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intensive experimental search for it certainly seems 
warranted. 
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I. INTRODUCTION 

A RESONANCE in the two-pion / = 1 , T=l state 
as a means of explaining the relatively rapid 

change of the nucleon electromagnetic form factors with 
momentum transfer has been proposed by Frazer and 
Fulco.1 Since then there has been a considerable amount 
of experimental effort devoted to the search for this 
resonance by examining processes with at least two 
pions in the final state. Recently, Walker and his co­
workers, and Pickup et al? have obtained the strongest 
evidence for this resonance by a careful examination 
of the processes 

f ir+-\-TT-\-n 

In analyzing their data, these groups find that for 
cases where the momentum transferred to the recoil 
nucleon is small, it is consistent to assume that the 
dominant contribution to process (1) in the resonant 
region comes from the single pion exchange graph shown 
in Fig. 1(a). A comparison of the relative rates of proc­
ess (1) with each other and with the alternate reaction, 
w~+p —* 7r°+7r°+ n supports the notion that the strong 

* Work supported in part by the U. S. Atomic Energy Com­
mission. 
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two-pion interaction occurs in the T=l state. The ob­
served branching ratio for reaction (1) in the region of 
resonance also lends further support to the result that 
the single pion exchange graph gives the dominant 
contribution to this process.3 

I t is the purpose of this paper to point out that, in 
light of these results, the measurement of the process 

Tr-+p-*e++e~+n (2) 

is now very much worth doing. The observed dominance 
of the single pion exchange graph [Fig. 1 (a)] for pion 
production strongly suggests that the corresponding 
graph for electron pair production, shown in Fig. 1(b), 
would also be dominant, again in the region of small 
momentum transfer and provided we restrict ourselves 
to center-of-mass energies of the electron-positron sys­
tem close to that of the two-pion resonant energy. If 
this is true, we have a means of measuring the charged-
pion electromagnetic form factor for the most interest­
ing values of the invariant four-momentum transfer. 
This could be done without recourse to a difficult 
extrapolation procedure,4 making it practical to use 
counters to observe the electron pair. 

3 In the resonance region, for A2 < 10. Pickup et at.2 find o-(7r°,7r~)/ 
o-(7r+,7r~) = 0.42±0.06.2 The ratio predicted by the single pion ex­
change model is one half. Another simple explanation for this ob­
served value of the branching ratio is that this reaction proceeds 
predominantly through the state of total isotopic spin 3/2. This 
would predict, however, much too large a cross section for the 
reaction TT++P -> 7r°-\-7r++p, i.e., <r(x°,7r+)= (9/2)O-(TT+,X~)-

4 G. F. Chew and F. E. Low, Phys. Rev. 113, 1640 (1959). 
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The success of the single pion exchange approximation in explaining the experimental results for the re­
action 7r-f-w —»7r-f-7r+w in the region of the two-pion resonance suggests that the single pion exchange con­
tribution to the reaction ir+n —> e+-\-e~-\-n should be dominant for center-of-mass energies of the electron-
positron system in the region of this resonance. A measurement of the rate of this reaction in this region 
should, therefore, provide direct information about the charged-pion electromagnetic form factor in the 
neighborhood of the two-pion resonance. We have calculated the differential cross section for the reaction 
ir~-\-p —> e+-\-e~-{-n, assuming a counter experiment. Our estimates indicate that counting rates of the order 
of ten per hour are attainable by accelerators capable of producing negative-pion beams with an average 
flux of 106 pions per second. 
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FIG. 1. (a) Single pion exchange graph for the reaction 
TT-\-N —»7r+7r-|-iV. (b) Single pion exchange graph for the re­
action w+N -> e++e~+N. 

