
SLAC-PUB-502 
September 1968 
(EXP) 

ELECTROMAGNETIC INTERACTIONS: LOW q2 ELECTRODYNAMICS; 

ELASTIC AND INELASTIC ELECTRON (AND MUON) SCATTERING* 

W.K.H. PANOFSKY 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California 

(Presented at XIVth International Conference on High Energy 
Physics, August 28 to September 5, 1968, Vienna.) 

* 
Work supported by the U.S. Atomic Energy Commission. 



ELECTROMAGNETIC INTERACTIONS 

I. Electrodynamics at Low Momentum Transfer 

In discussing eletiomagnetic processes at high energies 

it is customary to start .examining the validity of electro- 

dynamics at high momentum transfers. 

We will depart from tradition by dividing the subject 

into a discussion of quantum electrodynamics at low moment- 

um transfers with high precision and high momentum trans- 

fers at low precision. I will deal with the first subject 

while other speakers will deal with the second. The justi- 

fication for this otherwise illogical procedure is that 

high momentum transfer QED from the experimental point of 

view happens to overlap with experiments on the photopro- 

duction of vector mesons and their leptcnic decays, and 

also t >st stirage ring work on high momentum transfer electrc- 

dynamics coincides with those experiments which again relate 

primarily to vector meson production processes; both of 

these subjects fall into the province of other rapporteurs. 

. : Another reason permitting splitting, a discussion of the 

validity of QED into these two regions is the fact that 

the relation between low and high energy momentum trans- 

fer processes is highly model-dependent,should a meaning- 

ful de':iaticl; be found. At this time there is no reason for 

confidence in a particular model of a deviation, nor is 

there any persuasive evidence for the existence of any de- 

viation, either from high q* or low q* experiments. 
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Low momentum transfer quantum electrodynamics is in a 

somewhat confusing state. On the one hand one problem 

which has plagued physicists for the last years, namely 

the problem relating to consistency among different 

methods of determining the fine structure constant, has 

probably gone away. On the other hand, the discrepancy 

of the value of the Lamb Shift with theory has persisted 

and new discrepancies in the values of the g factor of 

the muon and electron seem to have appeared. I believe 

however, it is also fair to say that none of these dis- 

crepancies are such that they may not be either experi- 

mental in nature, or may be the result of subtle points 

having been missed in analysis; 

To discuss these questions let me first make reference 

to the spectrum of the hydrogen atom (Fig. 1). In past 

years the hydrogen fine structure discrepancy has been 

identified by plotting values of 

, 2 - 137 

which appeared to cluster near two values, one being ,035, and the 
other 

/.039. Although only few experiments have been reported to 

this conference which bear on this question I would like to 

discuss the complete picture in order to provide some 

context. 

The hyperfine structure of the ground state of hydrogen 

gives the experimental value [l] of 
. 

H 
'HFS = 1420.405...MHz 
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as measured by the hydrogen maser. The precision is beyond 

anything of interest here. The problem is mainly a theoretical 

one,namely how to take the nucleon structure into account. 

If one makes a purely static calculation [2] of nucleon 
, structure, the value of the.fine structure constant becomes 

-1 
a = 137 -0359 

accurate to about one part per million. Although I am 

plotting this particular value on the summary sheet (Fig. 2) 

of values of the fine structure constant, there is little 

question that a static calculation will probably over- 

estimate the effect of finite nucleon size. The reason is 

that as the electron moves around the nucleon the polariza- 

tion of the nucleon will vary correspondingly and therefore 

the effective finite size effect might be smaller. This 

effect has been estimated by Drell and Sullivan [3] and 

might give an additional correction in c1 of the order of 

five parts per million. It is this uncertain theoretical 

,picture which has led peo@e in the past not to take the 

HFS value of Alpha too seriously, although no rational 

reason has been presented why the error should be larger 

than that estimated. 

A shift has occurred during the last year in the measure- 
the 

ment of/hyperfine structure of muonium. Amato, et al., [4] -- 

have reported measurements of the hyperfine structure of 

muonium at very low magnetic field (10 
-2 gauss) in which 

the Zeeman-splitting has not been resolved. In a paper 
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submitted to this conference they quote: 

y;FS = 4463.25 * .06 MHz 

whjch is slightly higher than the values quoted earlier [5] ' 
at higher magnetic fields. To go from these measurements 

to a value of the fine structure constant we need the measure- 

ment of the ratio of the muon moment to the proton moment as 

measured by the ratioof precession rates; this ratio is known 

to about 12 parts per million, and the correction due to 

Ruderman [6] which corrects for the fact that the proton and 

the muon find themselves in different chemical fields when 

undergoing such precession. Applying these auxiliary consid- 

erations one obtains 

-1 
a = 137.036g i .0013 . 

Although the use of muonium and also positronium is attractive 

to avoid the complications of finite nucleon structure in 

hyperfine structure, the muonium measurements are marred 

by such auxiliary considerations while the positronium 

measurements and also the calculation of positronium fine 
. . . . 

structure have as yet not reached sufficient accuracy. 

