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A PROPOSAL FOR DETERMININ
THE BLECTROMAGNETIC FORM FACTOR OF THE PION
William R. Praser

mmm years mch atmtwn has been dmw the mbm

: of the ahctrwmic structure of the mucleon. Commez-able ex@erimental
information on thie subject s besn provided by the exwrimnta carried

out by Mstaé:ber and m.s calhbomter& on the seattering of electrons by

protons and deuterons.’ Addttionsl inforvetion vas derived from the
| mammnt of the ¢ross section for electropion production (" +p=e” +n+x")

by Penofsky and Allton.~ |
Among the many theoretiesl ettempts vhich have been made to trest

' 'the mﬁlwmmm pmb:mn, the most successul have been baaaﬁ on the
| methoﬁ. of mm_mmMm.s’n’j In this method, however, one

encounters -hhe difficulty of mq\m*mg knovledge of the electrona gastic

 structure of the pton. It 1s qualitatively evident that tho structure
_of the plon must contritwte to the structure of the mucleon: IZ ths

apstinl extension of the mla@n"'is charge amd m&mﬂc noment aye

'mw&_aﬁasdua‘mmpmnelmﬁ.ottm-mle@,tm'meepaml

extension of the pion will contribute o fhmt of the nuclesn, It has
3

 recently been showi that if the plon structure is assused to be sufficiently

extended, the distgreenent betieen the spectral-representation theory avd
the mucleon structure may be remveaﬁ |

" Unfortumately, no experiments have bean performed which probe
the pi.oi structure. The seattering ot‘vpmm on electrons yields no
infornation at aveilable ensrgles, becmuse thé relatively massive incident
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plon cannot transfer sufficient momentum to make anything but the cutermost
parts of the pion electremsgretic field effective. On the other hand,
s@attering of elgctrons on pions is not feasible because, of mrse, no

'mhasbeenfemﬂfcrmkingm@etsmmm. The purpose of this

thesizs is to describe a metm o namg tks pion cloud of the proton 88

S - pimtarget" _

The procedure to be described is an application of a general method

suggeoted recently by Chew and low.! In this ceise, their method enables
one to measure the electrommgnetic form factor of the plom by extrapolation
of the cross section for e +p= n+ x' + e, The basic principle
involved ia the possibility of enelytic contimmtion of the eMWM&on
scattering wnpmm as @ function of the squere of the t‘aurommn‘bm transfer
of the mucleon, A2, If the initiel nudson has fouremomembum p, and the
final nuclwn, ', then we have :3@ = ofp «p ) . Tt 13 conjectured
that at '&2 = -‘ua, the scattering ampiituﬁé has mi&el&ted pole vhose
yresidue .13 Just the electromagnetic form Pfactor of the pién miltiplied
by @ known cosfficient. It can essily be shown that negative valuss of 82
ave not physically atﬁainahle 8o thet an extrapomuon of the meesured
cross section 16 necessary in order to resch the pole at A° = wu®. The
distance of extrapolstion is, however, small compared to the physical
range of Aa. The procedure for determining the elect: *‘“"z".‘.-“ forn
factor of the pion 1g, then; to extmpcweé the cross section, with its
singularities suitably removed, to the potnt OF = -u®. This procedure
will be described in detail in Section IT.

 Experimentally, 1t will be necessary to meesure the electroprodustion
eross section as a funotion ofl at least two miahlea, Land A If o is
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the ineident electron foure-momemtum, and e' 48 the final, then we have

&sf(saé‘)ag'mm‘tm A because the pion form factor is a function

"of this varteble. In practice, ome could determine these varisbles by

measuring the energy and direction of the fimal electron, plus the direction

‘of the fimal meson. No such measuremonts have yet been made. In thetr

receat experiment, Panofeky end Allton” measured the electron verisbles
but did not detect the meson directly. |

| The snalytic properties of the electroproduction scattering amp:utude,
vhich sre the basis Of the method outlined above, have not beem proved
rigorously. They are, hovever, & very ressonsble extension of mx;aérties
which have been proved for other scattering problems., A plausibility
armﬂt will be given in Section II A. Such ssalytic properties of
mm aﬁplitu&eé have been the object of much study., Their epplica-
tion m the form of apem:!. representations has been mms&ful in
mmms mu’y experimental date in ,pipn @mica. Amalimtiens very
sintlar to that proposed in tids thesis have alresdy been mede for the
purpose of messwring the pion-mucleon coupling mstaat». Extrapolations
of both the susison-micleon.?® and pmptonomﬂucﬂmm eross sections
as ﬁme’bions eeﬁ‘ invariant momentum trsnsfer Yielded valuea of the coupling

 constent in veasoniblé agreement with values obtatned by other neans.