This is by no means an original suggestion. The re­
lated processes, e~-\-p —» e~+w++ (n+ * * *) have been 
proposed by Drell5 and by Frazer6 (the latter for "elastic 
production'' e~+p —> e~-\-ir+Jrn) as a means of measur­
ing the charged-pion electromagnetic form factor. Un­
fortunately, this would be for spacelike values of the 
momentum transfer and hence far from the region of 
enhancement. Drell5 has also suggested measuring 
process (2), or more generally more inelastic processes, 
in the region of enhancement. Unfortunately, at the 
very high energies considered, the expected counting 
rates appear to be too low.7 

In this paper we relate the amplitude for process (1) 
to the amplitude for process (2) by means of a disper­
sion relation in the photon mass. This enables us to 
show that the dominance of the single pion-exchange 
graph for ir~+p —> T++ir~+n implies that the corre­
sponding graph [Fig. 1(b)] should give the dominant 
contribution to ir~+p —» e++e~-\-n. We then give some 
numerical estimates for the differential cross section for 
the latter process, taking an incident pion energy of 1.4 
Bev. These results indicate that workable counting 
rates can be obtained in this energy region using, pos­
sibly, existing accelerators and definitely using the 
accelerators with higher beam currents now nearing 
completion. 

II. THE AMPLITUDE FOR n~+p -* e++e~-}-n 

The S matrix for reaction (2) can be written, to lowest 
order in the electromagnetic fine structure constant a, 

5 S. D. Drell, Revs. Modern Phys. 33, 458 (1961). 
6 W. R. Frazer, Phys. Rev. 115, 1763 (1959). 
7 See reference 5, footnote 27. 

S= - (27c)H[6i(p+q-p'—p1—p2)mM/ 

(2qap0popiop2o)*]T, (3) 
where 

T= L4:waiu(p1)yAp2)/k'W\\JM\\pq+y (4) 

q is the four-momentum of the incident pion, p and pf the 
four-momenta of the incident and recoil nucleons, re­
spectively, and pi, p2 the four-momenta of the electron 
and positron. k2= (pi+p2)2=k2—h2. We take^=c=mir 

= 1, so that m, the electron mass, and M, the nucleon 
mass, are measured in units of the pion mass. The 
symbol ||g,* • •) denotes states with the invariant nor­
malization, i.e., (p'\\=(po/M)?{p'\. The effects of the 
strong interaction are entirely contained in the covariant 
matrix element, 

T,{W\ A*; -m = WM\\ti+), (5) 

eJp is the electromagnetic current operator due to 
only strongly interacting particles. W2= — (p-\-q)2 and 
A2=(p'—p)2. For k2=0, Tp is the matrix element for 
pion photoproduction (—k2 is the mass of the virtual 
photon). For &2>0, or k2 space-like, TM is the matrix 
element for pion electroproduction. We are interested 
here in TM for timelike values of k2 and, in particular, 
for values —k2~tr. tr is the square of the center-of-
mass energy of the two-pion system at resonance. 

In what follows, we shall take for TM only the con­
tribution arising from the single pion exchange graph 
shown in Fig. 1(b). Before doing so, however, we would 
like to partly justify in a more formal way how the cor­
responding assumption for process (1) implies the va­
lidity of our assumption here. This discussion is not 
essential to the rest of the paper and is presented, 
therefore, in small print. 

To show this, we must assume that the invariant amplitudes, 
into which TM decomposes, satisfy dispersion relations in the vari­
able k2. Since only a limited number of these invariant functions 
shall enter this discussion, we postpone the explicit decomposition 
of TV Hence, let us represent the dispersion relations satisfied by 
these functions schematically by writing down a relation for T^ 

W,*;-*-*!;™;™**,,. (6) 
irJ* p2-\-k2—te 

and 
ImrM = K27r)4Sn(O|/M(O)|W)(W |u(/>0/(O)| |^+)54^~^). (7) 

fix) is the nucleon current operator. We do not concern ourselves 
here with the question of subtractions. The object is to find TM 

from (6) in the region — k2~tr where T^, and hence ImTp becomes 
strongly peaked. As long as we subtract at a point far from — k2 

