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Ye define a set of ratios characterizing the production o: the isospin $ 

rescr.ances D ,,(1514) and S11(1505), 2s xell as the isospin 3/i! ru:sonance 

P -(!232), by e1ectromag.letic and weak (cha 
3> 

qed and ncutra:) cu;rcnta. AS- 

stirring the most gsnernl ;vcak rrutral current w:th ‘;, A spzttia.1 5tructurc. we 

calculate the matrix elements ne’edcd to extract the production ratics in three 

dyn;rz:cal models for resonance prndu,:tion: the ilorn spproximAttim model, 

the nonreiativistic quark model and the qx~rk bag model. For the special 

case of :Y-.e X’eXbe’rg-Salam the’ory neutral current, the three models suggest 

t.Fzi:-lt :cr 0 c sin 
2 

0- 

OIY- < 0. 5 the ratios D;3/P3:. and S11/.PJ3 obsrrvcd in mutral 

cc.rrcn: 7 or q prcd.lc:ion 33 a irec nucleon target should bc su1Tst:mtially 

srr:ai?c: <‘by a factor of 2 to 3) than. the corresponding ratios observed in 

charoed current : 
0 

,.J .9r q production. We also attempt to predict the ratios 

D.‘/Pj3 and ST,lPj3 co bc e:rFccted in char:+d cu?rcnt production from the 
Id il 

correspo~dlng ratios 05servcc . in clectroproduction, but here tI:c t’h:-cc models 

30 not agree, and so we can only stat- a wide possible rango in v,hich the values of 

.be ratios may lie. We briefly discuss the charge vxc:hange corrrctions needed 

{or comparison with experiments on complex rir;clea: targets; we find for an 

aluminmx target that the -ed;;ction factors quoted above are halved, so that in 

no&al .curre;lt indwed reactions the ratios 0,3/P 
33 

and S11/P33 are smaller 

37 a iactor of 1 to 2 than the corresponding ratios observed in c.har;cd current 

indmed reactiozs. 
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I. ItiTKODUCTIGN 

1nelas:ic exclusive channels have an important roie to play in 

studying the structure of the semilcptonic wtak ncutrai current. The 

mcnt prctr:lnc~t SW:5 ctwnnc:, ::nd t:?c cnc v:hich has received the most 

th~~orC:iCal 
1.2 .i 

.2r.d ~xperimr:~ta:~ .:ttcntion so :a.:. is pion praduc:ion in 

the region 0: t’hc I = 3/L rcsonancc P 33(!232). We :urn in the present 

pa;wr to the study of what arc espected to bc the moct prominent 
4 

I = li2 s:ructures .csiitcci in neutral current e:;.pc:i:ncn:r;, t.le resonances 

D. (1514) ar.4 
13 

5 f’qO5). 
Ii’-- 

Thcrc are two principal reasons for interest in 

tiles.2 st2:e;s. First, iz experiments with 1 ,. fv.’ invariant mass reso:ution. 

ToI. s comvn:; f:om dcczy of :hc I= I!2 states m;l:. bias inwriant mass 

plots at the hish side of the P33 (1232); in order to understand this possible 

bias, estimates of the production of the := I/:. states by the ncctrhl current 

are needed. 
5 

Second, observation of the I= l/2. stetes wili give usef.11 in- 

formation on the isotopic spin structure of the weak neu:rai current: this 

point is par:iculn:ly relcvcnt for the state S. (1505), 
11 

whi’ch cm be pic‘ked out 

of the cluster of resonances aroundl. 5 GeV by obs -\i c-. ag its large q ‘decay 

17.0<k6 I-Iencc a thcorctical s.:eldy of i= l/2 state production seems WEIi 

warranted .nt t!lis time. 

Througlio:rt this paper we make !hc conventional assumption that the 

weak neutral current has a ‘J, A spatial structure, so that weal< production of 

the I= l/2 resonaz~ces wiil be closely onaKogous to their production in electro- 

magnetic procrsscs. Dnfortunatcly, a rcvicw of the varies models which 

have been used to theoretically calcuinte nucleon resonance electroproduction 
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shows that their predictions are not very accurate, particularly where rates 

are concerned. 
7 

At the same time, qualitative features of the electromag- 

zetic matrix elements, such as relative signs of the amplitudes for exciting 

various resorznces, 
8 

are generally correctly predicted. In view of this 

situation, in attempting to obtain predictions for the weak charged and neutral 

current excitation of I= l/2 resonances, we will be guided by the following 

philosophy: First, we will never attempt to calculate the rate for producing 

one resonance relative to that for producing another, but rather will or.ly 

calculate theoretically th2 relative rates for different forms of excitation - 

{electromagnetic, weak charged, weak neutral) of the same resona~cc. 

Second, we will perform the calculations simultaneously in three different 

models which have been used for studying nucleon resonance production (the 

Born ap?roxi-mation model, 
I,9 . 

the nonrelativistic quark model 
i0 

and the quark 

bag model, ‘3 and will attempt to make theoretical predictions only for those 

qvllantities~for which the three models arc in satisfactory agrecmect. 

This pzper is organized as follows. In Sec. 2 WC define various ex- 

citation mode rztios which will be evaluated theoretically, and discuss the 

extraction of useful D13/P33 and Sll/P33 excitation ratios from clectropro- 

duction data. In Sec. 3 we briefly describe the theoretical models used and 

tabulate the results obtatied from them. The results are applied in Sec. 4 

to the issues of invariant mass plot bias and resonant q production which we 

mentioned above. We also make an attempt to predict the D13/P3, and Sll/P3z 

ratios to be expected in charged current processes, using as input the COT- 

responding ratios observed in elcctroproduction. In Appendices A, 13 and C 
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we give a more detailed description of t.he three production models on which 

our theoretical estimates are based. AI1 of the above calculations are done 

for the case of resonance production from fret nucleon targets. In AppendixD 

we discuss the charge exchange corrections nceded to apply the results to ex- 

periments on complex nuclear targets. 

II. RATIO DEFIi’iITIO?X 

In this section we intro&cc rs:ios w hich will enable us to compare the 

electromagnetic, weak charged and weak neutral current production of the 

p33s D13 
and S 

11 
resonances. Following the standard notation for the vector 

and axial-vector nonct currents. wc write the hadronic clectromagnnctic and 

weak charged currents (in the latter setting the Cabibbo angle 0C to zero) as 

A 
em 

$h = 3y+ i2 - qi2 . 

(1; 

In calculating production matrix elements in the appendices we assume a weak 

neutral current with the general V, A nonct form 

A 
n = gvo f; + sv,$; + gy& - .gAO $5,’ - gA3+ g,&” ’ (‘I 

but in the text WC immediately specialize Eq. (2) to the conventionally as- 

sumcd Weinberg-Salam model current 
12 

#a = if: -.$z” - 2si~~-w#~m . (3) 

To proceed, let us introduce the Brookhatien National Laboratory (BNL) flux 

averaged cross sections for the weak charged and neutral current production 



of the D13(1514), Sll(1505) and P33(1232) resonances, and an effective 

cross section for their electroproduction, defined by 

=?NL 
ch ((;]B) = l dZ nBNL(E) ?ch( (;lE>E), 

D ,““” ((;]B) = j- dE nBNL(E) rnn({;l B.1 E) t (4) 

(i 
em 

; / dI: Idt naNL(k) t2 dr-;;’ E t, t 

B = D13, Sll or P33 . t = -k2 - 

Here E and t denote respectively the incident lepton laboratory energy 

and the lcptcnic four-momentum transfer squared, 
13 

while n&L is the 

unit norzxziized Brookhaven flu. which we take as the same for incident 

neutrinos a>d actineutrinos. 
14 

In terms of these cross sections, WC &fine 

t>e folio-wing ratio;, which measure the amounts of D13 or Sll produced 

relative to the P 33 resonance by the currents of Eqs. (1) and (3), 

X;f” (v B+/P;,) = cr;fL(” B+)/ rch ENL (v “;3) , 

RC5 
zXL F B’/P;;) = .?FL (ii B”)/KyL c-; Pi3) , 

* 

(5a) 

RzNL(v 3+/P13) = cfNL (V B+)/v~~!- (V P13) , 

R sNL(i; B+/P;3) 
n 

= czNL (F 13+)/rfNL F P13) , 

RBNL 

n 
(v B+’ O/P;;‘) (55) 

= (v B+) t rzNL(v B”) I/ [ cn BNL(v P13) t .7ZNL(Y P;3) I . 