‘In pwmciple, then, the aaalytie properties of the elaetropmducticn
scattering amplitude described above %ell us that one can determine the pion
fora mm: by ean extrapemuan procedure, In order to aaseas'tm practical
aifftculty involved in perfc:rmins an extrapolation éf & given set of
experimental data, one must estimate the behevior of the electroproduction

Srons se.etibn as a function of ﬁz. If the electromagnetic interaction is



- in the eiaemxzm&ncﬁan exgwim&t of Pamf‘aky und Alltcm
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#Ge
mmmwmmmmmmm it 13~Wm'cm
electroproduction and pmamﬁuetm matrix elemants are azmw related,
m digpersion mmtim analysis of pmwpmé.umgn by Chaw, Gal&berm,

Tov, mm (mmwmwm) tise mnexmatoﬂectmpradmmz .
'uy Pubint, Rambu, sod wm@am {mm PIW). ‘The caleuletion in

Section IIT is performed by the use of a modification of their them: The
Mm terns &n the matrix elr&mant are written m relativistic form ﬁn&,
wrmapcﬁ&.m@ly, eemm meailoeﬁm&im tem are dropped. _

In Seetion IV the results of thi,a ealeulation are mterpmm as
implying t.hat for a a&mﬂm‘t extrapolstion emerimnts of mat agcuracy

will be necessary, accuracy an order of m@utwla better than that achieved
2
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m us mﬁd&r in detatl the sxalytic prepermea of the aleetropion-
Wm seattaring saplitede on vhdeh the proposed extrapolation depends.
grmyiked in the tntroduction, no rigorous proof of these xampertiea has

bosn given. However; such propertiss have often been conjectured; for
1astance, i the tvowdimensional spectral yepresentation proposed by
¥andelstan’® and verified to sixth order in perturbation theory. Motivetion
for mnaecemmmcmea from tvo sources: anfazbayvmupmoa
of simpler scattering amntma and analysis of perturbstion
— Wmmmmmw&wm&mm |
nugleon amﬁ&erme, and by Yeylow, mmaik, #nd ﬂretakar (heream )
mpmemmum mmmmmmmwmxww
slectroprodustion. To loweet order in the fine-structure constent,
' by & virtusl photon. The

mmw “pha%m mamm, imﬁmymas

2o and ﬂm the mtﬂx element eem
m@mmm 65 well an transverse terms (i.e,, ke F 0). The extstence
MWWWHWWM&WM@W&W, mﬂm
"photon” mass will only ssuse & shift in the mﬂim of the singnlarities.
| ‘The reeipe used in the papers referred to above is the folloving:
To got one part of the spectrun considerithe iatermediste stbtes wnich
could be reached if p and p' were incoming particles, with ql and Kk
" outgotng (k = 5 = 8'). The lowest of these 1s the discrete single pion
state, vaich gives 8 pole at A% = w.® (on vhich the proposed extrapolstion
" 4s based). mmmmmwtwpm, vhich gives rise to &
‘branch mm at o2« Mp"‘" |

AgEN
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The other half of the ‘spectrun, the crossed epectrum, 15 Found
_n @ siuilar vay by considering the states vhich can be Teached 1f p and
g_m inctdent. This leads to.a pole at (p = q)° = I, where M 1ic the
mmlecm mags, and & brench poist at (p « q)‘? = {M + u)g. Kow since
prk=p + g ve find Ut |

(0= =« 2« 2+ af + ;ﬁga.. - {a2a)

 Here ﬁe = {p +.q)2; l.e., E 1is the total energy of the final nucleon
sod pion in their berycentric sysbem (the system in which p' -sé'ﬁa 0)e
Using (2.1), one finds that the crossed spectrum gives rise to @ pole at

52332.342'.“2“*’?"

= B2« 4+ 20 o+ A,

The spectrun of singularitdes in the A° plane can be

re-sxpressed in terms of cos 6, where 6 is the angle between ¢ and.
35 in the g' + q = O gystem, With all symbols yreferring to this systenm,
. we have '

bﬁ'»- = ku 512 4 %Ekg - E‘i”}fj cos 8 , v (2.2)
- {jl&’e S

Then 4n the c¢os € plane the asalyticity region is the eut plane, with
poles and branch polnts es shown in Pig. 1. The g\mntity Ez- i the
energy of the final mucleon., Actually, the existence of such & large



o '-f'umwahwmmmmcz}ﬁ -~

- s (e 3 ot oo 0 st

zxw méép'&a e 54 it that, perturbation theor o mm
atiion o1 '1j_fc hahaniam, ﬁhsm zaa axistﬁﬂn@ af ﬂﬁavgoaa o
' oputed. It s.a Mmt
' ahnm in m. a gives. me m the 963&. It
: contatn '&iaiswh.!,
) _' fi; o cm mm w tha ma mm m,

o ,i hr(w)fm')w ;; M ey mr m,
| ' (2.3)

4 45 the

. (e@ub' |

s 13 %. - mmﬁm@mwmemmmmm
mrm¢ mmm |
| « lgf° &@2&2 L
15’”1.“2 3’]"‘[‘*‘(9*5"9’”

@

| whibye ﬁaqmms%mgi; o

Slm ﬁ!’ %deﬂnedby
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£q. (2,&) 1s o Iorente invariant, this expression wust be valid in any .
oabe system. In the 18b W, 23 have

® - hlg&udﬁaxz |
’I’v'lémst[iq}(m+kg) malk!mﬁj )

(2.6)

In Eq. {2.3) two quawhmies in the mmmtor, g =md F )