= tr, the dominant contribution to TM will come from the integral 
in Eq. (6), largely from the region of integration near p2~tr. Con­
sequently, let us approximate ImT^ given by Eq. (7) by taking 
only the contribution due to the two-pion intermediate state: 

lmT^i(27r)-2j8+(q^+l)8+(q2
2+l)8,(k-qi-q2) 

X (qi-q2)tiFw*(-k2){qh q2~\\u(py(0)\\pq+)d^^q2. (8) 

Fw is the electromagnetic form factor of the charged pion. 
(<?ij #2—11^(^0/(0)11^7+) is the invariant amplitude for 7r~+^ —> 
7r++7r~+w. Let us take for this amplitude, for — (gi+^2)2~^r, the 
contribution coming from the single pion exchange graph in 
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Fig. 1(a). This assumption appears to have been justified by re­
cent experiments.2 It must be remembered that this approxima­
tion is only valid for A2 small, i.e., A2<10. 

We have, then, 

(qi, q2-\\u(pf)f(0)\\pq+}= -^giu(p'hMP) 
X r „ ( - (<7i+g2)

2
} cos0)/(A2+l). (9) 

T^— (#i+#2)2j cos0) is the 7r+7r~ scattering amplitude for center-
of-mass energy squared — {qi+qz)2. 6 is defined as the angle be­
tween qi and q in the center-of-mass system of the two pions 
qi, q2. When Eq. (9) is substituted into the expression for Im7^ 
it is seen, as expected, that only the P-wave part of l\v can con­
tribute. Furthermore, this approximation will yield contributions 
to the imaginary part of only two of the invariant functions ap­
pearing in Tfi. Expressing TM in terms of these invariants, we write 

Tr = mp')y6u(p)ZAkll+Bqlll+.-.. (10) 

With our approximations, only ImA and ImB are nonzero. After 
some straightforward algebra, we find, setting p2——k2, 

ImB (W*A*5 P2) = J q ^ 7 (P2A2)F**(P2V5 sin[5(p2)], p2«/r. 

<5(p2) is the J=l, T—l pion-pion phase shift as a function of the 
square of the total center-of-mass energy, p2. rj (p2,A2) is the magni­
tude of the ratio of the pion momentum with energy §(p2)* to the 
momentum of the incident pion q evaluated in the photon rest 
system, i.e., k = 0. 

For 

,2;A2)=[ ( P 2 ) 2 - 4 P 2 

>2J 

(ID 

_(p2+A2+l)2-4p2_ 

Remember that for p 2 ~/ r , 

ImFT(p2) = / V ( P V sin[6(p2)], 

so that we write 

Electromagnetic current conservation requires 

This condition is explicitly satisfied by ImT^ given by Eq. (7) or 
(8), so that ImA is simply related to ImB, 

ImA = - (kq/k2) ImB = - | [ ( P
2 + A 2 + 1 ) / P 2 ] ImB. 

Since u(pi)ykv(p2)=0 for k = pi-{-p2} A does not contribute any­
thing to T, defined by Eq. (4). • ' 

Im/<V(p2) is strongly peaked at p2=/ r . Hence we can make the 
approximation, 

2^gv(tr,A
2). 

ImB = 
A2+l 

ImF^p2), p2~tr. 

Substituting this into the dispersion relation for B and comparing 
this with the dispersion relation for FV) 

'ImFAp2)J9 i r 
IT J* p2+k2-ie 
^ T ^ A 2 ) 

B== A2+l F'W> P *" 

(12) 

tr»A2, v(tr,A
2) = l+0(A2/tr). 