RzxL (G B+.o ,p;;O ) 

= [ cfNL@ E+) + czNL(F B’)] / [ cfNL(T P13) + rfxLF & , 



n 

-6s 

RBNL 
em (u”/P;3) = *BN=(B+)/2NL(P;j) , 

em cm~ 
(5c) 

E = D13, S1, . 

Obviously, in all casts the target charge (either proton p, neutr,on n or 

equal proton-scutron mixture p+ n) czn be inferred from the indicated 

charge superscript(s) for the produced baryon rcsoz~~~.ce. 

We proceed n,ow to rewrite Eqs. (5) 50 as to en1ble CS to answer 

the following two basic questions: (i) Given the ratios D13/P33 and 

VP33 
induced by the wexk charged current, wb7.t are ‘ihc corresponding 

ratios expected in weak neutral current ind;cccd Froccsses. aF a l'C.ZCtiOn 

2 
of sin @ 

W? 
(2) Given the ratios D13/P 

33 
and SII/F 

33 
obsnrvcd in eiectro- 

production on r? proton tar@. what are the correspondirg ratios expcctcd 

to be in&Jced by the wczk chclrgcd cr;rrent? To dial with tlx? first quesiion, _ 

we rearrange Eqs. (5a) and (5b) in the form 

R~NL(.v B+/P3’j) B,y=O I 

R;;L(~ B+,‘$, 

X R;;=(v B+/P;,) , 

RENL(v B+“/P;;‘) = 

RfN.L(v B+/P;,)]9,=0 

RBNL 
ch (7 B+/P;31 

X R;;=(vB+/P&) , 



n ” 

1 

l19,=0] 

RBn”L(FBo/P;3) (6jv=0 

RB.~=FB”/P303) 

x qBNL 
A ch FB”/P,o,) , (6) 

Ii 
RfNL(FBo/p30jj le,=o 

IBw=O R;fLpBo,P;3) 

x R;fL&O/P;3, I 

B = 
Ol3’ 11’ 

S 

.vherc we have made use of the charge reflection symmetry of neutral current 

zrocesses when 8 w= 0. The curly brackets in Eq. (6) are all equal to a 

:iTnple ratio of iaospio Clebsches, 

Ze square brackets in Eq. (6) involve detailed-dynamical information, and 

All be evaluated in various production models in the next section. Since, 

J ooted ia Sec. 1, we only wish to calculate theoretical ratios relating dif- 

erect mcdes of excitation of the same resonance, we reexpress the 5quare 

.rackets in terms of new ratios r defined as follows, 
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BNL 
r 

n 
I{;) B+; owl = v fNL( (;) B+)/o, BNL( (;} B+) le,= 0 , 

BNL v (8) 
r 

n ( tF 1 BfJo: ow) 

BNL Y 
({,)B++ +,FL ’ 

n 
({w-]B”$/[~;KL({;]B+) +~~“=(I;:)B”)] jOwi o 

B = D13, Sll, P33 I 

giving the relations 

B q D13, Sll. 

, etc., 

Substituting Eqs.(7) and (9) into Eq. (6) we obtain the final formulas 

. 

RzNL(v B+/Pi3) ‘: ; 

r fNL(v B+; Ow) 

;N=b P13; 0,) 

R;rL(v B+/P13) , 

r 

RzNL(v B+“/P;;‘) = ; 

:BNL 
(v 

iKL 

B+“; ew) 

RzfL(v B+/Pi3) , 

r 
n 

(v P;;O; Q) 

Rrl 
BNL(CB+/P;3) = 2 

r FNLFB+; $,$’ 

>NL 
FP,:; 0,) 

RcB,NL(-FBo/P;3) , 

n 

RfNL~B+‘o/P3C;o)= $ 

r fNL(-T B+“; 0,) 

REfLFBo/P;3) , 

r fNL(T P:;“: e,) 

_,. - - 

B = D13, Sll. 

To deal with the second question we follow a closely analogous 

procedure, of which WC state only the result. Letting r BNL(> B; ) 

(9) 

(10) 



denote the Zluz averaged cross section :or production of the resonance B by 

the -zeak current u! 
0 

, we define the ratios 

.BXL + 
(v3 

v&n 
) = 0 BNL(y B+;$; - $;“)/ r=NL(y B+; y ; + %$ $;) , 

r ;;;,, (B) = ccBhNL(T B”) /s;;=(Y Et) , 
. 

(11) 

E = D13’ Sll’. PS3. 

In :cxns of these quantities, which again compare only diIfcrent production 

mo4zs for ::he saroc resonance:, the relation between Eo.6. (5a) and B:‘j.. (SC) 

: 

taker the form 

4 
rBx.L 

-.-~/lxx 
(v P33 +I 

R;F(B+/P;3! , 

R;;LFBo/P;3) ‘+ 

rBJ<L 

cn F/v(“) 
RFB.L(v B+/P:,) , (12) 

‘3 = D13. Sl,. 

We conclude this section by outlining the calculation of the ratios 

Rzz(D13 /P3: 1 and Rtr (S;l/P:3) from elgctroproduction data, cm- 

Playing a detailed survey a: the electroproduction of nucleon resonances 

which has been given recently by Devenish and Lyth. 
15 

InTabieL4 we 

sumnarize the values given by these authors for the masses and widths 

of the lowest lying resonances. Although the Roper Pll resonance is 

i-,cluded in this table, Devenish and ‘Lyth find that the clectroproduction 
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of this state is effectively zero, and so we ignore it throughout this paper. 
16 

For the resonances D13, Sll and Pz3 we assu-rx that the transverse electro- 

production cross sectiox c 
T. 

is dominant nnd i gaorc tXc longitudinal cross 

section s 
L’ 

an approximation c~hich shcdd bc good to in ?.ccuracy of ro:igbly 

3cyQ5 Making this assumption, we get from the grap?>s of Ref. 15 and from 

an cnrlier summary of Cieg:’ :he t:ansvcrsr ~~lc~tror~ror~uc:ioi: i’;css sections 

at res?r.ancc F&r, r!~:~o:cd by up, t). \~;c~cC:l are t>bdatcd in Tnbie 13. * : 

From these the *Y!ec?roI>rodu:ction cross scctic::s ds (B, -2 c ‘- ‘)/df V~i-iiCh 
Cm 

appear in Eq. (4) .Z.TP o’bt?.i;!:cd by 

d,; 

tZ - 

(I), r: t ) 
c ,I2 

tit. 
- CONST x 

i :r:J(hl~ - MzJ) 
r? 

2i:,rk_o cos2(B/2) 
-- 

zi 
*+A 1-z i2 1 rT(B, t! . 

(13) 

with MN the nucleon mass and with k 
10’ k20p 

I;[ and 6 the initial 

lopton ccergy, liaai leptcn energy. lcpton three momentum transfer and 

lcpton scattering angic in the B rest frame, 

k20 = 

h2 +2MNE-M2 
\J a 

2i:l 
B 

k 
10 

= kZO+ko, k. : 

ICI = [t+k;]’ , 

sin 
28 

7 = t /(4 kIokZO). 

, 

M;-M;- t 

2MB ’ 

(14) 

Performing the numerical integration of Eq. (4) using the data tabulated in 

Table I, we find 
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R ei(D;3/+;3) = 0.50 , 

Rem(s:1’p:3) % ,0.13 . 
(15) 

LIL MODEL CALCULATIONS 

To obtain theoretical predictions for t& rztios r defined in the 

preceding section, we have performed calculations using three different 

models for resonance production. The first model, which WC call the 

Born ap?zoximaticn model. 
1, 9 

approximates the multjoles describing the 

process 
f 

+N-B- 1: + N ‘by their Born approximations. 
18 

multiplied 

by a suitable W-dependent but k 
2 . 

-mdependent unitarization factor. (The 

modei ignores all channels other ‘&an the rrN channel, even though some 

of thein are obviously important). In the narrow resonance approximation 

tb>s unitarizaticn factor divides out in our applications, and so only the 

Born anproximatiois, arising f;om the Feynman diagrams of Fig. i. are 

needed. We have evaluated this model in two different forms, which rc- 

spertively omit or iaclude the w-exchange diagram of Fig. 1. The results 

obtained from the two forms, as we shaIl see, are quite similar. Further 

details of this model, and the evaluation of the coupling parameters appear- 

ing in the w-exchange diagram, are described in Appendix A. 