‘ mmtnewstm&lmmssiam wmspm&ingmthedmof

2 2

'mg.,g. mmmmwammmwmw% & o« 1n

aaticwaﬁen of the eﬁr@omxw to thni'. point. The pilon forn faetor,
¥ ()\.), 18 ﬁsﬁm by mmms the pionephoton vertex with both piona
mthem shell. Ifwmt«e the contritution of this vertéx as
3,(8y 4", the most gemeral fomn of J comststent with Lorents
invarisnce 18

Koy a) = - F Mg - o6 (Mg

vhere A= -{qe - q_l)a. The colitimity equation irposes the furthey .
requivenent (&, « q,)+4 = 0, giving £ (M) = ¢ (A), or

3(‘-@»1\,'.%) = oy, + qe)é_}?fk(i) .

Thie deﬁmtim of the pion forna :rmm is mrmnaea B0 that (o) = 1,
‘ mmﬂm {2,3) retenls an additiomal as.ngumw vhich mst be

remvaﬁ ‘mtm an a#tmgbm%on con be performed, The factor in brackets,

viieh results from taling the trace of metrix factors, bas the forn, as

s mmm of coa O %mg @) + 8id @ P (cos ), where P; and B,
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1/2 ‘Bin 8 has a branch

_are pclynemiala. Now sinee sin @ = (1 gos? e)
point &t cos @ = 1, preventing extrapolation. We cannot get rid of this
' etngularity by division by the factor in breckets, since it can venish in
the reglon of extrepolation and does mmh in 't.he case to be discussed
in Bectiosn IXI. We can, Wer, elmiwhe this undesirable oin @ by
dzfinmg & “"symmetrized" cross aetm.on. Define o(8) = da/d? s The |

quity (@) does; of course, ae:sena upon yarisbles other then 6.

| ‘.men agﬁm the sxmetﬂmd qutaty

(n(m 9)) = 0(9) + G(-vﬁ) . B | | (3,75

In Eq. {3.39) an eq\nmsnﬁ daﬁaition of this symetrization will be
glven, m Mﬁw {¢(cos O)) , will, of course, be free from %he brsuch
_point st c08 8 = 1, and ve can at last write the emapomien formuls:

L .7 | kge. dﬁ ;eze a(‘ ) |
2 29 - '
Lty <a>s,1&ma . . ?g.%}?ﬂ — ( Ware)gen’) « u° M, '&-ﬁ’

(2.8)

, meamumsxmmmmmtummmmofm
aimmmﬂom mtion M/d? mmwﬂm afthephysim region,

© ome could obtain the value of F,(A) by analybic contimustion of the function

-(A +u)( a(me) ) » mmntmmmmmwmmmm
st o° - -;52, snd the plon form factor is given by Eq. (2.8). This 1s en
| mmmzoa; of course, sinee in préctice one can know the function only
'toﬁthlnaeﬁruinemrmdﬂlmte muber of points. One practical

mmmﬁmwmmistopmwmmwuwmeaf :
8 andﬂtapolynommaa cog O tothesepeimbythe

R (™ ) {9)a
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wlle 7 |
zsthod of lesst squares.”’’” The restdue 1s then given by the value of this
polynomial at the pole. Some consideration will be given in the next
section to the error involved in this mthcd of extrapolation.

In order to perform the proposed extrapolation, it is necessary to

know thi crose section 4s & funchion of both the extrapolstion variable A
 and the variable A on vhich the form factor ?x(x) depends. Since an
N-particle (incoming plus outgoing) scsttering problem is & function of

M - 10 mﬁ.ablae (neglecting 'spins), electroproduction is & function of
five varisbles. A convenient choice for the oller three varisbles is E,
the total energy of the pion and mucleon in the p'+g=0 Bystem;: Tys the
laboratory kinetic enerwl of the incident electron; and § ; Gefined in the
'+ g= 0 oysten by
(g *VEHE )
I xsllx x g
‘In principle these three varisbles could be integrated out and the crose
section measured 8s & function of 5° and A only. In practice, it may
bem convenient to determine all five WMB; t’orinatwne, by
kmowing the ineident electron enmergy and measuring the distribution of
weEONs 88 & funetion of direction, in coincidence with £inal electrons of

cos £ (2.9)

given direction snd energy. ‘Then in performing the extrapolation all
vavisbles except A° must be beld Pixed., The question then arises: what
values of E, Ty, snd ¢ are most favorable to the extrapolation procedure?

b
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i‘a mmm' this question we rmist be able to astm *bhe ervor
associated with extrtpomtiou_. m us sssume that the exmmtmn will
be done by fittisg a polymomial in cos e to the function (4% + pg)a(ﬂ)s
by the method of ledst ,ms“ ‘Then we con use & well-knovn formmia to
 caleulste the error.’’ | o
m xO Mthemaitimarmpam”aﬁmetmat me.

4 Exo’meo

5.