Let us now return to the proton: The most direct 

measurement of the fine structure constant should presumably 

derive from measurement of the fine structure interval 

(2~“‘~ - 2p"2).as shown in Fig. 1. Historically the most 
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accurate measurement was that of Lamb and collaborators 

(Dayhoff, et al, 171) which measured the 2p 
3/2 - 2s 112 interval 

and added to this the value of the Lamb Shift interval 

(2~~'~ - 2~~'~). This combination gave a value of cx 
-1 

- 137 

slightly lower.than .039 which had been extensively quoted in 

the literature and which is plotted in Fig. 2. However, tk:o 

recent measurements have changed the situation: A direct 

measurement [8] of the fine structure separation has been 

made by determining precisely the magnetic field required 

to lead to crossing of the 2p 3/2 and the 2p l/2 levels. This 

measurement has given a value of 

-1 
a = 137.0353 f .0008 . 

Although this may appear to be a more straightforward approach 

than that of Dayhoff, et al., [7] one still should note -- 

that/the error quoted requires confidence in locating the 

line to one part in 2,000 of its width; for this one has 

'.: to rely on complete theoretical understanding of line shape. 

Recently another measurement [gl has been made of the 

2P 3/2 - 2s l/2 interval, which when combined N5th the experi- 

mental Lamb Shift interval gives a value of 

-1 
c1 = 137.0359 F .0007 

for the inverse fine structure constant. 

Finally, we have the new result obtained with cryogenic 

techniques which gives new precision to the ratio of Planck's 
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Constant to the electronic charge. This work by Parker, et al., 

[IO] used the precision determination of the voltage gener- 

ated in a Josephson Junction when irradiated at a fixed 

microwave frequency. This voltage appears to be related to 

.'. , the frequency in the cavity by the equation '. 

2eV = hv 

from which the fine structure constant can be determined 

by the equation 

where RyW is the value of Rydberg constant at infinite mass 

measured in inverse centimeters and where Yp is the gyromagnetic 

ratio of the proton, while (up/l-l,) is the value of the proton 

magnetic moment measured in Bohr magnetons. These auxiliary 

constants are known to sufficient precision that Parker et al., 
' . : 

'could quote'a value of 

-1 
a .= 137.0359 ,+ .0004 . 

The question of whether the theory of the Josephson Junction 

is really sufficiently clean to permit confidehce in this 

measurement has recently been answered experimentally to 

almost complete satisfaction by a series of remarkable 

measurements by John Clarke [ll]. He demonstrated that the 

Josephson voltage steps are independent of the.nature of 
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the materials used to about one part in 10'. 

All these experimental values when plotted on Fig. 2 

suggest strongly that now all measurements of c1 
-1 

- 137, 

other than the early ones of Dayhoff, et al.[7] , cluster -- 
,' '. I 

about .036, and tha t the new muonium measurements reported 

to-this conference appear to join the crowd. 

Thus all appears to be well excepting for the fact that 

the measurements of the Lamb Shift itself (which affect the 

determination of c1 only in a minor way through addition to 

the partial fine structure interval 2p 312 - 2s l/2 ) continue 

to fail to agree with theory. The two independent measure- 

ments, one the direct measurement of the separation due to 

Lamb and co-workers [12], and the other by the level cross- 

ing method of Robiscoe, et al __--> Cl31 are now in agreement 

with one another to within about two standard deviations 

but are in disagreement with theory by more than four 

standard deviations; most of the estimate of probable error 

rests on uncertainty of theory rather than experiment. 

Let me now go on to the g-factors. During the preceding 
'.: 

conferences (Stanford and Heidelberg) the CERN group of 

Bailey,et al., announced progress of their measurements -m 
I on the g-2 value of the muon using their 1.5 GeV weak- 

focusing muon ring. I assume that the disposition of the 

experiment is well-known and will not repeat it here. Out 

of these measurements a discrepancy between theory and 

experiment had apparently emerged. At this conference Bailey, 

et al., [14] announce a value of -- 

(g-2)/2 = (116614 i 31) x lo-* 
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: ” 

for the muon anomaly which compares to a quoted theoretical 

value of 

(g-2)/2 = (13.6560) x 10 
-8 

if-QED is assumed to be valid to smallest distances, and 

where estimates of strong interaction loops and the effect 

of a possible intermediate boson have been included. The 

deviation is thus reduced to (54 2 31) x lo-* in (g-2)/2 

which may no longer deserve to be called a discrepancy. 

There are both theoretical and experimental sources of the 

uncertainty in the gyromagnetic anomaly of the muon. Even 

the contribution from pure quantum electrodynamics to the 

anomaly (for which no uncertainty is discussed by the 

authors) still has an outstanding contribution to the a3 

term which has not been calculated as yet. The hadronic 

contribution to the anomaly has been calculated 1151 using 

the rho meson width and height from the earlier Novosibirsk 

experiments [16] and inferring the omega and phi contributions 
* .; 

from SU(3). More recent data on the p vector meson are now 

available from Novosibirsk and directly measured widths and 

amplitudes of the P and other vector mesons from the Orsay 

colliding beam experiments are reported at this conference. 

For this reason the theoretical correction to the anomaly 

due to hadronic contributions might well shift by a few 

parts in lo* , but this point can be cleared up with the 

new data. The weak‘interaction correction is very small 

and therefore its uncertainty appears not to be significant. 
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However, it should be noted that this calculation assumes 

an,intermediate boson without an anomalous magnetic moment 

to moderate the Fermi interaction; the correction xould 

increase linearly with a possible anomalous moment of the 

L?; moreover the calculation requires cut-off procedures. 