The second model used is the standard nonrelativistic quark model, 
10 

v,+ich’we evaluated both with mixing of the 8 3f2 irto the 81f2 . configuration 

(u&ng the parameters summarized by Hey, Litchfield and Cashmorei9)and 
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also without mixing, with results nearly independent of which form is used. 

Further details of the calculations in this model are described in Appendix B. 

The third model used is the quark bag model, 
11 

which is calculatiozally similar 

to the usual quark model but differs from it in its wave function assiguments 

for the D13 and Sll states. In this model i?o mixi;l,- occurs for the D 
13 

state, but there are two possible wave function assignments, which we have 

labeled %I and #2,, for the S _ state. 
11 

Since’no determination of the mixing 

angle has beer. made yet in this model, we hsvc surveyed the set of angles 

-60’. -45’. -30°, O”, 30°, 45O, 60°, 90°. Details of the quark bag calcula- 

tion, and of the dcpcndencc of the results on nxixing angle, are given in 

Appendix C. 

Numerical results of our calctiations in the three models are sum- 

marized in Tables E, Xi and IV. which give respectively the ratios 
BNL 

r 
n ’ 

,BNL 

w/em 
and rFFt,Y. From Table C we see that the three models give 

reasonably consistent resuits in the case of ‘r 
BNL 

n 
, particularly for incident 

neutrinos, with similar results obtained !or ali three resonant states. From 

Table IV we sue that the isovector vector-axial vector interference iti a 

ncutrino beam is constructive for the D13 ard Sll’ states, just as it is for 

weak p’roductioc 0.’ Chc P 
33 

resonance; in this case again the three models 

give nicciy consistent results. Turning to the ratios rBNL va,em tabulated in 

Table III. we see that although the three models continue to agree well in 

their predIctions fcr the P33 state, the agree-&t for the D13 and Sll states 

is poor. BNL 
In particular, an infinite prediction for rvaiem (D13) in the bag 

modci arises because (as has already been noted by Donoghue et al. I’) the 
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- Dt3 is’forbidden in this model. 
20 

reaction y + p Even leaving the quark 

bag model aside; the agreement between the standard quark model and the 

Born approximaticn model is not good in the case of the ratios 
lXiL 

r 
vaf em’ 

IV. APPLiCATIONS AND DISCUSSION 

Armed with the numerical rcsul:s of the prxcding section, WC return 

now to the issues raised in Sec. 1. Sujstjtuting the va:.ucs of rn from Table 

iI i-to Eq. (IO), we fiad for the ratios Rn *yv BPP;3) /$yL(v B+&q3) the 

rcaults summarized in Table V. These ratios measure the prominence of 

t:?c I= 1/Z xsonznces (relative to the P 
33 

) in arutrrtl cizrrent reactions, as 

compared with their prominence (again relative to the P33) in the charged 

We see that 
16 

cl;rrcnt case. in’thc Wcinbcz z-Salam model, with sin38.ti 2 - 

the rar.c:e of exrrcrimental interest. the t5ree nroduction rnodlls all predict 

l L:..C t!:e rrtios D13/T33 ;nd. SIl/P33 cbrcrved on free nucleon tar::c.tn 3 7.: at --- 

lea=: 2. factor’ of two smaller in the neutral current than in :ho charred current ----> 

case. A:; a result, if the I= Il.2 resonsncea arc found not to distort seriously - 

*-ariaat mass plots in the chnr.gcd ~urrcnt case, thcv *'lo.-lci n.ct Le .qxpoc::od L .I‘ - 

to do so in ‘the neutral ccrrent case. Pv.rthcrmore. the: product-f n’s 

from t-E SI1 relative to the P33 nhould be smull.::r by a fs.ctor of two or more 

in ‘;:?c ncutrsi cu. _. ---7t than in the charf!cd currents. The mcdific.nticx: Lo 

tbe~se cmcluaicns resulting from charge exchange corrections in complex 

nuclear targets are given in Appendix D. 
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Substituti:[: the values of rva,om from Table XI into zq. (12) I we 

get for the ratios R ;i~Lb’ B+/i’;,) !R~;;i(B+/P;3) the results surxmarized 

ix Table VI. The predictions cf the three models in t:bis c.>re are not in good 

accord, sqd so we cxaot extract irclx t;:e e:cctr~:rcduct:on data cf %q. (15) 

a firm rcolAt for the rztics C 131??33 and Sa;P’3 to bc crpectcd in cb~rgcd 

current reactions. Ttte best that can bc snid i:; thzt hsscd WI the modeIs, the j 

rescnzncc production ratios ml.gh: b- cxpccted to lie in ibc rsnires 

with the Ioaer en~G CC the ranges frvnring tic qusr’k modei vai-es and the 

nppcr ends 2zvorir.g the’ 3crn apprcxim.nticx model vniucs. 
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APPZNDIX A 

We give in this Appendix further details of the Born approximation 

model for resonance production.which has been briefly described in Sec. 3. 

We follow closely the notation 
21 

of Ref. 1. which gives an extended discussion 

of the kixematica of weak pion production, with a particular emphasis on 

P33(1232) prodaction. As we have already noted, in the Born approximation 

model the multipoles for resonance prod&ion are equated to the Born ap- 

proxinatioas projected from the diagrams of Fig. 1. times a uitarization 

factor (calculated ignoring ail channels other than the TN channel) which 

divides out in our applications. Tbc relevant multipolcs may be read off 

fr&n the cross section formulas for nectrino induced resonance excitaticn. 

do(D13. E: k’) 

d(kZ) 

= CONSTX y q4($p2-l 2i Isn,~l’,+12(lMJ2+ 1~2-12)1 

+ ‘f2 8[k; I& 2-1z f (k2/k,)2 1 L2-121 

f f3 Re[ -4E,-a,*_ + 12M2- &I-] } , 

do(.Q, E k2) 

d(k2) 

= CONSTX m (fl2(IE 

E2 
Of I2 + IJR,+IZ) 

+ f2@ &,+I2 + (k2/k,12 ILo+j21 

+ f3Re(2Eo+3)i*0+)] . 
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WP33s E k’) 

d(k’) 

= CONST X Inl ~fli441Ml+12 
E2 

+ &+12) + 1Z(&+i2 * /31+1’) 1 

t f2 8[k; j&+1’ t (k2/k0)’ 1 L,I’l (A. 1’ 

t f3 Ret-4Ml+&T+ + 12El+p<+~l 1 , 

‘1 = t k2[1+ 2k10k20c~s2(0/2)/li;12] , 

f2 = 2 klOkZO cosz(O/2)/1~12, f3 = .$(klD+kZO)k2/IkI , 

Y incident 

E = 
-1 t incident 

I;1 = (q; - Mf ;’ , q. = (M; - AM; f Mz) /(2MB) . 

For neutral-current induced reactions, the vector multipoles 

. V I M, E, L and the axial-vector multipoles 17% I J%. e, Cc appearing 

in Eq. (A. 1) are related to the multipoles with &finite isospir. character V (b 0’ 
, 

&(l, 0) 
and the iscQin coefficients a 

(3’ 

E ’ 
defined as in Ref. 1. by 

v = a$’ tE 2v3 v(4) 
+9e,s ’ v(O) ] 

fi = a$)[= gA3&‘+’ l 3 gti&‘?‘], 
P, (A a 

gvs = ($ gvo + ($ izV8 * 

2As e ($f fiAO +($ gA8 , L = 1; r ;;-=: . 
i _.. - - 

III terms of invariant amplitudes, the Born approximation associated with 

Fig. 1 is completely specified by Eqs. (2E.5) and (2E. 6) of Ref. 1 and the 
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folio-Cr.g exprbssions for the aonvanishiag axial izoscalar and the w-exchange 

arTi: t-d-e 
21 

.-_ A k - , 

iwa 

5 

,(Cl3 
3 

6: df 

’ gr 2My 

(A. 3) 

) ’ 

k2-,y.T ,, ‘+rr2- >.i* ‘7 . 
“;;F; w .~ 

lice K and P 2. ?-CT 
r 

= 13.4 is the pion-ruclscn co,c?ling cor.n:nnt, p 
“Y “WNN 

(es iadicated) o-erch. -,,; ?r-pe c~xshg conG:a.nts, and D(lc 
2 L ) ,IS a form iactor 