- In the p' + q = O system, ve find

A% e ? . elgllxl x .
Ve vish to extragolste the mmam
o) = (elallkh® L), (2

to the point x = O, the position of the pole of (o) . The error in the
. hastésmma polysomial at the point x = O is giwn by

Aay = 9 f(h*l)m > | | : {z.11)

. _ N xm , ' o . .
3. _ ‘
~and vhere p, which depends upon the goodness of £1¢, 1s ~ 1. The

sumetion in Bq. (2.11') extends over the points at which f£(x) is known,
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and gi mmmmmwdmmim swnﬂarﬁ mzm of 2(x) at
X, mmwmnq.(a.n)toammm -
emtmwpmm,wMMemwmmmmmmmof
the ;15. Musesmmthn%themuammmmmum £ 4in
the cross sectian (9), for all values of x. This seems to be the most

MMmmmmmmmmwemem&m

behavior of (c) N ma Mmmmmmmttheetaﬁﬂarﬁ éemusm 51
of t(x) is '

2 of Aab on the

y = (e lglleh® 5y

Then if p = 1, BEq. (2.11) becomes

".aao - {2.12)
where
o N menel '
Bﬁfl E_ 1:1 xi * (2012')

Note that the ervor A 8, 1is proportiomal %o the absolute error in the
mesgured cross section, end o the factar  \(H™)) . which depents
only upon the distance of extrspolation and the aisiﬁmﬁn of points in
the physical mgm‘ | |

It 18 qualitatively evident that the ervor will rise vith the distance
of extrepolstion. let us calculate the distence of extrapolstion as &
function of E and A Equation (2.2) shovs that m‘gole oceurs at

cggsok = (M+2a xo)/a lgllk! - {2.13)
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| Holitng A flubd, mm'bmmmmtmanmmmem
mmmmwmgaf E. mmmuy&wtmbmm y' Qe 0
mmm ‘me fn&lamxxg rahttmns hold:

of - i )/E
(1‘!2 «M.)/ E

SN I
| maﬁmaééaf extrepolation ss & function of E,-fnr-’m velues of A
',_wmmm.g. | | o
mmrmmmmwmmmw Aao' on the distance of
 extrapolation, wo mst caleulate (™)), - 12 e ssewme that we cen £it
= 'f(x) with & polyncaial of ‘the fmn'kh order (8~ and Puwaves only), then
B :.anﬁ:ve-by-ﬁvemw mmzmo:msmmmwm
| by a mch:lm e&lmutm for varicus. mxm«: of extrapolation for the
mx&wmweMMs x smmﬂmﬂsmrthephyai&lmgmn.
'nnemsul%ammmmm.k where 4 a,/t 1s shown as & function
of B for A=10, If ¢ MQmmmchwmh E,Wmmaor

. E wre clsamy favored by this mﬁmtiona
A seeond msidmwtm is the gize of t&e residue at the pole.

#

B

3

ey
o

By « B

id
]

: )

]

n e

For & glven A'a,, the size of fme residue determines the per cent ervor,
from Bg. {2.8) une cees that for o given valus of A\ and T, the residue
is proportional to
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.(A :h.(q'la)'(q;é')v “ "?r" lg *
IaPig. 5 this factor 18 gm; against E for two oxtrens values of f.
.V'Ifmze ehoodes ,@ao or %, %Esiwmmmammmmw B.
Thie Wm@ is, fo, grwely omighféd by the more rﬂpi& éem
'nr A alt with B ahowm 1n Pig: k. The conclusion indicated is shat
: mesa mimnm wnﬂitians mte very utrans W&m& wn&a B i.n
mmmwmatmbh, mmsof £ mﬁesw&eg
mmm:m, i B iswmgx, mmnbeﬁhmeawm
‘8 polynumiel of” htgher than fmu% axder to £it £(x); 1.e., Dewaves will
beedme fmportant. The machine caleulution of (X oo Shoved that the
mm-easesmaiymﬁmmwmmmm The eryer vas
‘caloulated in the smmm*mfwmg. % for the potat E =9 .66fer
m-m- andl m-mm- mmm Por the fourtheorder mmmml,
Pig. & shows aa@/g = A%k, mmmm-amr, ve found A ayft = 35,
mmrmeam, Aab/g - 932, -
| By m caleulation of the error for m:t specific dletributions
: af pes.m Xy em @mutaﬁm mmaioaa mre drm mming tm nont
mwu Gtetritution, First, 1t m desirebls to have messurements
7_s9read over &6 wide 6 msim 8s pogsible, preferably the entirve mge of
oot 8. Secsm&, i+ eoens &ﬁxﬁbl@ to concentrete most of the points
| ) e’lMeto o8 8 = 1. ?aremnph, at Bo 9.66wemtmmrewwn
_WW spaced miute 'S a,o/g = 154, For nine m&nﬁa Bt cos @ = 1, 0.98,

L 0.9k; 0,87, 0uT1, 0u26, 0, ~0.TL; and #, ve fowd 4 a,fk = 95. T,

N 1mewmaeamzazomasmmm“smsxm. For 6, 11,
1& and 2) evenly spaced pointn (E = 9,66, fourtheorder polynomial);
& 8/t = 483, 13, 100 and 75, respectively. |
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It is beyond the scopé of this work to provide & definitive anower

" to the experimental question of the optimum values of the parémeters for the

papose of the extrapolation,  An ettempt has béen made {n this seéction to
discuss the most Luporteat festors. In Section IIT D e caleulation will