Because of the approximations involved in obtaining B, it is 
consistent to replace t\ by 1. Hence, we find for TM, restricting A2 

to small values, and —k2 to values near tr, 

Tn = ^ j ^ \Jn--^lljFll(<-k2)t - * -« / , . (13) 

The term proportional to q^ in Eq. (13) is just the result we would 
have obtained from the single pion exchange graph in Fig. 1 (b). 
This result is not surprising. It must be stressed, however, that it 
follows from the assumption, made in Eq. (9), that the single pion 
exchange graph gives the dominant contribution to iT-\-p —» ir+ 

-\-ir~-\-n for A2 small and — k2~tr. It is reassuring that we find a 
gauge-invariant solution, by this method, which gives the same 
contribution to T as is obtained from the single pion exchange 
graph. Since the latter result is not gauge invariant we could not 
be sure that gauge invariance would require other contributions to 
Tfj, from other graphs which do contribute to T. This is indeed the 
case for k2 — 0, or k2>0, where one must introduce all the possible 
invariants to find a consistent gauge-invariant solution.8 Note 
that for k2 = 0, Eq. (13) is meaningless. At this point F7r(0) = l 
and the terms in (13) no longer become large so that the many 
invariant functions we have neglected become important. 

We see then, that a study of reaction (2) in the region 

— k2~tr provides the greatest hope for extracting in­

formation about the electromagnetic structure of the 

charged pion, for it is in this region of the photon mass, 

provided A2<10, that the amplitude for this process, 

Tp, is most simply related to Fr. 

I t remains to see whether or not the rate predicted 

for this reaction is large enough to make the experiment 

feasible in the near future. In the succeeding section we 

give numerical estimates for this rate, taking for T^ the 

results of Eq. (13). 

III. DIFFERENTIAL CROSS SECTION 

We take for the invariant scattering amplitude T for 

reaction (2), ir~+p —» e+-i~e~+n, the single pion-ex-

change contribution: 

iu(pi)yqv(p2) iu(p')ybu(p) 
T=^STga _ — . . . F«(-k2). (14) 

k2 A2+l 

Using this expression in the S matrix we easily obtain 

for the differential cross section in an arbitrary co­

ordinate system,9 

dcr(w~-\-p —> e+-\-e~-hn) = da(e+,e~) = 
8gV 

(2*)1 

F„(-k2) 

k2 

A2 

X-

(A2+l)2 

[2 (qp1) (qp*)+WJhZ (P+Q- pi~ p2)2+M2^p1d"p2 

poqopiop2o | (q/qo) - (p/po) | 
(15) 

s J. S. Ball, Phys. Rev. 124, 2014 (1961); P. Dennery, Ibid. 124, 2000 (1961). 
9 The differential cross section, d2cr(e+,e~)/dk2dA2, expressed in terms of the invariant variables, takes on a much simpler form. For 

a counter experiment where the electron pair is detected at fixed angles, this simpler expression is not directly applicable. 

file://-/-ir~-/-n
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g, the pion-nucleon coupling constant, satisfies the 
usual relation, (g2/47r)(l/27lf)2=/2^0.08. The notation 
used in Eqs. (14) and (15) is defined at the beginning 
of Sec. I I . We may expect Eq. (15) to be a good ap­
proximation provided 

-k2^tr~30 and A2<10, 

for incident iT energies, in the laboratory system, be­
tween 1 and 2 Bev.2 

To estimate the counting rate that Eq. (15) predicts, 
let us take the laboratory system where the proton is 
at rest. Consider an experiment in which the electron 
counters are placed in a continuous annular ring about 
the w~ incident beam which passes through the center. 
We can then count both the electron and positron at 
any azimuthal angles but at the same angle 0 with re­
spect to the 7r~ direction. In the laboratory system, 
denote the pion four-momentum by {({L^L) and express 
pi and p2 in spherical coordinates with qz, in the direc­
tion of the z axis, i.e., 

pi= (Eifii,<j>i\ Ei), i— 1, 2. 