22 7 -! 
dich vie take es [i+k2ji0.3Gc5.)“j in the r-mcriczl wcr’k. in ::c:<itioq 

to kclzdilg the Born amplitxzdes car se, WC have a100 included in the rrlo&i - 

thr: fcLio-Gi;i: z.dditlone whit;: gzis.g the Born amplirndc intn z.g;reemcnt with 

: ; ? -‘5 x5.-r sdt pie:: thecrcms, 
23 

&p) 
g 

:.I 
1 M 

N 
F;(ic2) , 

av!-’ 
6 

- Fv(k2) 1 
1 J ’ 

(A. 4) 

&4i-’ q M,“f (0) - 
‘A 

I+” , 

*A(-’ = _ Fr v 2-l 
4 

M; gAK” 

- gA(O’ gA(k2) t 2Mx F, (k ) J’ 

Stzrting from the &variant amplitudes, the Born approrimatiqns to the mr;lti- 

poles appcarir,g in EC-. (A. 1) were ca!cGr;ted algebraica1l-j using thz cquztions 



in Appc.lndiccr. l-3 o: it*:. 1, and were ci?cckeC a;:i:inst an inde;cndcat ceIcui>- 

iion by r.r:meric:li int?.q;ati9z. 

In the nrcrricsl c.alculations within :Fc framewc;‘k of the Weinberg- 

Salam mO2Qi dc5rYjixcd in ihe test. :hc is3scnl?r nxial.-vector form fa.c:oz 

i:;(k2) cicc:; 71c: ?;:;:““. IT4 ;‘r.r t::,; I: 1-1.: :.:,:i: 2 r l-,2 ;" 7. :,. ‘7 r-z> > :' T 1‘ :: ) x.9 ,rsrd the 

foiirrwinl; cstirnJt?.c. Fir::t, as3cxiiy w-<‘.:~nl:.:i.?.ncc cl t::!? ;luclcon form 

facto; ” co.;Fl:-;. j3 .;cry .x::zir) iiVCS r>e rc32::cr.s 
9 

,E q 
*u><>i 1 

” ;!. 
= 2 --- 

i 2 

1+ + 

Fy(X ) , 

::I 
‘A- 

3 cd\’ ::;xpJ 
.- e 4 

2 
m 

w 

while the formulas 
> 

(C is the fine structure ccns,Czat) 

l-(Sr -*Y) - $ ,:Tyji - 3-r ,= 0.8s~ c.05 Me’l, 

l?(w- . 
4 2 

c’c-) = - n a 
3 

w($: 0.7620.03kcV, m 

w 

imply the cczplinf; coastaot values 

3 = 
Wr;Y 

(2. 53 + 0.13) (GeV)-1 , 

g 
WY 

2 
= 0.066 2 0.004 . 

I‘;. 
w _.. - - 

(A. 5) 

tn. 6) 

(A. 7) 
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Combining Zqs. (A. 5) and (A. 7) gives then the estimate 

Igwry goNN 
1 = (3.11 + 0. 22) M;’ . (A. 8) 

To determine the si~:n of g cuyN, 
wry 1 

WC note that in the limit m - 0 Lhc 
w 

vector meson-phoicn analogy becomes exact, and the w-exchange diagram 

of Fig. 1 becomes identical to the PrimakQff diagram for x 
0 

photoprodoction. 
, 

Comparison with the known sign 
26 

of the am$itudc F(x o-zY) relative to n 
-I- 

tbea in3icares %a: for pcsiti-Jc gr, the product g 
bJm 

Ew~J is also positive, 

and so we have finally 

%I, g,NN = + (3.11 + 0. 22) M-l . 
7 

Iz t;rms of the parameter p used by Walccka and Zucker 
9 

to describe the 

~eccbange contribution to pior. electroproduction, Eq. (A. 9) corrcspnnds 

27 
23 

p = 1.68 + 0.12 . (A. 10) 

(A. 9) 

. 
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APPENDiX B 

WC give here details of the nonrciativistic Sarmonic oscillator quark 

model for rcsonancc production. Ou: calculations foilow clcseiy the work 

of Faiman and Ht:ndr>- 
10 

and Abdz?!ah and Close. 
10 

L’r’c work throughout ir 

the Frcit frame,” 
t * 

where the initial and final leptoz ercrgies k, 
lo * 

k20, tse 

leptcn three momcr.fum transfer I<* 1 
3 

and the Ltptox scat:er:,?g a&e 0 

arc giver: by 

kFo = 

2GNE - z ‘t 
* 

kZO = 

2MNECM2 -M2 -jt 
N B 

.* ’ 
[ :+ M;) + tJ 

(l,z52 - M2.j2 y+ 
6% 1) 

k*s $*i =‘[t + 3 ’ N 
I * 

! :(h4;+ M;) + t 1 

ain2(+6”) = t&k:, k;oL 

In cons:ructix.g the i= .i rcso~lance wave functiczx, we alIow at the outset - 

for mixing of the qc.ari; spir. 3 !2 states in the baryx 70 representation of 

STJb into the states with quarir spin l/2, according to the recipe 

S,,!l505) L- co8 OS S,,(8 
i/2 

) - sin 0. Sll(S 
3/2) 

, 

112 
D,,(l514) = c@s $ D13(8 ) - +ns D13(8 

3/Z 
) . 

(B. 2) 

For the (overall totzlly symmetric) wave functions of states with angular 

momentum comforters: S we take 

_ - - 
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= ++~[I~~.s>a+n($~~b) t ISS$$p @L~.T.)], 
2z 

+[P3+3(1232: ; ;S] = s >s L$ (.5?m), 

+!r;t(8”2); JS] = r; CJSj1M.j a> ,$(lM$ *) , 
M, 3 . 

+ 312 
+i;tB (8 ); JS] = 2 

xvi. B 

J 

2 for 

J= ,” 

B = D13 

(B. 3) 
[,.fOT 3=s 

1: 

+(l?,:+*) = p@:,g [- ;;3$ Jia($pR) + Iis; p,~~z)] 

~qwvff6) = 5 t4J~w) I $s>s spm, + +pg & +p~.z)], 

with the Q and p’ states bases ‘fo: the n5xzd s);xmetry rcprcscntatian of 

S3’ ?1?e orbit+1 wave functions 
0 

+ appearing in ??c& (8.3) arc ~ivcn by 

0 
‘>c = No exp 1-t 62(T2+~2)] exp (iF.Z) , 

+y(Izg q x1 exp[ -) 6”(j;2 

+ -i2)l ?‘=-& ;)y&J ) 

*Fb,i)= N1er;p[-~62(~Z+~2)] exp(iF.R) pz 

( 

\ 

T-f(P,+iPy) 
I 

, 

2T I 

3 
2 

3/Z 33/4 
) ,, N1 = 2”26No , (B. 4a) 

-5th the cerker-ofaass coordinate R and the relative coordinates X. , p 
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g:ivcn i7 :c:r~~s OK q:zaric cocrdinztcs I’. 
1. 2. 3 

by 

I; ? 

(C. ri 

;; :: .&(Tii+r3)) ;: = 

h i 

-Jr (T1- Y21 , 
_I i L 

and with b ri pnramri~r rc;ztzd to the csciXato7 frcz:ls;lcy. The orbit+1 

-.c~vc.functicnr b.avr been normalized ~3 tki 

(3.5: 

v.ith -s the :c:xl ;rr3z:cr1:‘::11- Tc.2 ST:,:: w7.tre fir.zctioxt i + s > 2nd I3 I > 
a*3 2 S’ 

2.nc-i t;y su , 
3 

wa:-c il2r:l-‘;icrl1 ql i I’ ‘> ” ) cr. s ., i-- c. P.-T ~2 I’:~,- /~’ “‘,;:;?L) 
I 

j -- zrr: $-:.vcn t-.- _. 

I$ $>a c +o(4?J, I;-f>c = -Ijla(,j.l:) 

1; $is = $s(y f ?)‘s 

1; $-- = +,tr ? 1) 9 

with 

(B. 6. 