' be mede of the electremmtism eross section in order to translate Bq. (2.12)

intt an estimate of the maximum per cent error competible with & significent
extrapolotion. It i desirable, of course, to carry out this caloulstion
atmmtfawmhu&xwafﬂmmmm mmmmmera

more fm&m parameter, let us introduce the egquivalent photoproduetion

. energy kpht defined by

%,M . . e

- The quantity .kph ismmwummmn‘mmmvmy

mmmmap:wmcmrMsmme E in

mwméwﬁm ﬁnthewmwthemi&emmdimaeam

mswetwn, smmumwmwwwmmmer kph e
A 500 Mev, - mmsmwnamw E = 9.66 will be used in the.

o meumtmmmmmn.

Asa ﬂm kimtic&l considerstion m ug da‘bemma the possible
rangs of A for a given E and Ly 'In order to Gerive this range, note
the relationship of K, £, &nd &° 4o Lsboratory quamtities, denoted



At : o
Ae 20 (:umv). I L {2a)
. g". Ao 2T - g) L (ea)
£ ooMuy oW . (e
ere ¥ asmummwmmmmmzmmm»mm
airections. Inmq«. (a‘m)themormemmmmwm
. mem mﬂzgﬂ (2a15) et (2.36) we £amd

{2.18)

32&”24‘2”&& *)&[1*>‘,&cm
“Fwasweaz. thémmmmmafg 18 obtatned for backmwd

. souttering, %au. Conversely; vent &msimwmmmﬂ
of A pemitwﬁfwagim E and By (mﬂg.ﬁ}‘ Byimm&ns
'DL me&nomtnmmmiwof e '
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© IIT. RSTIVATE OF ELECTROPRODUCTION CROSS SECTION
| A._General |

In order to essess the difficulty of cerrying out the proposed
extrapoistion, ons must estimate the electroproduction cross méctian.
as & function of cos 6, with the permmeters A, ﬁ, Ty snd ¢ held
fixed, A gemeral trertmsnt of the electreprodustion jroblem has been
given by Dalitz and Yemnde (heraafter’ﬁg).lﬁ The most recent calculation,
baged on the photoproduction theory of Chew, ggl&be_rger;' tow; end m,-u
was made by T, In this section s treatment will be given which relies
Beavily on the sforementioned pepers, but vhlch treate semswhet differently
the corrections dus to the finite mass of the mucleon.

Define the T metrix

2 1/2

8, ﬁABOiB(p'-fq-ﬁs'tpa&)(" ’ > kY .
£ e " _ | @, BB, €c, £1

(3.1)

The T metrix element cen bo expressed in terms of the cwrrent J
assoclated vith the transition from nucleon to final pilonenucleom state:

T “__W_h_w,} Joe - | (3.2)
(2 )

This form applies to both electroproduction and photoproduction. In the
latter case, ¢ 1is proportional to the polarization vem; in the mzm,
¢ has to lowest order in e the value



5 L ee) r e |
S ¢ = b ol 'r&g(g.\ o o B
S R T " | | ,

An m&nbedm% in m,i tiw'a:me nents of § emd ¢ cen be e:@reseeﬂ
o | :tn tem of their space compone nts by mama ax' the m&m;mr equatmm
T oms sa useful in sdapting photaproduction results to electroproduction.

%wmsemmbemm

ag 7 ,va?g-

(E)eﬁ‘- e "-(5!&)‘
/) £

m% m Mzmma -mmiw ﬁ“ m the value
MQT) 3 (Eﬁ""‘y»s kveavk"--g)sg"v
- AT | (3.5)

- w@'.mt mdwemp n expression for the curvent 3.

, roduction aym; Aemmsofm experinental
’Wmmmmsemﬁe,mw Ty = mmmmphaawm,-
the approximmte aem&m of the amperm equations given m COLY cannot
~me:@eﬁa&wbammmm. I‘hewmgnsmhaae&anmglmtm

~




#2200

marum than £Lrst order in ‘u/M, @/M, and /¥ When
phaﬁoem aae; »s10, jxf/M=0.6. An tndtcation of the
'mrthemmfomm mba@bmmwmmﬁth

rtion data. Although pw;,mmmsm of neutval plons from
Wiﬁh%ll&%mm%%wmmm thaawwto%&ﬁev
lab_ energy, 7 poaitive-plion production shows peer agreenent above %00 Mev. |
A W@f the comparisun of theory and experiment z.u positive-pion |
production is given in Fig. 8 of the ypeper by Iszexus, Panofsky, and
Mgherlini 18 The lack of matitaﬁw success of the phowpmducuan
thmaﬁﬁghmr@eem&mtﬁsmmw«hm The theory
gives & m—m&ut&w fit, which ghould be quite adequate for the
purpose of es‘i&m#{i;iag the a.s.mmw of the proposed extrapolation.

et us now consider those mspects of the dispersion theory of

“glectroproduction which are most importent for our caleulation, referring
the reader to FI for & more detailed account., The dominant terms in

" the amplitude for the production of positive mesons are the renormalized
emat@meh&rge Born approximation 33 and the resonent mme«aipole
smpntu&e Nég‘ Ethe 3% tem_is‘

B (N) (2q - k)’ Tolp + k) +M

38 s wWpt) i‘iys 'A» ;"g‘ﬁ - 11'5—'—'——-?—- B 2 (v)s)'.