Considering all the circumstances one might conclude that 

a presumed theoretical uncertainty of k 10x 10 
-8 is not 

overly generous. 

The group of Bailey, et al., has carried out diligent -- 

searches for sources of error in their experiment which 

might account for the deviation. The mean life of muons 

trapped in the ring appears to lengthen with trapping time 

and approaches the theoretical value at large times, thus 

indicating some ccntinued muon loss; this loss is probably 

caused by imperfections in the magnetic field. This, combined 

with the fact that the measurement .of mean magnetic field 

as,seen by the trapped muons rests on observation of the 

cyclotron frequency of the initially trapped bunches, gives 

rise to speculations that possibly the mean field seen 

during the entire muon history and that seen by the early 

bunches may not be the same. This effect has been studied 

experimentaily by using different time intervals for obser- 

vation of the bunch rotation frequency, and consistent re- 

sults were obtained; however, there is an unexplained loss 

of particles between the time intervals chosen. In addition 

many check s using variable aperture stops have given consistent 

results with the orbit population calculated by Konte Carlo 
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methods. The shift in mean orbit radius required to remove 

the deviation is in excess of permissible limits. The reason 

for the reduction of the deviation relative to the result 

reported earlier is attributed to the fact that the data 

interval used in the fitting of the precession for the pre- 

liminary result started at a time tl, which was unfortunately 

atypical. In the measurement reported here a variety of 

starting times were used; a systematic: dependence on the 

starting time tl was discovered and has been corrected for. 

Discussions of‘a new version of this experiment are under 

way at CERN and in the U.S., since a possible deviation in 

the measurement of this important quantity clearly needs 

confirmation. 

The situation concerning the electron g-factor is no 

better. Rich [I71 has recently recalculated the old measure- 

ments of Crane and collaborators and has uncovered correcticr,s 

originally overlooked. The measurement can be quoted by stet- 

ing that the u3/.rr3 term appears to have a coefficient 

-(6.5 + 2.5) 

.. as,compared to the theoretical estimate of .15 . Note that 

this discrepancy*, if any is in the opposite direction of 

that of the g-factor of the muon. As an experimentalist one 

has, of course, not the greatest confidence in such recently 

s [(g-2)/2] electron;experimental = (115955.7 2 3.o)x1o-B 

[k-2)/21 theoretical;l37-a"= .036 
= (115964.1 t .3) x lo-* 
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resurrected corrections to an old measurement and one hopes 

for a new determination. Experiments using cryogenic and 

other techniques are underway towards that end in several 

laboratories. 
. This is the situation on low momentum transfer electro- 

dynamics. Some clarity has been added in one corner but 

.possible problems have emerged in others. I will now proceed 

in the rest of the talk tosPJeep all these problems under 

the rug and assume that quantum electrodynamics is an exact 

science. 

II.Elastic Electron-nucleon and Muon-nucleon Scattering 

In addition to assuming the validity of quantum-electro- 

dynamics over the full rang: parameters 7 covered, all analyses 

of elastic and inelastic scattering experiments continue 

to assume single photon absorption only. This assumption 

can be tested by comparing electron and positron scattering 
. 

cross sections, by observing the polarization of the recoil 

nucleon, and by observing deviations from a linear "Rosen- 

bluth" piot. The recent work of Mar et al., [18] has ex- -- 

tended the positron-electron comparison to q2 = 5(GeV/c)2 

without any evidence for a deviation from equality of the 

cross sections for elastic and some inelastic scattering 

from the proton. 

The measurements give limits OI- ':-.e real part of the 

two photon exchange amplitude relr.. to the one photon 

amplitude of the order of one per': . No further new 
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evidence on the two photon amplitudes has been developed 

recently; none of the numerous "Rosenbluth" plots involved 

in theelastic and inelastic scattering experiments reported 

below exhibit deviation from the straight line relationship 

of the cross section with tan2($) where 8 is the scattering 

angle. 

Relatively little new experimental information has been 

submitted to this conference on elastic electron-nucleon 

scattering. You may recall from an earlier conference that 

at SLAC [lg],spectrometer experiments have extended measure- 

ments on electron proton scattering to four-momentum transfers 

of q2 = 25(GeV/c)2 , and that these data continued to fit 

reasonably well the so-called "dipole" formula for the form. 

factor, although this fit exhibits some deviations when 

viewed in detail. Earlier data from DESY showed agreement 

with the socalled “scaling law” 

GEp(q2) = 
GMph2) GMn(s2) 

!ll 1 = 

* FlP 'n (l+q2/.71)2 ' 

Recent precision measurements [20] using the external beam 
the 

of/Bonn 2.5 GeV electron synchrotron have given the first 
. . 

possibly statistically significant indi-cation that the 

scaling law may be violated. The Bcnn data cover a range 

to 2(GeV/c)2 as shown in Fig. 3 and can be fitted by an 

equation of the form 

GEp(q2) = GNp(q2)[l-(0.063 k 0.018)q2j/~, 
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Considering the difficulties of these measurements the authors 

do.not claim that this deviation is necessadly significant. 