_. - - 
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4pYZ) .= Jr[ Ixyz>t lxzy>i lyxz’i Iyzx>t ]zxy>-t Izyx>], 

6’ 

qaixxz) = -J’l zxx> t j,zx> - ~Ixxz>], 

+Pzl - 
- J&r IzxK'- 1xzx.l 

dencting tbe symmetric and mixed states of the quark spin or internal 

o-,-m.rretry variables. Note that according to cur convections. the state 

Ixyz> is a 2 rodsct state in vkich quark 1 is in st2ts x , quark 2 is in 

- y &qnark 3 is i;l state z. ntate 

Letting WA denote the lcpton current 

wx = r;. 7%~~) ux(l- ys) v(k1) , 
25 

03.7) 

we proceed cow to evaluate quark model matrix elements of the interaction 

operator 

& = w& =q,r=,kim,,, . 
.a 

(B. 8) 

Since the wave functions are symmetric with respect to the three quarks. it 

soffices to ‘keep onljj ooze of the three terms in Zq. (B. 8) and then to nxltiply 

the ampiitudc at the end by a factor of 2. 1: proves convenicn: to keep t’nc 

i = 3 piece, since then the overlap integrals involving the p-typc,orbital wave- 

Zuactions are zero as a resqult of their antisymmetry in the 1 and 2 variables. 

Taking the nonrelativistic limit of &? 
- - - 

(3)' 
we find (with r,.p, (r and X. 

J 

;mde&tocd to be. respectively, the coordinate, canonical momentorzi, Pauli 

spin matrix and SU3 matrix for the third quark. taking the z .axis to lie along 

-* 
the leptm manxntum transfer k , aad letting M 

ci 
dcnqte the quark mass), 



..23- 

i k”r 

3e = c w* gvj + hj - PAj t A. 
t-1 - 

non-Zlztivistic j=O,3.8 MC J id 7 =zpz 

limit 
I 

g .$A. 
+ o;P 

1 
- f ‘u- pt 1 - 

.3-&Lr 
Mq 1,. 

Wz F, t Vit p- + W- p+ 

ix.L,+ 

2q.-J--(, w 

2iM .+- 
4 

Is W” 

, 
J’J 

.$Xj 2 t u+w- t u-w+ 
_1 - 
i 

(B. 9) 

pz = p,t $kf:;, pt = 2-5(px,ipy), c+ = $(c_ii~J , 

w. m 
= r, (2 kro klo)’ cos ($ S*) , 

Y 

w 

, (!qo - kfO) 
= G (2 kTo i&T 

k* 

CDS ($6”), 
z m 

Y 

= -1, (Wx+iWy) 

I kro+ k;&k* 

W 
2 2z 

= $ (kTo ‘F;o)i ke sin( fe”, . 

On taking mat-ix clcmcntr O- c ~q. (3. 9) using the -xzve functions constructed 

ZibOVC. YIC find (qunntizing SpiES along the 2. aXiS) 

<Dl3 ’ 
s = 5 IDzIp, s=f> 

ccs B I sin C 
II! 

= --+ 2 vv; g,,++- I2 w- ~(~kf/Mp) (g, - $gv3) - k, - &) 1 ’ 
zz q 5L - 

*13* 
s= + pYl,Ip, s=+> 

2 7 cos-‘8 - I 
D 3 

sine 
D 1 

+ Wzfg,e..sf 3 gA39 - --$- M, wz gV3 + -&$- ‘2 “z(‘AS -7 ‘A3 
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<D13’ s= -) 1$-L jp, s = $> 

co5 e 
D i3 = -y F w*gv3+2 

6’ i4 c 

sin e 
_ + -+ 1 -7. r2 * 

(15;r 
2 “‘+ , (I k l:Jlq) ( .gvs - $ “‘i’3) + 2& - f SA3 

I* 

CD13’ 
s= +&,lp, S=)> -0 ; (l3.1On) 

<slls 
s = 2 131 p, s= ;> 

=O= es I3 i- ='- zq p&3 
2 1 

by i 3 wo'o(gAs + 7 SA3)1 

: 2 I2 p. g.J3 + wzcg,, * $ sq3)] t =y I2 wz ("&. - f GA31 
" 

-3 

a,. I LL s= -9 pGlp, s.= * > 

co@@ i 
s = 7 -3- 1 

3 z % 

k*hvtq)kVs+ ffzv3) +gAs+ $RA3 1 

sin e” 
+* 31 f t: i 1 1. A 32 

,2'~+,!fkl.M,)!girs-jfiV3;t~~~s-~g,~31, 

<p33. s=+xlp,s=~> = --Q,~~ Lik*/h4~)~v3 * F 1 
32 -I- “A3j ’ 

i/2 

<p33* 
s=+l,yLlp,sr+> = 5 

IO wzg*3 * 

<P33, s = -+b3jp, s=;> = 2 I W r ($ k*/Mq) .I+~ + g 1 - 
3 0 +I 

A3j’, 

ca. 1051 

<P33, s = (B. 10~) 



I* the above cquztions the ccnstz:rts z,,-~ 2nd “OAS are defized as in 54. (A. 2). 

v.hile tbc i!itc.crlls IO 2 3 are given by 
, . 

IO = CXil 
1 

1 j& 
--6\d J ’ 
k 

I2 - =+ I, k+ 
I3 

2 21 5 IO . 
3: o 

* 
3 5 

(B. i; 

The r~~sonaxe production cros. 9 scct.ior.+.; arc obtair.ed from the mxtr~x eleme:k; 

of Eq. (?I. 101 \.iP. t:,,,> fy .p:cscion 

--2-tJ .= ca>;yT ;< --- dV(E. 
dt 

hfi3. j z I 

c2 1.” 

.:a spT;p s = i >;2 

11 (B-1i f [Q3- -::11,3* caqs- -R& -y Kj ; ’ 

a = D13. Sll’ P 3; . 

with the: .secorid icrr?. in ::ha carly b7ackts givinz the ccatributim from 

s= -$. initi;:i proton 5tltr.n. Fe= k.,&lczt aatizcztrinoa, the sigr: 0: t:lc 

axial-vector 3~plitudco is reverr.c?il. v;hi?3 for nc&rcn targets, the sign 

of the iaovccctcr amplitudes is reversed. 

i0 
I:. G”r T!i‘.iTC. -iczl calculations WC have foil~~ed AbdullJk and C~OSC 

in chco:+iny 

t12 3 0. 14 (c”Y)2 , 

(3.1: 

M = 0.333 GCY. 
9 

2s . 
_.. - - 

The “no mixing” 3 ca*e IS of course evaluated with SD = OS : 0, while when 

WC izclud:: rxixi:lg vc USC: the angles sagested by Iiey, Lit&field 2nd 

c- sh-lore 1” C-I- , 
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eD 
= 10.Z”, 8S=-29.4O . (B. 14) 

Ia an earlier paper. Fain-an and Xendry 
29 

suggcstcd the mixizg arrgles 

-eD 
= 35O or 127’, es = -35O or -90°. These all give results qualitatively 

similar to those found using Zq. (B. i4), except for the case 0 s = 9o”. Here 

we find T BNL(v s:; t$;) z 1. es .a result of the vanishing 
30 

of t??e electro- 
n 

magnetic transiti y t p - St(g 3’2) _ Howe&. ao Faiman and Hendry 
29 

in 

fact argued, t&e fact that the S,,(iSOS) is clcct~omagnetically excited argues 

against ‘&e choice of 90° for the mixing angies Bs. 
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APPENDIX C 

WC give in this appendi* dciails of the resonance production cal- 

culation using the MIT bag model. 
I1 

Although intcma? qLazk motions are 

treated relativistically in this model, in the approximation T;:?ich we use 

the overall rcsonancc center of mass is t:eatcd a3 static: hence again an 

ad hoc choice of frame is xxcessary. -- For cslcx!atiorxtl convenience, we 

have chosen .to wc’rk in the Breit frame. ailowizg us to take over intact 

the lepton kincm?tics dcvcloped in ApPcndix B. 

We bcgix by conatrxctins “.!K bag model -.-zave functions for the p. 