-

!’n(k) v(p - q) . n ce
o {3.6)

The fivet term, Mﬁingmmtha diegrem of Fig. 2, contains the pole on

vhich the extrapolation is based. Note the presence of the plon form -
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factor, which wBs Set equal to unity in FEW. The proton form faetor vplP(;k)

is gquite well known from the electron~proton scattering experiments by

Hofstedter and collaborators. Par F,"(A), the assumption F,(A) = 0

vill be made. At present experimental results indicate that no large

error is made by this assumption at the value A= 10 ,;2. »
The rescnant magnetic dipole term is

New

s g (L 2g Xk~ igon) v tolew)) (1), (1)

¢
lal” | |
Additional resonant terms arising ﬂm the meson current will be neglected
' here, slong with corrections to the Bornespproximation values of the
Swwemd suall Pewave empiitaﬁeé. In thiz aspproximation the complete -

18, '

expression found by FIW for the ouwrrent J consisis of J, of the static
. iimit of dp? anll of recoil wmuﬁmw@f order g/m.
| An alternative procedure, vhich vill be employed here for incluling.
recoil corrections, is to use the complete covariant expression J, instead
of its ststic 1imit; i.e., set |

d = dg tdy - | - (3.8)
Except for the smsll part of u° that srices fram the anomalous moment,
this expression includss all the p/¥ terms in P, In sddition, by
avoiding the expansion of Jy 1in powers of 1/M, it includes some of the
highereorder corrections which bave been Gropped in (FWW). One might hope
that these corrections which have been included are the more important ones.
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’J.'he mxetic dipole mplitude QM already includas recotil eomctions to
aome. extea‘h when one uses experimnm values tmm p&on»rmeleon scattering
for the phaae shift. In fact, the CGIN ﬂ'omls for phatopmdwtmn of
neutmlpim, wbich&admin&te&by »QM hasbeemshwatomewen
vum the experimntal datal‘r up to 450-Mey phuwn mhoratary energy.
In order to gain further confidence 1n the use of the saplitude - 3,

at energles wa.u ebove rcaona.nee ‘and gt"ve.lues of A wup to 10, which 18

to ‘be nsedhere, let us examine lww the specific forwm of MJM arises in

the CGLX theory. In their_mﬁdn Nl+ 18 essentially our -;.‘JM'» ‘mey
‘ ftmnd (QGIN. Eq. 13,1) a ‘smm nropoﬂionality accurate to a:dér Q/M, of

- )11* ‘and the @mspdndiné plonenualeon sgafhtering amplitude fl.t I8

we wish to use this result at energtes well above the (3, 3) resonance eneryy,
the important question is: How large a deviation from Eq. (13.1) of CGIN
occurs when hig,her-erﬂer terms tn ufM becone appreciable? A partial

ansver to thie quesuan can be obtainad by mnaiderirg the Born-tem
oontr&butiena to Ml and. f +* By a straightforvard put lengthy
'projeetion, ong obtains, negleeting P vaves and highar waves;.

B(2) aa(s M) & Me 2

P - % , -~ (3.9)
LA E(QEEQE-].) -

| o 1fe |

where Vl 0 = [ (M + m,l,&)/ai ] .+ For electroproduétion, vaich reduces
easily to phateprodm‘tioa when A = O, the nuclecnaéurrent part of the
electric Born terms 'gs.vies'



B(t) v : , .
lal I 3 |
vhere
W V.V e ‘
S [ ICE. EE L ~ 1« (3.200)
E (28 - 1) (El + M)(_Eﬂl @, = 1)

The anomalous-moment Born term glves

BE) _ , BT EHNT %,
Mllkl Ml«-m 2 3E(281 @y = 1) [l* 2(81 + M) Q(%}lma- 1)]

(3.11)

Recalling that u'(r) = w'"(A) + e'(N)/EM , we £ind that the simple

propartiananty f

B() | . u(» 3 é(i) |

hnn:“l " Tyl ’

tH

&
lq (Ml"’» e * Mlﬂuﬁ(;t) )

| (3.12)
18 amct to ordeyr u/n with r = 1. Caloulating the exget r from
Ega. (3.9), (3.10), (3.11), and (5.12), one finds for photoproduction at
B60- and W-Mev'lahcr#ww energles that r = 0.990 and 1.007, respectively,
whereas for electroproduction at Ky = 500 Mev and A = 10, = 0.932.
Thus in photoproduction the simple proportionality of the Born terms is
| retained well above the (3, 3) resonance energy; even for electroproduction,
uptoatla&stthemﬁe&vamaof kph and A, the value of r can be
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et emw my'm sufficlent securacy for our purposes. The
expression (3.7) for e vill thevefore be used as 1t stands.
" 6ne further coment ehowld be made about Eq. (3.8) vhich w1l be
“used for § E namely, thst the inclusion of toth 4, and J, results
umtmmmmaae. Ve bave mmve LnEg- (3.10) ﬁhat N
 contetbutes to e wmpittude My K, mis contrtbutson 1 tncduted
tn 3, od ehowld theretors be mmm out of 3, . Beuatien (3.10)
srms mtmwuwmtammmmmm 3 s

—-ﬁ <£l{equ-1(ao§)q+1(q.k)a1l1)._.