The data on the electric form factors of the neutron re- 

main in an extremely unsatisfactory state but are compatiHe I 

* with being close to zero everywhere; however the interaction 

between electrons and thermal neutrons leads to a non-vanishing 

derivative of the electric form factor of the neutron at q2= 0. 

The slope of the variation of G &$I2 > with q2 is no longer 

in disagreement with the low (q2 < 0.2(GeV/c)2) measure- 

ments [21]. This is partially due to an upward shift of these 

measurements of GEn (q2) originating from elastic scattering 

on the deuteron at low q2 and from improved dispersion cal- 

culations presented at this conference [22]. The situation 

is shown in Fig. 4. There is some new experimental material 

at higher values of q2: are 
Recent measurements/reported at this 

conference by Galster et al., [ 23 on deuteron elastic scatter- ] 

ing using an electron deuteron coincidence technique. The 

result places a new upper limit on the value of GEn; the 

results are GEn = 0.02 f 0.05 at q2 = 0.27(%eVlc)2 and 
. ..’ 

GEn = 0.06 *.-0.06 at q2 = 0.4(GeV/c)2. The limit in the 

c 

total range O< q2< 3(GeV/c)2 remains IGEn12<0.3 which is not 

sufficiently stringent for useful analysis. Extending measure- 

ments of the electric form factor of-the proton, let alone 

the neutron, to high momentum transferswill be attempted but 

progress is very difficult since de facto such a measurement - 
involves subtraction of cross sections measured under dis- 

similar kinematic conditions with only a small residue re- 

maining. 
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Theoretical interpretation of the elastic scattering data 

will be discussed in another session. Let me only say here 

that not too satisfactory a picture has emerged. Attempts 

.'. . 8 . have been continued to fit the measured form.factors with 
'. : . 

'poles in the time-like region of momentum transfer but such 

. fits require both large finite widths as well as pole loca- 

tions at energies where no physical particles are observed. 

Several attempts have been made to relate electron-proton 

scattering to proton-proton scattering data, as first suggest- 

ed by Wu and Yang [24], Experimentally we can show the corres- 

pondence by plotting both the ratio ($I'(%),=, for proton- 

proton scattering as well as G4 Mp(t)/Gip(0) against t = -q2; 

this is done in Fig. 5; this plot leads to the striking in- 

ference [25] thatas s + 00 the relation 

@p-p = (g)p-p. t =. 9 GAP(t) 

might become exact. 

:,.. . . . .The disadvantage of this simple conjecture is that there 

. . 

is no experimental proof for its correctness; the advantage 

is that it leaves no free parameters so that predictionsresu& for 

proton-proton scattering at energies accessible to the 

Serpukhov accelerator. More specific discussions on inter- 

preting the correspondence between e-p and p-p scattering 

and other attffnpts to account for theq'behaviour of the 

form factor at large q2 are contained in the theoretical 

sessions. 

Muon-proton elastic scattering data on hydrogen presented 

at this conference from Brookhaven [2@] have not demonstrated 
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any difference between electron and muon scattering; the 

highest momentum transfer reached is q2 = 0.g(GeV/c)2 . 

The inelastic muon scattering experiment from SLAC [27] 

reported at this conference also shows equality of electron 
I,"' : and muon properties within experimental error. 

The experiment of Lederman et g.,[26] used a combined 

spark-chamber and range-chamber technique in a purified 

muon beam with pion contamination less than one part per 

million; beam momenta ranged from diGeV/c to 17 GeV/c with detec-, 

tion efficiency of about 30% at best. The results demonstrate 

a) 

b) 

c> 

of 

as 

equality of u- and 1-( t scattering; 

Straight - line behaviour on "Rosenbluth" plots. 

Equality of electron and muon scattering with the exception 

an unexplained normalization error of 8%. 

Fig. 6 shows the resultant fit of the u-p data expressed 

a form factor, assuming validity of the "scaling law" 

. = GM/p . 

Another experiment dealing with the question of equality 

of muo?? % lectron interactions was reported by Russell et al -m 
. . ', 

[28j on the observation of muon "tridents", that is to 

say the process.of muon pair production by incident muons. 
-_ . . .a .. Since'two of the final muons have identical charges, the 

cross section is sensitive to the statistics obeyed by the 

muon. Although the reaction was clearly observed for the 

first time, the experiment was not sufficiently sensitive 

to differentiate between Fermi and Bose Statistics. 

To summarize we find that all evid.ence currently available 

relating to the electromagnetic interactions of leptons 

__ . does not reveal any deviation from muon-electron equality. 
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III. Inelastic Electron Scattering on the Nucleon 

Possibly the most important experiments in the field 

,‘. . a of.high energy electrodynamics reported in this conference : . 

are. in the field of inelastic electron scattering. Part of 

this field is just beginning to be exploited and therefore 

the results reported here are frequently only indicative and 

their full power will have to be demonstrated later. 

Inelastic electron scattering gives results in the follow- 

ing areas: 

(a) Test of T violation 

(b) Examination of the pion electromagnetic form factor 

(c) The form factors of specific resonant states and 

extrapolation of inelastic electron scattering to 

zero momentum transfer, yielding the total photon 

absorption cross sections 

(d) Exami nation of the excitation of the.nucleon,into 

the continuum. 
* 

'. Let'me discuss the relevant information on these four 

topics in the order given, although information on each 

topic frequently results from the same experiments. 

