m') f(q'+q) Pk "ks)), (13)

«p~= —~'ga. ~& '(q).)~.(Pr) f)(s'ys)

&«-(Pf,q,P') (P;).), (14)
where

& "(Pf,q,P') = L~s(q'~" g "q)+~4—(q Pi" g "q Pf)—
+Cs(q'P'" g'"q P')j—(15)

The connection between the K's and the electro-
magnetic moments of the p are given by the following
expressions"' in terms of e„ the p-meson charge:

Xi——e,/e,
—(e /e) (1++ anomalous) (17)
—(e /e) r

(Q ++ anomalous) (18)

where 1+pp'"' '""' gives the magnetic dipole moment
in units ep/2tts and Q, gives the electric quadrupole
moment in units of 1/m'.

The parameters in Eq. (15) are assumed to be con-
stants and values for their magnitudes can be obtained
from the experimental analysis of the Ay+-vertex'
if we assume the validity of vector-meson dominance. "

With the conventions prescribed in Eqs. (14) and
(15), the assumption of vector-meson dominance" re-
requires that gq+, o~=2g»o~ as can be seen from the
following argument. Since the 5+pp vertex is isovector,
vector-meson dominance suggests that the Dy3i'

coupling is mediated by a p meson, which implies the
approximate algebraic relation

pro. 2. Diagrammatic representation of the Born terms. (a)
OVK; (b) OPE; (c) s-channel nucleon pole; (d) s-channel baryon
pole; (e) I-channel baryon pole; (f) I-channel nucleon pole; (g)
contact term.
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since the yp coupling is independent of the ApS' vertex.
The constancy of G;~» is based on the assumption that
strong-interaction couplings are constant and, there-
fore, momentuln-transfer-independent. For real pho-
tons, we have k'=0, and. the relation becomes G;a»(0)
=eG;a»/f, If .we adopt the usual convention for the
hyp coupling " viz. , G, a&~( k') = eC (k') we obtain
G;a»= f,C;(0). With the definition of ga, tt given in
Eqs. (14) and (15), we conclude that ga+, o„=2g»o„.
From the isospin coupling at the ApÃ vertex, we ob-
tain the relation

g -a++= (—) / g pa+=v3g +so

B. QVE Amy1itude

The combination of the vertex expressions given in
Eqs. (11) and. (12) with vector-meson propagator
yields the following expression for the amplitude
representing the OVE diagram shown in Fig. 2(a):

Oltovg i „*(q——X,)N.(pfkg)Iovp'" u{pA;) e„(kXs), (20)

where

I '" =
I
—t'eg, ('V )/(t —nt') j{X2q 8'"(P, q —k, P;)

+&sL&"8'"{Pfq k, P') —g""kt 8—'{Pi,q
—k P')~

+(X / ')2q"k"k 8'~(P q
—k P;)}. (21)

An inspection of Eq. {21)shows that the term linear in
3'.2 is gauge-invariant, but that those linear in X~ and
GC3 are not. The BC3 terms may be rendered gauge-
invariant by an addition which results in the replace-
ment of 2q&k" by 2(q&k" g&"k q). Sinc—e 2k q= (t tN'—), —
the added term is pole-free and may therefore be at-
tributed to the contact term represented in Fig. 3(g).

The 3'.~ terms are more difficult and require the addi-
tion of terms from the electric monopole parts of the
crossed-channel Born terms. ' Prior to considering the
crossed-channel Born terms, we perform a decomposi-
tion of the R~ term into a part which may be rendered
independently gauge-invariant and the part which
must appear in the crossed-channel combination. This
decomposition is obtained by recognizing in Eq. (15)
the linear nature of 8'"(a,b,c) with respect to ft which
allows us to perform the separation

8'"{Pf q »P')=8'"(Pf q
—P') 8 "(pf, »P') (—22)

Since 8'"(Pt, k, P;) is linear in k, we can express it in the
contracted form

I' P =mt+I't~. (25)

Equation (25) obviously expresses the conservation of
charge in the reaction y+E~ p+h.

With the additions described above, we may write
the expression for Io~mc'"& in a form which will GnaHy

represent our minimal gauge-invariant OVE model:

—ega, x(t&s)

t —m2

+3't2Lq"8'"(P' k Pf) —k q&'""(P' P~)3

+X,[k"8"(P;, q k, P,) g"k—tt8 ~(P;—, q k, Pf)$—
+(3'.s/nt')2(qok" —k qgo")ktt8 S(P;, q

—k, Pt)}. (26)

Now that the form of Ioygq "I" has been established,
we are able to compare the OVE and OPE amplitudes.
The OPK amplitude which represents the diagram given
in Fig. 3(b) can be expressed. in the form

Iopg "&=Lg ga tr/(t nt )j(q—k) e& ttk q—tt (27)

0 parity gives us the useful relation for the g» cou-
pling constants:

gp m y= gp+m+y =gp'~'y. (28)

Isospin coupling at the AxÃ vertex yields the relation
analogous to Eq. (19):

g.=a"'= (s)"'g.- ~'=v3g.,'~' (29)