'meimllymatemmveambemmwimwrt&ntinthammbe
| mimmwmmmmmunmrmMmm
elso.

C. _Caleulation of the Photoprofuction Cross Sectiom,
~ The ‘f‘ozmla (3.8) for J &ewwpea in the previous eection avolds |
expanding the electric Born tems in powers of Y mﬁmy'therem
include mcleon»mmu effects more acmn-ately than the CGIN :‘oumla
' ginee definite dlsagresment hes been observed in positivewpion production

betieen the CGLN fmmmrmem,mammmummmmwa |

N mmwm&rarwoMevtamuFm(a.a)mmbatWr

meemnt WMWuw%%esmMmmmme &sawvm&n
Fig. 7, tha caleulation 164 to sn sagular dletribution almost identical
o that predicted by the COLN formula. Neverthelsss the formils developed
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1;; tMs paper nay be significantly more accurate in the eaectmpmauction
| '_ma,memwtlmmnambemwmmm -

w1 ition of the Bleetéogm&uction Gross Section.
mungdmlewda&imstmeeaammmx Q » We are reedy
to pmceed to a ealcislation of the electroproduction crose section. Since
'zmmmmformmmmmmmmwmsewmma, ve need
only insert Pormula (3.8) ror J into Bq. {(3.5). Separating ¥ into

: -’thepaﬂmingm g o from Jm,mrmtheamwwm,wma

g = ﬁB ""'Agn-"’ .ﬁg . | : (5.13)
'?or%wzicodipohtem gfn , one finds
2 2 2 2 2 -3 2
By = Bt t5la) &l - Ngr) + gUxaekxs) + laf(axn) 1),

{3.1%)
vwhere D 18 defined by Eq. (3.7').
| Them:'n-eermpwtef '] canbeemlmwdctmmaﬂyhy
| 'sﬂksti'hmng Eq- (3.6) into (5.5) The result iss '

4.

RS ﬁ) % - é;:“ "'3"5——5 Ut(q-a)(w') ~7~]

' m

{aue(a + A ) * (p-k)(A + 2!42) - aﬂz(p'.k)

)2
o+ X ;;~ (p-#)(pw') + ﬂ(pw)(p'm) + efﬁ*a')(p'-e&’) +~,-; [2(p* ) (pes)(pes*)

- (p*k)(p.s)tp' ._s') . (p-xxp.s-xpu-an}

(Eq. 3.15) Cont.
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‘.f (& +p ek)h(p) - (»-ls) h(p) l .

""‘Intmmmmm&smmp’&immmmthﬁ P,%(8) =0, and
- p(x) - ¥ %.) = Fy (x) x(”')' and e abbmvmuon ) |

| _‘vn(p) (aq- k) », (aa"s - s"k" -8 k“ Aw“”l)_ o (3.15")

SR vhﬂ‘B hsen 1&%@@&:

Mzaally, ‘the cross taim .ts

Bfg N X % ¢ ) . vgﬁ._&g_%'g' )
£ v gok*"‘ o i 5 ]
envlvznan - 1“—-@ 17 TNk E

. 8¢ ' {28k « A}& Olk)ok .

%o
* ' Elgle'h.slz (5 - cor® 6)
» 21 2(gelx x 5)? - 6 gk + ¢, qe ]
2z ek ~ %) ¢ |
- e (- B =B (3.16)

The following eynbols were introduced:
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Sy )
m* = EA - M , B
6, = (s xgex® , B | O (3a67)
€, = (kx@-(k x8) .

The last teynm in Eq. (3. 16) is the contribution of a hem that, following
FiM, was aﬁéad to Jy to restore gauge 1mriance.

A mmerical calculstion of these fomm as & function of ©
has been made for the cuse dlséussed 4in Bection II C, nemely

kph' = 500 Mev, or E = 9.6%7 ,
- QL = 5.039 ~ To0 r’g‘h

Two values of the angle ¢ (defined in Bq. (2.9)) were used: # = 0° and
% = 180°, Prom electron-mucleon scattering experiments the value of Fy
was chosen o be Fm{m) 5 0.6"::.1 |
In order to carry out the calculation it was necessary to estimate
the value of the phase shift Bys 8t E = 9.66, vhich corresponds to
pi@a»miaﬁn scattering at %50 Mev. One cannot use the CheveLow
effectivesrange formila at such & high energy. At %07 Mev, Chiu and Lemon®t
find & significant deviation. In order to estimste the phase shift at
550 Mev, the points of Chiu and Lemon and one point by Willis™ have been

Jmmabyamothewandmm'a ul&ﬁ" resd off at 350 Mev,

33
This crude estimate should be quite adequate for our purposes.
To make the depentence on the usknown form factor .F” explieit,

let us write
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= Mo, TR+ Ble, PEE, + oo, IR (3.17)