(a) Tests of T-violation 

After the discovery of CP violation in neutral kaon decay, 

speculations by T. D. Lee and collaborators indicated the 

possibility that electromagnetic interactions involving 

hadrons might also exhibit T-violations. The. likelihood of such 
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. 

predictions corresponding to reality has undergone several 

fluctuations as further information on such questions as 

the TJ decay asymmetry, the electric dipole moment of the 

neutron, and other relevant parameters has become available. 
. 

It was'suggested specifically by Christ and Lee [29] that 

.a T-violating asymmetry predicted in interactions of the kind: 

might be detectable by inelastic electron scattering of 

electrons of initial momentum i;, final momentum j$l, scatter- 

ing on protons of spin orientation Z P' 
It can be shown that 

such a term cannot be present in elastic scattering. How- 

ever it can also be shown that should the data exhibit the 

asymmetry implied by such an interaction this can be taken 

as a proof of violation of T invariance only if the process 

can be described purely by one photon exchange. Therefore, 

should an asymmetry be found, the result should be checked 

. : with inelastic positron'scatt,e,ring. The choice of the speci- 
. * 

fit excited state offers an additional complication: The 

most prominent state available to study by inelastic electron 
', . . .f 

.. scattering is the ~“(1238). However, since.the isotopic spin 

of ~~(1238) is 312, no asymmetry would be expected in inelastic 

scattering should the T violating interaction be an isotopic 

scalar. Therefore the most c.onclusive test on this question 

would be study of the asymmetry of inelastic scattering 

from N"(1512) 



which has isotopic spin 112. Experimental results on this 

question have been reported to this conference by Appel, et al., -m 

[30] using the CEA external electron beam. The polarized 

target used was a "doped". mixture of ethanol and water in 
. .'. : 

'which typical proton polarizations of about 24% were attained. 

Radiation damage to the target by the electron beam required 

frequent changes of target. This experiment is a very diffi- 

cult one since statistics of observation of the asymmetry are 

diluted by scattering from the carbon component of the target, 

by the partial polarization of the protons and by the fact 

that the state.under study is superimposed on a background 

of unknown character. The asymmetry in inelastic scattering 

is caused by interference between scattering of longitudinal 

and transverse virtual photons. The ratio between the 

effective longitudinal and transverse photon content involved 

in the scattering process is given by the well-known polarization 

factor E = 1/{1t2[1t(E-E*)2/q2]tan 2 0 T} which is a purely 

kinematic quantity; here E and E' are the primary and secondary 

:.:, * electron energies respectively; and q2 = 4EE' sir?; is the 

square' of the four-momentum transfer; note that q2 = 0 and 

thus E = 0 for real (transverse) photons. 
. 

In,general the differential cross section for inelastic 

scattering can be written as 

d2c = rtfoT + EGs + [iE(l+E)] 
l/2 5* GGt > 

dS2dE' 
OTsf 

If: x ?I 

where rT(q2, 
E' 

El-E).is a purely kinematic factor given by A X- 

K 1 
2x2 E 

- A with K 
q2 L-E 

= E-Et-q2/2M = (f12-M2)/2M . 'Here K is the 
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energy of the photon giving the same exitation ME to the 

nucleon system as ineiastic scattering of the electron. The 

quantiti aT and us are the cross section per equivalent 

transverse and longitudinal photon respectively. The quantity 
- 2 0' . 0 

.aTs is 'the effective cross section due to interference between . 

transver~and longitudinal photon amplitudes. The degree of 

T violation can then be measured by a phase difference 6 be - 

tween these two amplitudes. The asymmetry can then be shown 

to be 

a = A sin* = 1’E(“‘)]1’2 

+ EU 
uTs sin6 

S 

The relat.ion of uTs to us and uT depends on the multipolarity 

of the transition which iswell established for the 1238 and 

1512 MeV resonances. 

The authors give the following table for these results 

(Fig. 7). Clearly no evidence for T violation has been demonstrated 

and therefore there exists no incentive for the matching positron 

. . , experiment. A similar experiment at higher energies and higher. . . . . . 
sensitivity is in preparation. 

A second experiment examining T violation in electromagnetic 

scattering has been reported by Prepost et al., 1311. The 

experiment, following the suggestion of-Kobsarev et al., 1321 

examines the polarization of recoil deuterons from elastic 

electron scattering. In contrast to the situation in the case 

of elastic (butnot inelastic) scattering from spin l/2 particles. 

elastic electron scattering from particles of spin 1 or greater 

can retain T-violating terms .which do not vanish identically 
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due 'to current conservation. The term in elastic electron- 

. deuteron scattering corresponding to scattering by the 

quadrupole moment of the deuteron can interfere with a T- 

violating amplitude to give polarization to the deuteron; 

at the same time 'the square -of.the T-violating'amplitude 

contributes to the elastic scattering cross section itself. 

An upper limit on the maximum polarization canthen be es.timated 

by ascribing the difference between the most recent measure- 

ments [33] of the elastic e-D scattering and the Born approxi- 

mation calculation entirely to a T-violating term; this limit 

corresponds to a value of 0.34 for the polarization. 