P 33v D13 and Sli. irr the case of the D 13 there is only one possible bag 

model wave function, and hcncc’ no mixing. but for the Sll t;lere are two 

possible wave funrtioxr. xhich xc denote by Sll(i),SIl(2)- WC define the 

physical Sll 115C5) ctatc by qain intro$acing a miring .ang!e 0 ,” (=neces- 

snrily the same as the mixin,: angle (f 
S 

of the r.ocrciativistic quark mcdel), 

Sil(1505) = cos 9; Si,ct) - sin Eg S,,(Z). (C. 11 I 

For the wave functi0r.s of states with angular momcntllm compoeent S, ‘we 

have 

.~J[PV=):$S] = +;(sss) ~[ItS>~~~~~~~+l~s>p~,~~~)] , P=. 2) 

@‘;3W: + S] = ~,obssi 1; SZ+~ +,t3FJ2, , 

JI[D;3(1565): $ S] =I; S> s @JZ(SSP) 4J$@R) + $(SSP) JI,@IpJr] . 

$[S,,O): is] = ; Qssz: [ -I* s>a $@&.) +I $ S>p*p(~~.??)] 

+; *; (ssp) E I:s>Q &$?.?aJ +1&Q, $Jw)“y] , 

+[ s,,wfsJ = +; (ssp) f : ;; >‘n ~b @‘ph! + I$sp q,p @T’z,] . 
. 

22 
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The spin ar.8 SlJ; wav-e’ functions zrc precisely as in Eq. (B. 6). awhile 

t:-i- orbital -=,-z---e functiozs 5-c cw.strcctcd ia terms 0.C c,uarir Dirztc s- 

ad p- orSit3ls in the iollo-zing m2nner. 

I;;S)f3sr) = IL (rl)$J 

sO sQ 

k2) @& Ir 
0 3 

1, 

.c i+z, !ssy;) - 2 [tis k;; bs 
s 

1 1 
h2) y3) + Gs (I- 1 ,dJ Ir ) 4Jg Ir 1 

1l P2 13 

+ +pkl) ‘ir, 
I2 1 

(r 1 Gs k;)l t 

4; (ssp) = $ y’l)!>s fr,)ql 

I I- ‘1 

(r3)1..$ 

3 
kl)+pq+3 i= ! 

1 3 

-ws (7 NJ, (r,NJp(r3)l ? 
l1 1 

+;bsP) = -pp(llN3 CT N 
1 2 9 

(-,),-r;ls k I+ (7 )I> 
1 1 P 2 s1 

k,)] . 

(C. 3) 

me r?ir?x 0rbit;ln 27~ given ir. turn by 

1’ 
so 

k fr)= - 
i 

ij, bl d 

(.+ 
I 

“i 
-j, ib! ;)T- Fj , cc. 4) 

note slat ::?ese are mstriccs :n Tauli 2 pir. cpacc which act on tic spin 

Fi.zve kx:iozs cf 27. _ (C.2). Tb?e furictions j 
0 

and j arc the c.scai vector 
1 

r~>srrzal h2xm2nics rleiized be107 in Ec,. CS..ll> vr:?ile !z’ne ccr,r:-.n!:s .3., b 

an3 i 
1 

zre de,fized by 

“11 wl-l 
9=-, b=- 

wl-l 

EC 
1 RO 

, bl= y- 
1 

, WlelZ 2.04, call= 3.Gl. , (C.5) 

7itfi II. 
0 

2nd p. 1 the bag :rdii z~;ropri2te t3 t?c sss ani ssp 3rbil7l.q 

rrqcctir*el-f-. Y?‘ol;o:;in5 t‘r.c LET ;rcaP,. 
:1 

-.-G-e USC ihc vnluc 
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R. = 0. ?i A:;’ . (C. t 

The rchtion bctwccn I$ aId R 
31 

0 
is fixed by tk-: cqu2tion 

c 

x1\’ 

;qj :2:-e! , 

. 
p”‘“?; 

Z.‘.11 1.!?7 n 
!? 

. 

(C. 7 

(C. 7 

rl:iIc the no~mali7::~io:: co2zt;:l::: i\: .7:.4 N ;i:c Siven by 
P 

f‘ + 

N :: ~-gL~J:~ x’*r i,-T ;,A 
$0 1 %~~iui-I-I:ri~~q_,~i 1.1 

.,~!,~,-l-i!~ir.:i:i-iJ ’ 

3 $ 
(C. 2. 

p; 5 
[ ‘A’l,i 

tJ p$psi~2wli~ . 

I<;.vix~ .3;-cifi~cd ‘,1:? bz.2 r:c.:Te; v,*=-e ?2z-.ctiOr,3, 7-e ~ro~:~~~, ;o 

sir.?.l’xt” c-.rrir <.:;c.?1..-:i:c 
-.* 

oi thz i3:c.:zciion c~lrz?o,r ,: - :I::‘:-cd in Se,. 

(I;. :;:. Aa;lir, it r.cl:ire:: I:c k-.2;> o:ly 0-c: r;:u.?..-;c cont:ibction .J.r.ti to r?.uIti- 

CT:’ 2: cl:: CTl?. ?y 3. f.zc<,or 0: 3. SiCCC ?.C~v.?r,i::~~:~..?~ cOz?.trl?x:fio~~ tq~ t::c 

matrix e’,- -nl-.,::ts k?: l?.,” 0: s 
I, 

1, rrtitztior? f:z3 3. 2~ct:con 2x cbtzi+ 

only wim t’hc cu rrcnt cocplez to the sinclc D crXtn1 in :hc D ., . 13 
c= Sll 

FE-W f*xxtions, WC dekc an eff~~tivt iatcxzction operztcr 2 
Pa 

i3 r$n- 

wit~r:,- syx ::pcc a3 tilt mL?:?ix clcrr.~zt 0: Eq. (2. e; taken 503 zn s 
.O 

to a p Dir2c crkitai. Evaluati2n cf the spzAia1 intc&r;.It then gi-/cs 

.!; 
-L4 [ Iz+ $ (is+ 1,)j !w+r _ i w-r +,; 

31-p 1 

-z-f fiA,i Aji Z2+ 2i3)Wo+ I,Urzt Zz 15(;lisr--W-cr+)) , K. 9: 
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with the Cofi.pOnents of W ae defined in Eq. (B. 9) and with the integrzls 

Il. . . . , 5 
given by 

R. 2 
II= Ni N / r dr jlRr*~)[jo(~r)jl(br)-jl(ar)jo(br)] , 

0 p 

$2 
12= NSoNp s r 

0 
dr jO~*r)[jO(ar)jO@r)-jl(ar)jI(br)] , 

13= NsoNp 1 
R. 2 

OR 

r d= jok*=)[jl(.r)jlCDr)) . 

14= N N s 
Oo p 0 

‘=‘dr j,tk*r)[ jl(ar)jl(br)] , 

15= NsoNp IRorZdr jl(k*r)[jo(ar)jlbr)tjl(ar)jo@r)] . 
0 

The spherical Bessel functions j, 1 2 are, as usual, given by 
2 , 

j,(x) = Z$.E , 

sir, x CO8 x 
j,(x)=- -- 

x2 x ’ 

(C. 10) 

IC. II) 

j2(x)=+-~).9inx-3cosx . 

x x2 

Eecause the el-orbital6 in the D13 and S 
11 

have a radius R 
1 

which is 

slightly different from the radius R 
0 

of the s 
0 

orb&Is in the rmcloon, 

their over+ differs slightly from unity. giving 

1-6 z Ns N 
R. 2 

/ 

0 3 0 
= d=[ job1 =)j,br) + jlbl r)jlbr)] . (C. 12) 

However, since in this paper v;e only study ratios characterizing different 

modes of excitation of the same resonance, the overlap factor defiaed in 

~q. (C.12) always divides out. Proceeding to evaluate the ,spin-unitary 

spiq matrix elements of Xps (again taking the lepton momentum tpansfer 

-+ 
k, to lie along the z axis and quantizing spins along this direction), we 

find the following production matrix eiements, 



-32- 

< D13, S 

<D13, S = -4 I;r,Ip,s = ;> 

= 2 A2,ti[1,tf (I,+I,)l ~vs-~e,,)~I,(PAs-~PA,)~. 

< D13, S = -$‘$ Ip, S=) > = 0 ; 

< sli, s = 8 b,r,ip. S = $ > 

= $ Q-i, )21i:I~213)l;rgtIlv.‘=] [ cos et,gA3+ + sin OgDg,+gA,)j 

t [IIWCt(I 2 +‘- I - : 3 $ 14)W,] [ cos @gisvs+ $ gv3)+ 9 sin e~Cg~,+$gv3)l 

<sll’s=-~~~.s=~> 

= -$ (I-6 )‘2~W+{~12~~13t14)] [cos <(gvs+$gv3)+$sin ((gb.S+&)j 

+ I,[ cos &g s AS+ ?j gbe3) t 5 sin eB s :sAs+ $ PA3’1 I . - : cc. 