Since we restrict ourselves to values of — (P1+P2)2 

~tr^>ni2, we can neglect the electron mass. 
If we eliminate the 5 function in (15) by performing 

the 0i and <j>2 integrations, and introduce the new 
variables, 

r} = E1+E2y p=E1E2, (16) 

we obtain the useful result, 

/6*a(e+,e~)\ M A2 

= 8 / V — sin0 — \FV(Q2) |2S(r;), 
coL (A 2 +l) 2 

with 

2 (77) = (<22)-* { COL2 (1 - cos0)2[3 (a2+b2) - 2ab~] 

~Q2(a+b)}, 
a=Q2/(4$in26), b=h\ (17) 

Q 2 = = _ ^ 2 = 2 [ M ' + C O L ( 1 - C O S 0 ) ] 7 7 - 2 C O L M - 1 , 

A 2 = 2 M ( C O L - T ? ) . 

We have set qL=UL in Eq. (17). 7j=E1+E2, can lie in 
the range 

772 is determined simply by the kinematics which re­
quires b^a; 

£ - [ £ 2 - ( 2 c o L M + l ) c o s 0 ] * 

sin20 (18) 

£=M+a> L ( l - cos0) . 

The lower limit 771 depends on the range of values of 
El, E2 and \4>\—<t>2\, that the counters select. Let us 
suppose that the electron counters select only those 

TABLE I. (d2a(e+,e~)/d$ide2)e1^e2=e) in cm2/rad2 calculated in 
the one-pion exchange approximation, for several values of 0.a 

ft>L=10;/3 = 2ir/3. 

= cos"1 0.83 
(33.9°) 

cos"1 0.80 
.(36.9°) 

cos"1 0.77 
(39.6°) 

dV(e+,<r)/<90id02, £o=2 4.3X10-31 5.3X10~31 5.1X10"31 

£o==3 3.9X10"31 4.7X10"31 4.1X10-31 

a Eo and 0 are defined in Eq. (19). 

events satisfying the conditions, 

EI,E2^EQ\ / 3 ^ |$1 — 02 | ^7T, 

we then obtain for 771, 

2co L M+l-4E 0
2 sin20 sin2 (0/2) 

Vi~-
2£-4£osin20sm2(/3/2) 

(19) 

(20) 

Ideally, an experiment should try to determine the 
quantity (6%/'661662,671)0^2=6 as a function of 77 and, 
therefore, Q2. This would determine \Fr(Q

2)\2 as a 
function of Q2; provided, of course, the single pion ex­
change approximation is valid. The angle 0 should be 
chosen so that A2 takes on its minimum value when 
Q2~tr. In practice, measuring the differential cross sec­
tion as a function of 77 may prove too difficult. Informa­
tion about |^TT|2 can still be obtained by measuring 
(dV/'661662)01=82̂ 6 for various values of 0. To estimate 
the counting rate, we have calculated (62<r/661662) 8l=62=6 
for several values of 0. The numerical integrations over 
77 were performed graphically, taking as limits 772 and 
771, obtained by imposing conditions (19) with /3 = 27r/3 
and for EQ—3 and Eo=2. For simplicity, we took for 
IF*|2 a Breit-Wigner form, 

l ^ l 2 = -
(Q2-tr)2+T2 

/ r = 3 0 , r = 6.6, 

suggested by the results of Walker et al2 Table I 
shows the results obtained for an incident pion energy, 
coL=10. 

The minimum angle taken, 0O=34°, was chosen by 
the condition that Q2=tr when A2 is a minimum, at the 
point 77 = 772. For 6<6o,Q2<tr, for 0>0o the minimum 
value of A2 occurs for Q2>tr, so that Q2—tr occurs at 
increasing values of A2 as we increase 0 above 0o. To 
restrict ourselves to small values of A2, 0 must be chosen 
close to the value 0o. As we increase Eo, the lower bound 
on the electron or positron energy, 771 increases, thereby 
reducing the maximum value of A2 that can be obtained. 
As seen from the table, (d2<r/'66i662)e1=62=d decreases 
slowly with increasing EQ. Consequently, even larger 
values of JEO may be desirable. 