The experiment was carried out by analyzing deuterons 

recoiling from scattering by 1 GeV electrons using a magnetic 

spectrometer combined with time-of-flight identification. 

The identified deuterons were analyzed for right-left asymmetry 

by a carbon scatterer. The observed polarization was 0.070'0.083 

which is well below the maximum value quoted above. Unfortunat- 

ely it is difficult to relate this null result to the T- 

violation experiment using inelastic electron-proton scattering : 
referred to above since the estimate of the maximum possible 

polarization in itself may be too large, quite apart from the 

question whether T-invariance violation may occur. 

(b) The Pion Form Factor 

Two methods for direct measurement of the pion form factor 

by electromagnetic means have been applied previously. One 

of the methods involves inelastic electron scattering; somewhat 

more sensitive measurements have been reported at this con- 

ference [34]. Inelastic electron scattering is observed under 
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kinematic conditions where the pion pole diagram of low 

energy photoproduction plays a dominant role in the cross 

section. This diagram involves the direct absorption of 

the virtual photon by the emitted pion and therefore the 
. . 4. ,.... , . . resu.ltant cross section should ,be sensitive to the pion 

form factor. Since this diagram cannot be separated from 

the other production amplitudes in a gauge invariant manner, 

isolation of the pion form factor demands the study of the 

sensitivity of a complete production model to the value of 

this form factor. Earlier experiments of this type have 

been carried out by Akerlof et al., 1351. The new data of 
c341 

-- 

Mistretta et a1.h are shown in Fig. 8 . This'figure shows -- 

the measurements compared to a simple p dominance calculation 

as well as to the more complete dispersion calculations of 

Zagury [36] in which the pion form factor is introduced as 

a free parameter. Both experiments can be fitted with a 

pion.form factor equal to that of the proton but the data 

are also compatible with a simple p-vector dominance model. 
. 

Considering that the RMS proton radius is 0.8 F while a 
. . . : . . 

p-vector dominance propagator as a form factor would give 

a radius of 6/m = 
P 

0.63 F, these measurements leave con- 

.siderable uncertainty in the pion electromagnetic radius. 

The second approach to obtaining the electromagnetic pion 

form factor by observation of the interference term between 

Coloumb and nuclear scattering in pion helium scattering has 

thus far failed to give results which are quantitatively use- 

ful. Earlier work on this subject by M. M. Block and collabo- 
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raters has yielded limits of error too wide to be significant; 

current work now in progress at LRL by Crowe [37] and collabo- 

rators appears to give a pion radius larger than 2 Fermis, 

but uncertainties in the theoretical analysis of the nuclear 

, scattering makes this result not convincing* .. 

Another experiment bearing on pion form factors but not 

using electron scatteringisthe study of Dalitz pairs from 

the r- capture reactions at rest [38] 

-IT- +p+n+a' 
I+ e+te-t Y 

‘IT- +p+nty 

1 e++e- 

Previously the study of these processes has been used 

as tests of QED. Since the q2 of specific QED tests has 

now reached limits well above those involved in these reac- 

tions, the pion capture processes can instead be used as. 

,pion form factor experiments . The point is of course 

that the Dalitz pair represents a finite mass photon 

coupled to the pion. The previous experiments have been 

bubble chamber experiments; this experiment used Sodium 

Iodide for measuring the Dalitz pairs and plastic scintil- 

lators for triggering; a lead plate spark chamber was 

used to detect the y ray in the first reaction. About 

2 x10" events were taken. The result expressed as a 

form factor F = 1 txq2/mt gives x = 0.01 + 0.11 in contra- 

diction to the old bubble chamber result -0.24 f 0.16 l 
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The theoretical value of the neutral pion form factor gives 

a non-zero result if'the pion decays into a y ray and 

a vector meson * which then decays into a ,virtual y ray. 

The resulting theoretical value is small (of the order 
.; a 

.'of x 2 0.04): 
: . 

(c) Form Factors of Resonant States 

Inelastic scattering leading to resonant states has 

been studied since 1958 'and an increasing body of evidence 

has been accumulating on the subject.. 

Before introducing the new information available, let 

me briefly review the general formalism applying to the 

problem. According to a general theorem of Bjorken the 

differential. inelastic cross section can be written as 

d2u 
.dq2dv 

where w = E - E', and where the W's define the nucleon 

. . * properties. 1. This form is equivalent to-the equation used 

previously (with the T-violating term omitted), which shows 

more clear1 9 %nelastic electron and muon scattering (virtual 

photo-production) relates to real photo-processes: 

. 
d2u E'cc K 1 

dQdE' 
=-- - -(uTtEus) 

E2T2 q2 1-E = rT(uTteus) ; 

k The decay vertex for a neutral pion going directly into 
a y-ray and an electron-positron pair vanishes identically 
by C-conservation. 
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all quantities have been defined previously. The quantity 

uT is related to the photoproduction cross section U Y by 
the relation uT(q2 -+ 0) = uy while us * 0 as q2 -f 0. These 

relations show how in effect inelastic electron scattering 
:, * ' .is an "off the energy shell" extension 'of photoproduction. 