To calculate matrix eicmer.tj for the p to P33 transiticn, we 

follow a ptcciscly arnlogous procedxrc. We first 2efine an effective inter- 

action operator 79 
ss 

io spin-unitary spin space as the matrix element of 

Eq- (B-6) taken from an so to a~i so Dirac orbital. Evaluation of the spatial 

integrels then gives 
-.. - - 

RVjXj+v-ot 23’z~2(o.-wt-tTtwJ~ 
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rith the integrals .i 
1 

4 gi-.ren by 
,..-7 

R. 2 
cl = N2 i r 

so 0 

dr[ ji(br)-j:@r)] jofi*‘r) , 

f2 = N2 
50 2 

J * 
se 0 

d= jOb=)jlbr)jlC~*r). 

R. 2 
I3 = Ntojo * drJfbrJ[ j,(k*r)-2j2fk?r)] . 

R. 2 
.I4 = N* I r dr j~br)[jok*r)+j2$zir)] 

8o 0 

. 

Evaluating the s pin-unitary spin matrix clemcnts then gives 

-2w 

<P . 33’s+l~rlp. sr+>= +[ -2 ~2gv3++$fL)p;13J , 
3” ^ i 

<P 
23/2 

33 
, s=$ iw-jp, s=f> = j wz( I; + $ i3jgA3 , 

CP 332 ~=+t.lp, s=; >-+ Wt[ 2 T* gv3t ( I;t $ i4)gA3] , 

CP 33’ S=+lp, s=;> = 0 . 

The resorance prcduction cross aPctioqs are obtained from the matrix 

elements of Eqs. (C.13) asd (C.ib) by substitution into Eq. (5.12). 

cc. 15) 

(C. 16) 

UnIilke the situation in :he nonrelativistic quark model, vhere 

;;henomencIogicai determinations oi the~mixir.2 anglen have been made, there 

is at present no. clear theoretical guide as to y-hat value should be assigned 

to the bag model S 
11 

mixing angle 13:. .,Hence, WC have done the numerical 

work in thebag case for a sequence of mixing angles spanning 
32 

tile range 

from _ r; to 5 
T 2 2’ 

with results for the ratios 
BNL 

r a-d RBNL/RBNLas cummarized 
n -n ch 

In Table VII. We see that qualitatively similar results are obtained fgr 



-34- 

0 
ali angles cxept thos.2 in the vicinity of -30 t0 -45 

0 
- At 0 

B 
= -45 

0 

S 
, the 

ratio 7 
UNL 

trrns- 
n 

(v slt:~,~) is id:nn;ic.zlly cr,-al tc 1, indicating thxt the 
. 

itian y t p- S~l(lSC5) is forbiddm at 0; = -45O. i kdezd, as expected. 

(v S 
t 

) b~cmne3 infinite 
3 

r 
~a/ cm 11 

in the lx~,modcl at !3- = 01 
S 

-45 , . SkCP. as 

argued at the end of A~pcndix 3, eiectroma~nctic excitation. of thn Sll is 

obscrvcd, cn$c.l 0; near -.;j” would seen. to be a= unlikol>, choice for the 

bag model ?-xGs:in~ angle. It is tc-ptinz,, although v.ery co~jectiir3.1,: to 

carry the rcasonic:; OCP step fur:i:cr. IYY{ ide?tic.-ing the wave fuction of 

Eq. (C. 1) -;*ilh 9; z-G0 2,~ a bay moc?ci asalcg of tix + S 
11 

(2 
3/z 

) quxk 

model s;t.-,tr? (T;r -Aich v t p - Sl: z.!.zo vz~z.irac.7 
33 

:T a.,d :ie oT:hc~oxl 
A 

state. obtzixd from Eq. (C. 1) Y-.ith 0 
a 

S 
= 4s” , as 3 hq ncdcl ansl2g of 

p 2i 
the Sll’<> ) state. If this azaiogi- mskea sense,~ 

34 
tbn the qxzk rr,odel 

-.vzvc knctioil with 0 - 
S 

-30 
0 

v;o;lid have,ns its bag mod:-1 anclog the state 

described by Eq. (C. 1) witl; either Bg= 45 o-3~“= ljo *= aa= 45o+ 30c= 75’. 
s 

giving behavior very close to that io.Jnd. for 8 
3 

3 
= On or l3:= 90’ ressec- 

tively. In Tables IIB through VI. we have giver, results obtained from the 

btc model calculation fcr 9 ;= o”, ; $J -90 O, 7.-X& 1903; very sirkiln: and 

give ratios R 
RNL n /Ry of 2,round lj4. asd also for et= -3OO. which as 

h.:s alrcndy b,cn stressed, behaves in a qualitatively different fashicl 

and give3 ratios R i n the neighborhood of + _ 

_.. - - 



n 

-35- 

APPENDIX D 

In this appendix we briefly discuss the charge exchange corrections 

needed to apply the results of the text (which were derived assuminfi free 

nucieon targets) to ths case of resonance prbductien on a conplex nuclear 

target. 
35 

We start from the second relation in Eq. (IO) which. aging the 

definitions of Zq. (S), can be rewritten in the form, 

1 
i- 2NL(y~+p o;e,ql R BNLfyB+. 0 

n 
4 rnBNL +, Ore 

=. 

n 
‘“p33 . .x 

) P.c;I’=(vB+fP3+,) 

~ BXL 
(vB+) + o BNL(vBo) 

n 
rTNL(“P3) + rn BNL (“P;3) 

-1 

n 

2u 
BNL (vB+j 

ch 

2~ BNL 1 . + 

ch 
rYP33) 

CD.11 

BED 
13 Or 51 . 

Following the reasoning of Eqs. (6) - (IO), we obtain for the two square 

bracketed quantities on the right-hand side of Eq. (D. 1) the individual 

predictioes (in ths Weinberg-S+Iam model) 

RBNL 
ENL( vB+) + n BNL(~Bol 

n,ch (vBts ‘) z rm z ~ BNL;yB+l’ = $ r~NL(vB+*o:e,,v). 

ch 

(D. 2) 



-36 

The ratios on the left of Eq. (D. 2) still refer to resommce production on 

free nucleon targets. To cxtrsct these ratios from experiments on complex 

nuclear targets, nuclear charye exchange corrections arc needed. FIX 

simplicity, we consider the case of an isotopically neutral target T. 

containin.g equal numbeis of protons and ,neut:o.xe. We define tkc ebsen-sble 

ratios 

CD. 31 

r BNL(~T- vB+.. .- “NT’. . .) + vBNL(vT--“B’. . .d”Nli!. . ) 

R~,~;(vT-B-Nrr”) = n 
n 

Z”ch 
JNL(~T- +-a+. . . + *- X5”-. _ ) 

R’f,/;(“T dB-ti 1 = 

r BNL( VT- vr,+. . . - vN~ 

n 

. ..)t s;~=(vT-vB’. ..-vN ,...I 

2 s BNL(~T-~-B+...-;X,. ..) 
* 

ch 

and (D. 4) 

c BKL(vT~ vPi3.. . --vNn? . . ) t c BNL(:tT- vPi3. 
0 

R;/BcPih=(vT -P33-NnC) = 

..-YNR...) 

“B,, 
il 

%T-p-P+,,. 
DNL 

. 

2 LGch 
..~-Na!..)t~ch (VT-~-P;;. . .,-tin’. . . ,] 

where . . . indicates unobserved r~~clear fragments and wirczc the final state TC 
0 

or 1 is the emerging particlc observed rfter the ~es~~zzxc decay products 

have had a chance to charge excbmgc in the target nucieuri. As an immediate . 

consequence of isospin invariance WC find 

!?(B 
0 0 

- nn ) = r(B+- pny 
_.. - - 

r(B”- p-1 = ?JB+- na+). 

0 
ru3 -zqrl) = I-(B+-pq). 

CD. 5) 
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Since in an isotopically neutral target the at’ - have equal 

probabilities to charge exchange into a 7’ or to sczttcr inclastical!y into 

an tr, we can~immcdiately conclude that the effects of nuclear interactions 

ir. the numerator and denominator of Fq. (D. 3) are prccisoly the same. 