Further calculations indicate that the differential 
cross section is only weakly dependent on the incident 
energy in the energy range between 1 and 2 Bev. This 
is true provided one always takes values of 0 close to 
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the minimum angle 0o that arises at each particular 
energy. The dependence of A2 on energy is more signifi­
cant. The minimum value of A2, permitted by the kine­
matics, decreases with increasing energy. Unfortunately, 
the rate of increase of A2 with increasing 0 becomes 
greater at the same time. These two opposing tendencies 
make beam energies in the neighborhood of 1.4 Bev the 
most desirable. 

To estimate the expected counting rate let us assume 
that the counters restrict 6 to the range (0O, 0o+A0) 
with A0/0o<<Cl. I t is easy to verify that 

/dV(*+,e-)\ 
„(,+ , - ) = ( (A0)2+O[(A0)4], 

\ 36x302 / ei=dz=o«0O 

so that 

<r = 4.3(A0)2XlO-31cm2, 

coL=10, £ 0 = 3 , (21) 

/5=2TT/3, 0o=34o. 

Taking A0=O.l radian, a target of 1024 protons/cm2, 
we have the result that a beam of 106 7r~/sec yields a 
rate of 15 counts per hour. 

With what appears to be a workable counting rate, 
the serious problem of background becomes the crucial 
issue. I t would seem pertinent, therefore, to make a few 
preliminary remarks on this subject before closing this 
section. The reaction, ir~+p —> w++w~+n, will pro­
duce roughly 105 as many w+, TT~ pairs, (or their n~ 
decay product) which enter the counters in coincidence, 
as the reaction ir~-\-p —> e+Jre~-\-n will produce elec­
tron pairs. The electron counters must therefore dis­
criminate against charged pions and muons so that 
roughly only one in a thousand of these particles is 
counted. Neutral pions coming from the reactions, 
w~~+p —> Tr0-\-Tr~-{-p, ir~+p —•> 2ir°+n can also contrib­
ute real coincidences. The electron counters must dis­
criminate against gamma rays which will convert into 
electron pairs in the counter. Only a fraction of the 
gamma rays, coming from the ir° decay, will enter the 
counters and some of those which enter will have much 
reduced energies. Consequently, if the counters reject 
all but 1% of the incident gamma rays of sufficiently 
high energies, this source of background should present 
no difficulties. There is no way of discriminating against 
high energy electrons coming from the alternate decay 
mode 7T°—->Y+e++e~, which occurs approximately 
1/80 of the time.10 The same arguments we applied 
to the gamma ray background also apply to the back­
ground due to these Dalitz pairs. The factor of 1/80 
takes the place of the 1% gamma ray detection effi­
ciency. The rejection of lower energy electrons is a very 
important factor in reducing the background due to 
both these sources. We see then that choosing as large 
as possible the lower bound on the electron energies 

10 An electron and positron from the same Dalitz pair cannot 
make an acceptable event. The virtual photon, giving rise to the 
Dalitz pair, must have a mass less than one. Low-mass events are 
easily rejected by the electron counters, 

that the counters accept, limits the size of A2, restricts 
Q2 more closely to values near tr and helps considerably 
to reduce the background. 

Another major source of background comes from 
accidental coincidences. The accidental rate depends 
on the incident pion flux during a pulse and, therefore, 
upon the properties of the particular accelerator being 
used. To get an idea of the conditions that need to be 
imposed on the flux, we estimated the accidental rate 
due to the processes w~+p —> w°+n and w~+p—> 
2ir°+n. Taking recent data for the total cross sections 
for these two reactions combined,11 we find the ratio of 
accidental coincidences to true events to be much less 
than one for beam fluxes much less than 1011 w~~ per 
sec during the pulse. We have assumed a target of 1024 

protons/cm2 as earlier and a coincidence circuit resolv­
ing time of less than 5X10 - 9 sec. For proton synchro­
trons with duty cycles of several seconds, an average 
beam flux of 106 7r~/sec means between 106 to 107 w~ 
per pulse. For pulses spread out over a millisecond or 
longer duration, the accidental counting rate due to 
these two reactions should be negligible. 