.Extrapolation to q2 = 0 of electro-production cross sections 

at small electron scattering angles (after radiative 

corL:ections) is expected to give an independent, and probably 

highly accurate, measurement of the total hadronic photo- 

absorption cross section as a function of photon energy; other 

experimental methods for determining this quantity are dis- 

cussed in another session. 

The most extensive data are, of course, those relating 

to ~'(1238), although much information is also being gathered 

on the 1520, 1680 and 1920 MeV resonances. Comparison of the 

data with specific mode3.s demands separation of the longi- 

tudinal and transverse cross sections by studying the ex- 

perimental data as a function of the polarization parameter 

. . L. Although qualitative data on this separation (generally . . * .; . 
indicating that the longitudinal element is small) have 

been obtained previously for several resonances at DESY, 

quantitative data are available for ~*(1238) only. 

The separation between longitudinal and transverse ele- 

ments of ~*(1238) has been accomplished up to q2 = 2.34 GeV/c2 ' 

in a contribution to this conference by Bartel, et al., [39]. -- 

They used the external beam of the DESY synchrotron to- 

gether with a high resolution, magnetic spectrometer described 

previously. The angular range covered was 10' to 35'. Numerous 

curves were run as a function Of the polarization parameter E 
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defined previously. Transverse cross sections are in 

agreement with earlier work. The longitudinal cross sections 

are shown in Fig. 9, combined with the work of Brasse et al., 

carried out using the internal beam at DESY, and with the 

I .'. ) - earlier work at Stanford. It is noted,that the lower q! : 
'. 

cross sections are in agreement with the earlier Stanford 
. 

work of Lynch, et al., (401 while the longitudinal cross 

sections at values of q2 larger than 0.7 GeVjc2 are compatible 

with being zero. It is interesting to note that oscillatory 

-behaviour of the longitudinal element has been predicted by 

the model of Walecka which is reported at a different 

session. However, experimental data, bearing on the longitu- 

dinal-transverse separation, resulting from a combination of 

work from different laboratories should be viewed with caution. 

New high energy data have been presented to this conference 

from SLAC by Bloom et al., [41] and from the internal DESY 

beam by Albrecht et al, -- 1421; the new measurements have not . 
as yet been extended over a sufficient range of parameters 

to permit separation of longitudinal and transverse'elements. 
:,.. . * . . '.'In order to obtain meaningful cross sections considerable 

effort has to be devoted to carrying out radiative corrections 

. in an exact quantitative manner. This, can only.be done consist- 

ently by a numerical method applied to the cross sections 

themselves since the measurements at each value of incident - 

electron energy E and scattered energy E' contain radiative 

contributions from the entire kinematically accessible region 

which can feed Et from E at a given scattering angle. Speci- 

fically if we consider the situation at a given scattering 

angle 0 as shown in Fig. 10 , then the cross section from the 
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entire shaded triangular region contained'between the kine- 

matic point E, E' of interest and the kinematic line 

corresponding to elastic scattering can contribute to the 

observed cross section. Complete unfolding of the radiative 
. 

corrections therefore demand in principle a complete set 

.of measurements in .the shaded triangular region in Fig. 10. 

An approximation to such a program has been carried out by 

the SLAC group using the methods of MO and Tsai c: I 43 ata 

production angle of 6' by interpolating among measurements 

made at four primary energy values between 7 and 16 GeV as 

shown in Fig. 11. 

Figure 12 shows an inelastic spectrum taken at a primary 

energy of 7 GeV obtained before radiative correction and 

Fig. 13 shows the resultant spectrum after such a radiative 

correction has been applied. Figure 14 shows similar data ' 

taken at I6 GeV before correction and Fig. 15 shows the 

corrected data. The following features are evident from 

these measurements:. 

.’ .A. Three and possibly four resonant states are clearly . 
distinguishable and their cross sections can be 

isolated using a fitting program which demonstra,tes 
. . :. . . , . . 

that the amplitude of the excited states is quite in- 

sensitive to the polynominal order of the b&ground 

assumed; the result is shown in Fig. 16. 

BiThe continuum excitation falls of much more slowly 

with momentum transfer than does the excitation of 

specific excited states. At higher angles data not 

presented here show that the spectra are almost to- 

tally dominated by the continuum. 
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Analysis of the amplitudes and widths of the states must 

be approached with caution, since in particular the b&ground 

subtraction program may be sensitive to the assumption as to 

spectral shape. With this caveat, the cross sections for three . * 
of the states are shown in Fig, 17. Similar data at lower 

'primary energy but.much larger scattering angle (about 

48') are derived from the recent DESY work [42] 

Some simple connections can be drawn: . 
A. It appears from the work at DESY (421 that the inelastic 

cross section near the ~*(1238) resonance falls off more 

rapidly with q2 then near the higher resonances; con- 

sidering the uncertainties in background subtraction, 

this interesting result is in need of confirmation when 
. 

applied to the form factors themselves. 