The caloulatbd dépendence of A, B, end € on @ 1s shown in Fig, 8 for
| gﬁ_m@mm-mg.‘s m?ﬁ . 0%, The pimmalmeénmgefthemmuea
. ot @ 13 ilmstmms.nﬂs. 10. Comparigon oftham cages remlstbe
'.'-'thawmwmm@mnm mmmwtmmm
- dmn@enw mmmm mm 1ntmrellwing expmsaim for A
A E(E) m M(q-sxw') S I 2]

The term A 4o of course the pole tern Mitoh bas been discussed, but the
© extyems - ﬂ aemmmmunuammbytmemmﬁm
| pmmmswaw znsecmanﬂn. Reeanmt it a.amcemmto

' emtrtze the crase metion as pmmwa by Eq. (2.7) in oxder to

'-&llminate » byanch point. 'rm symmtﬁm& £ ocan equivalently be defined

m .
ﬁge}ﬁ) = Ko, 9) + flo, g am) (3.9)

This ammm ﬁ' . 18 then the sverege of the fa = % case of Fig. d
mwe ﬁuomafm. 9-

- Befem mias onto the consmeratmn of ja end its extrapolntion,
Clet as m ﬁm af the e;ectmpraduaﬂm eross section on the
'Wm -3 (10), wmu ?ﬂ,(m) = 0.62, Beveral cases are pmwa in
Plg. 11, One m‘bmsﬂng fenture efthismm that for any curve
F (10) = B, ‘vhere B £ 0.85, there 1s another very similer curve
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corresponding to & different value of F (10). This is illustrated tn
Figs 11 by the curves for r‘(lo) - rm(m) = 0.62 and for P = 0420,

Fioally, Fig. 12 chows the calculated behavior of the extrapolation
. funetion (Aa + }.)2 ﬁrs at the end of the physical region.
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. ve ave now able to &pply the error entivates developed in
Section 1I C. For esample, mcall tm for one case in which the cross
mmmWaimemmw, the error was found to be
| 'i_aao @ 008 If Awy s weerror tn (8% + 1)°F et the potnt
-7‘A a-z, m ¢ asmem(mammm) in p?’ mmhmmd
- pointy Prom ?5.5. 12 ve see that 1f & ao 2 8 tkm extmpaia%m yields

i ae mm mtim. Mmqairea & constant mbsolute error in g

_ less than 0.02. mmusmmm F = 0,62, thismapemem
-exmmmma%at 8«0 o6 st 0 = 90° and 20% ot © = 180°,
'~ Evem thza asatimated mmer 1imit of wwany is e@naidembly better than
that achleved by Panofeky and Aliten” 1n én electroproduction experiment
in which only E end M (a0t A7) vere determined. Thus 1t appesrs that
the proposed exmmmmn, afmmz@ musi.bla in. prinuiple, will require
Wrimnﬁanfm&tmmy.

This pmblem‘m_m@aﬁedv by Brofescor Geoffmf ¥. Chew, whose
' va?luaﬁle advice throughout the course ‘@f'_tha_@rk I greatly eppreciate.
The miga&a of error in 8 leastesquares ‘MWMW wag done with the
‘help of Dr. Michagl J. Morevestl. I also bemefited grestly from very
frequent discussions vith James 5. Dell and Peter Coiffre. |
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FIGURE 1EGENDS

Poles and branch polints in the cos @ plane. The seale of the

figure is eppropriste to the velues B = 9.66, A\ = 10, The

Mﬁ“m pole 18 the one at. Aa @ qxa.

£y
The clase of disgrams giving rise to the pole 8t 4% = -»;;&.

. The distance of extrapolation as & function of E for two values
Of A« Also showm is k., the equivalent laborstory emergy

in xxwmmdnmmn (22 -+ ey )s
Towe dependence of the amu@elatwn error & ao/g on B.
The varigtion of the symmetrized residue at the poleiaa & function

‘of E for verfous § &t T, = 700 Mev and A = 10.
s ve. N for T, = 00 Mev Por various values of ﬁah_l&h@mﬁoty

| seattering dugle ¥ of the Pimal electron, Polnte above the

- COLN formule, Eq. {3.8). Dasbed iipne: prediction of (GLN

mg;_ 8,

Pl 9.
m& 10-

Fig. 1.

iine ¢ e ere not kinematically possible.

Photoproduction ot 400 Mev. Bolid line: prediction of modified

formila, EBxperimental points are those of Walker et 8170
Tne dimensionlese functions A(6), B(6), and C(e), defined by

F-arf? s Bvrﬁj werf,  for #-18°

The functions A(8), B(6), and 0(0) for g - o
Dilustration Of the two cases § = 180° and § = 0% in ters of
movents in the systen in vhieh p' + g = O,

A plot of the dfmensionless function §f , proportiomal to the
electroproduction cross section, for B = 9.66, A= 10,

_ ?Gﬂm,;ﬁahga, and various values of the plon form
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Pig. 12.  The ealculated behovior of the extrapolation function
(Az + 1)2 ﬁg &t the end of the pmical reglon for the case
discussed.. -
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