It can be shown directly" that the interference term
for the unpolarized cross section,

Z I ~'.~l'=( g- )( g-+q q"/—~') Tr—((P~+~a)
XI'r~ (prpIa)IovFc'""(p, +&V)Iopm' ""}, (30)

In the Appendix we show that the electric monopole'4
parts of the s- and I-channel Born terms contribute non-
gauge-invariant terms which are linear in 8 "(pf,q,p;).
%e can combine these terms and replace the non-gauge-
invariant term in Eq. (21),Xtl 2q&/(f —ttt') $8'"(pf, q,p;),
with the gauge-invariant combination

&"8 "{p,q, p') ( 2q" 2P'" 2Pf" 'I+I t +~t'
t —nt' k t nt' — s—M' I—Ma')

&&8'"(Pf q P') (24)

» Eq. (24), &t~ and Iita represent the electric monopole
moments of the nucleon and the A. The requirement
that the expression in Eq. (24) satisfy the gauge-
invariance condition implies the relation

8'"(P~» P') =ks&'"'(Pf P') (23) vanishes identically.

Gauge invariance of the k term of 6 may be obtained by
the replacement of 2q&8'"(p~, k,p;) by 2I q&8'"(pf, k,p~)—k qXp"o(p; p~)). Once again the factor k q in the
additional term removes the pole and allows the added
term to be attributed to the contact term.

'4 Our use of the term electric monopole moment for the spin-$
and spin-~3 baryons refers to the Dirac moments which, strictly
speaking, reduce to the electric monopole moments only in the
static limit.

» R. H. Dalitz, in I'roceeiinge of the Internutionul School of
Physics "Enrico Fermi, " Cogrse 33, edited by L. W. Alvarez
(Academic, New York, 1966), p. t7l.
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The contributions of the OPK and OUK terms may
therefore be added incoherently in the cross section.

IV. CONCLUSIONS

In summary, we have constructed a minimal gauge-
invariant OVE model for the process y+E-+ p++6,
which is the simplest extension of the OUR diagram and
includes only those additional terms from the crossed-
channel Born terms and contact terms which are neces-
sary for gauge invariance. We have also discussed the
Ape-coupling strength in terms of vector-meson
dominance and found that the interference between
the OPE and OVE amplitudes vanishes. Detailed
numerical calculations are presently in progress for
the unpolarized differential cross sections and decay
correlation coefhcients for energies in the near-threshold
region.
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The X), term is also discarded since it may be rendered
gauge-invariant independently by the replacement of

p «~ ~"&k& by p;«~ ~"Pk& —k P,X),'"«. The added term is
seen to be pole-free from the relation 2k p;= s—M' and
can therefore be attributed to the contact term.

The non-gauge-invariant remnant of the s-channel
electric Born term which must be combined with the
crossed-channel terms therefore has the form

'eg (i~ )&'"(Pr 0 P')
&& L2P «/(s —M') )Fi~ (A3)

The electric monopole part of the N-channel baryon
pole term has the form

I~ '""= ieg~.~—Fi'g"'v "t(Pj &+IV—)/(~ I«I~') j—
XF..."(pr —k, Mg)(i'Yg)8 ""(pg—k, g, p;). (A4)

Once again we use the Dirac equation for the replace-
rnent of y«(pr —@+Id&) by 2p~« —y«k, and disregard
the y&k part. The 6 " term may be treated as above by
performing a linear decomposition and the addition of
a pole-free contact term.

The propagator F, ,"(pr—k, Mq) has the form given
in Eq. (3) and is reduced by the use of the subsidiary
conditions LEqs. (S) and (6)j to the form

APPENDIX: 8- AND u-CHANNEL BORN TERMS

The electric monopole part" of the s-channel nucleon
pole term has the form

2 k, (pg —k) ~

~l(ytl ggl @II

3 SIg'

1
k, v."

i
. (AS)

3cVg

e "(Pi, n P'+k) = ~'"(Pr,ap')+~ "(P~,ak)
=6 (p q p.)+x) '"~k (A2)

I~, "«= ieg~,—g(i'Y, )6'"(pr, q, p;+k)
g t (Pg+ k+cV)/(s JV )jF]~r«. (A1)

By the use of the Dirac equation, we may replace
(p~+k+cV)&«by 2p,«+Ay«. Since we are explicitly
searching for the terms which must be added to the
OVK expression in order to ensure gauge invariance, we
disregard the part of the expression linear in Ay&

because it is independently gauge-invariant.
In the expression which remains, we may exploit

the linearity of 6" and perform the decomposition
analogous to Eq. (15):

The terms arising from (AS) which are linear in k,
may be rendered gauge-invariant independently by the
replacement of 2pr«k by 2(p~«k —k prg«), which is
attributable to the contact term.

The non-gauge-invariant remnant of the N-channel
electric Born term is therefore of the form

Ig„g "" —eg~, gFg [2pr«/(N——3Eg')5—
&&(i'r )&'"(Pr V P') (A6)

The terms given in (AS) and (A6) must be combined
with the corresponding part of the t-channel electric
Born term in order to obtain a gauge-invariant
expression.