B. From the SLAC data [41] it appears that for large q* 

the fall-off of the cross section matches that ob- 

served in elastic scattering; Figs. 18, 19 and 20 

show this clearly, for ~"(1238), N*(l5l2) and N*(1688); 

theoretical curves are'those discussed by Walecka 

at a different session. At low q2 the "threshold be- 

haviour" 'depends on the angular momentum.,of the state; 

e.g. for a magnetic dipole transition we should have 

simply 

where Gw(q2) = GMph2) + GM~ (q*) is the isotopic 

vector form factor of the nucleon. Figure 21shows a 



plot from the recent DESY work qualitatively verifying 

* 

a relation of this type; agreement is fair. However, 

comparison of the excitation of the ~‘(1238) as observed 

at SLAC with the complete dispersion calculations of 
. . 

Adler r44lshows that the experimental cross sections are 

well above the theory. Fig. 22 shows the data from the 

DESY external beam experiment [3gl for the cross section 

of ~~(1238) as a function of q2 . The authors express 

the q2-dependence as a product of \$I' times an "effective" 

form factor G"(q2) which is plotted in/comparison with the 

dipole formula. Some deviation is observed but the fit to 

the dispersion calculations of Gutbrod and Simon [45] is 

I’ 

good. 

All old and newly available data from the various labo- 

tratories relating to the four resonances have b.een collect- 

. . . . : * 

ed and are plotted in Fig. 23. The quantity shown as a function 

of.q2 is I'T1 2 d u/dQdE: which should approach the photoproduction 

uY 
as q2 * 0; this limit is also shown. 

. : . It has been speculated that the "Roper" resonance : 

N*(1470) whose existence has been inferred from phase shift 

analysis-of 'K-p scattering should be prominently excited by 

inelastic electron scattering. Neither the SLAC [41] nor 

‘the DESY [42] work has revealed its existence. A special 

search on a neutron (i.e. deuteron) target at CEA by Alberi 

et al., [46] 1 k i ewise has given negative results; the photo -- 

cross section obtained by extrapolating the data to q2=o 

is estimated to be less than 120ub. 
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(d) Continuum Excitation 

Possibly the most important implication of inelastic 

scattering which, however, rests on very incomplete data, 

relates to excitation of the continuum. Here detailed inter- 

pretation will have to await further data, but some general 

rem&s can be made .i.n terms of the Wl and W2 formalism 

discussed above. 

For small angle 0 the ratio of the contribution to the 

differential scattering cross section of the W1 termto that 

of the W 2 is given by 

uT (E-E')~ 
'T + 's 2EE' )where UT and u 

S 

are the cross sections per transverse and longitudinal 

photon as defined previously.(For moderate inelasticity 

and high primary energies this term is snail for the entire 

region O<uT/us< m),From SLAC data the function W2(q2,u) 

is plotted numerically against v for various values of q2 

. .' in,Fig. 24, assuming WY to vanish. Note that the continuum . . . 
cross sections appear to converge to a v -1 behaviour for 

large inelasticity. This same data can be plotted in different 
.:' . . . . 

parameterization: Fig. 25 shows the function 

F(w) = [vw2(q2,w) ] 

plotted against the variable v/q2. Since, as mentioned above, 

the experimenters have as yet not been able to gather the 

necessary data for separating the transverse and longitu- 
dinal elements, the curve is plotted under the alternate assumptions 
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of vanishing of either the transverse or the longitu- 

dinal cross sections. Two striking facts emerge from this 

parametrization: 

1. At least qualtitatively, using the variable v/q2 

leads to a fairly universal representation of the "deep" 
. 

inelastic continuum covered so .far. 
._ 

2. The function plotted appears to approach a constant 

for large v/q2, 
II? 

he inelastic muon data reported by Zipf 

et al., [27] cover inelasticities up to an equivalent photon 
2 energy of 7 GeV and a range of q2 < 0.9 (GeV/c) . An optical 

spark chamber technique is used; the statistical accuracy 

is of course well below that of the electron data. Within 

this limited accuracy there is fair agreement in the region 

of overlap between the electrons and muons. 

The qualitatively striking fact is that these cross sections 

for inelastic electron and muon scattering leading to the . 

continuum are very large and decrease much more slowly with 

momentum transfer than the elastic scattering cross sections 
. . 

and the cross sections of the specific resonant states; in fact . 
indications are that they decrease probably even slower than .,.' 
what would be predicted from a simpie p-vector dominance pro- 

pagator. Therefore theoretical speculations are focused on 

the possibility that these data might give -evidence on the 

behaviour of point-like, charged structur=within the nucleon. 

Treating the proton by a non-relativistic point quark model, 

Godfrey has derived a sum rule for the integral /W2(q2,v)dv. 

Evaluation of the integral over the SLAC data gives about 60% 

of the required amount. There is no visible quasi-elastic peak 

at a defined inelasticity v = q2/2m where m is some characteristic 



mass, but,the apparent success of the parameterization of 

the cross sections in the variable in addition to the 

large cross section itself is at least indicative that 
:, * ' .point-like interactions are becoming involved. Numerical ' . 

evaluation of the sum rules is difficult since the inte- 

grals will converge only if the curves shown in Fig. 25 

eventually decrease more rapidly with (v/q2) than over 

the region covered by present data. 

I have onlyatimptedto point out the qualitative features 

of the data; specific comparisons with models and sum-rules 

are discussed in the theoretical sessions. However, a great 

deal more fundamental experimental material must be developed 

in this field before a clear picture can emerge. 
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