Thus for the I = 4 resoxmces pi charge ckchange ccrrection factor appears 

in relating Eqs. (3.2) to Eq. (D. 3), and we have 

-. 

~R$c~(~T - DI3 ’ -NH) = R fyc; (v Dl; ‘) , 
(D. 6) 

db~=~(,r- Sll~ N? ) = “h~~~(~T- Sli-N”‘) = R~~~~ (v S:; ‘) , 

An analogous argument cannot be applied to P 33 p:oduction because of the 

++ 
Fitrc-zq P33 contributiorz to the denoniuator of Eq. (D. 4). ‘Jsing in thi.s 

case the averaged charge excSange formula given by Adler, Nussiaov and 

Pas*chos 
36 

, we find 

R’$yt (VT* P334 N,;‘) = d: 8 + l-” RET=: (VP;; ‘) , 
d 5 t I-Zz 

(D. 7) 

with z a parameter characterizing the pion charge exchange properties of 

the target nucleus T ar.d with * and 5 respectively the charged pion to neutral 

pion ratios expected for P’ 33 production by the weak neutral and weak charged 

cu;rests: 37 For an aluminum target we have a”= 0.16, which when substituted 
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37 
into Eq. ‘(D. 7) gives 

R, D3EiL 

n ch / 
(v Al-+‘33d NIT’) = 0. 51 Rfyc; (v I$’ ‘) . (D. 8) 

Co-bining Eq s. (D. 1). (3.6) ar.d (a. cl), we can restate the conclusion 

of Sec. -4 as fcilcys for th2 cr2se of an xiumimm (or other iight to mz<ium 

weipht3’ nuclczr) iargct. -,. :r. rhc ‘?S einjcrg-sa:az? model, with sin 
2 

9 -. --- w 

in the rrlzwc of cspcrimc~~! i,i::zryg! tI:c thrcn xncJc:r, zi! vr:dict th: the 

ratios D13 /p3; nr,c! Q/P 
33 

ohcfrv~d ctl nuri22.r krrcts Z-P rvaiicr --_-.-_ 

I” ts,.- ncutrz! cn:rt:zlt t‘n.2k-i ii. --- - tsc: ch+rmr! currmi c?.zc. --..--_A I:‘c!r?sn2 if t5r: I 2 + -~-- 

rcson3nccc arc ;crmc: xot to dioiort scrinu?ly i’nm.-.riztlt 1~2.8:: clots iz the 

th 

citrrcn: ~35~. Also. the orodcctiog of r,’ s frors: the S 
11 

rc:xt;v2 to th;r? 

I’33 
should be smnlicr in the neutral current t’ mn ir. the chzr.zcd current 

case, mitt2 t>r ratio of rezor.znt q , --- -reduction ir. the ncutrzl currczt to that 

in t?~c char!:cd cl1rrer.t ci-wn by Eqs. (D. 2) and (D. 6) end Tables IIB and VII. 
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Resonance B 

=33 

=:1 

S 11 

D i3 

1 UF) 

312 (3/2+) 

112 (r/Z+) 

l/2 (!/2-) 

112 (3/2-) 

Mass MB Width r 

(Gcv) (GeVjB 

i. 232 0.114 

i. 434 0. 2 

1.505 0. i 

l.S14 0. 13 

TABLE LA. 

Love lying nccicon r~~onv~ce parameters. 

--------------------------------------------------- 

t 
IKm21 

cT (D13> t) . UT (Sii’ t) UT (‘Dj3’ t) 

(mb) (z-3) (zb) 

0 :;9 29.5 . 400 

0. 1 123 27.4 430 

0. 2 103 25.3 430 

0. 3 63 23.2 Ii0 

0. 4 76 2i. 6 ‘3LO 

0. 5 

0. 7 

0. 9 

1. 1 

1. 3 

f. 5 

1. 7 

1. 9 

65 

51 

40 

33 

27 

23 . 

20 

:7 

20. 0 

17.9 

15. c 

13.2 

- i 1. f _., 

10.0 

9. 5 

s:4 

2S5 

195 

130 . 

1co 

75 

60 

45 

35 

r,\n, .? 7ri.. 
.~~ .~~ 
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Ratio 

yL(v Pl3; e,, 

= r ZNL(P F$ Bw) 

r fxL(;F;3; esv) 

_ r==5 g.0. 
2 . 33 

# 6,) 

T-4. 

Born approx. 

sin2 0 
model (without 

W w exchz.n.le) 
Quark model Bag model 

0. 1 

0. 2 

0. 3 

0.4 

0. 5 

0. i 

0. 2 

0.3 

0. 5 

0.5 

0. a3 

0. 69 

0. 58 

0.4? 

0.42 

0.83 0. 83 

0. 68 0. 69 

C. 56 0. 5s 

0.46 0.49 

0.39 0. 43 

Born approx. 

model (with 

w cxchangc) 

0. 79 

0. 62 

0.49 

0. 38 

0. 3f 

0. 87 0. 87 0. z?b 0. 79 

0.79 0. 79 0. 77 0. b5 

0. 77 0.73 0. 73 0. 58 

0. 60 0. 83 0.74 0. 5s 

0. as 0. 93 0. GO 0. 66 

TABLE DC. 

Table of ratios 
BNL 

r 
n ’ 

defined in Eq. (8) of the text. for P33(?Z32) production. 
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FIGURE CAPTIOK 

Figure 1. fiorn approximaticn diagram. includbg o exchange. for 

:he process + N- r;+x. 
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T-8. 

Bag model Sll mixing angle 0 
l-3 

s 
” 

-6Oo -4~~ -30~ o 30’ 45o boo 90° 
_ - ..- (ix) (F2) -------- 

0.81 1.0 O.i? 0.74 0.74 0.75 0.75 0.76 

0.64 1.0 0.62 0.53 0.54 0.55 0.55 0.57 

0.50 1.0 0.56 0.39 0.39 0.40 0.40 0.42 

0.39 1.0 0.59 0.31 0.30 0.30 0.30 0.3 1 

0.30 1. 0 (1. 71 0. 30 0. 26 0. 25 0. 25 0. 24 

Ratio sixi’8 
W 

-BNL 
A 

n 
Iv sli; Ow) 

*BNL, 

z 
(v s;;” e,) 

RBNL 
(v s;;O/P;;O) 

(vSf/Pf ) 
II 33 

0. 1 

0. 2 

0. 3 

0.4 

0. 5 

0. 1 

0. 2 

0.3 

0.4 

0. 5 

0. 1 

0. 2 

0. 3 

0.4 

0. 5 

0. 1 

0. 2 

0. 3 

0. 4 

0. 5 

0.80 0.87~ 0.40 0.82 0.81 0.81 O.aO 0.80 

0. 62 0.79 0. 84 0. 68 0. 65 0. b3 0. 64 0. 63 

0.48 0.74 0.83 0.56 0. 53 C..52 Oe.51 0.49 

0.37 0. 74 0-G 3.49 0.44 C. 42 0.41 0.39 

0. 28 0.78 0.95 0.45 0.38 0. 36 0.34 0.31 

0.24 0.30 0.23 0. 22 0. 22 0. 23 0. 23 0. 23 

0.23 0.36 0.22 0.19 0.20 0.20 0.25 0.21 

0. 22 0.43 0. 2~3 0. 17 0. 17 0. 17 0. 17 C. 18 

0. 20 0.51 0.30 0. 16 0. 15 0. 15 0. 15 0. 16 

0. !? 0. 58 0.41 0. 17 0. 15 0. 15 0. 15 0. 14 

0. 24 0. 26 0. 27 0. 25 0. 24 0. 24 0. 24 0. 24 

0. 22 0. 29 0. 30 0. 25 0. 24 0. 24 0. 23 0. 23 

0. 21 0. 32 0.36 0. 24 0. 23 0. 22 0. 22 0. 21 

0. 19 0.38 0.44 0. 25 0. 22 0.21 0. 21 0. 20 

0. 16 0.45 c. 55 0. 25 0. 22 0. 21 0. 20 0. 18 

TABLE VU. 

Ratios in Table IiB and Table Vi vs. mixing angle 0: for the two bag nodcl 

Sll configurations. The wave factions labeled #l aad #2 correspond to 6: = 

OO. 90° respectively. 