I t must be emphasized that no detailed calculations 
of rates due to background have been made. The esti­
mates made above are only rough ones and the various 
sources of background have not been exhausted. Never­
theless, from the discussion above, the conclusion seems 
plausible that the problems connected with back­
ground are surmountable. This is true provided elec­
tron counters satisfying the properties outlined above 
can be designed. 

IV. CONCLUSIONS 

I t is unfortunate that this paper should appear so 
complicated when the ideas used here and the results 
obtained are so simple. We have calculated differential 
cross sections for the reaction w~+p —> e++e~+n by 
taking only the contribution from the single pion ex­
change graph shown in Fig. 1(b). We can only justify 
this approximation by appealing to the experimental 
results for the process2 w~+p —> 7r++7r~~+n. The dis­
persion relation presented (in small print) is merely a 
restatement of this fact in more formal language. The 
formalism does show, however, how the requirement of 
electromagnetic current conservation is satisfied while 
retaining the single pion exchange approximation. The 
differential cross section, given by Eq. (17), is tailored 
to fit a counter experiment and is therefore much more 
complicated than the simple result that is obtained for 
the differential cross section expressed in terms of in­
variant variables. 

The rest of the paper has been concerned with num­
bers, a necessary evil to any theoretician who wishes to 
suggest an experiment. The numbers obtained seem 
encouraging. For an accelerator capable of attaining a 
beam of the order of 106 ir~ per sec, a counting rate of 

11 J. G. Brisson, J. D. Detoeuf, P. Falk-Vairant, L. Van Rossum, 
and G. Valladas, Nuovo cimento 19, 210 (1961). 
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several an hour is to be expected. There is a serious 
problem of background but our rough estimates indi­
cate that it is a solvable problem. 

I t is not absolutely certain, though quite probable, 
that the pion-pion resonance recently observed2 will 
show up in electron pair production. If it does, the evi­
dence would be overwhelming that this is indeed a 
/ = 1 , T=l resonance and plays an important role in 
the electromagnetic structure of nucleons and pions. 
Even if the single pion exchange approximation turns 
out to be poor, we should still observe this resonance for 
center of mass energies of the electron positron system 
close to the pion-pion resonant energy. The recent 
observation of a three-pion resonance12 at almost the 

12 B. C. Maglic, L. W. Alvarez, A. H. Rosenfeld, and M. L. 
Stevenson, Phys. Rev. Letters 7, 178 (1961). 

1. INTRODUCTION 

THE setting up of an eigenvalue problem has for a 
long time been a tempting method of introducing 

a mass spectrum into a quantized field theory.1 Such 
an approach could be based on the hope that the 
current Lagrangian models are, by virtue of their 
interactions, truly consistent only for certain mass 
ratios; the decoupled fields, of course, are consistent 
with any mass spectrum. 

Alternatively (and this is the approach underlying 
the present remarks), those models might be modified 
in such a way that the eigenvalue problem persists 
even after the coupling constants have been set equal 
to zero; in this noninteracting case it should be entirely 
equivalent to the usual attribution of chosen masses 
to the various decoupled fields. The only interest of 
formulating this simple assignment of mass values in a 
less conventional language lies in the possibility that 
the two languages may become nonequivalent as soon 
as the "usual" interaction is turned on. 

The present discussion is restricted to free fields and 
is based on the intuitive idea that, if a field </> which 
depends on a continuous parameter X (in addition to 

* Work supported by the National Science Foundation. 
1 See, in particular, E. Minardi, Nuovo cimento 3, 968 (1956); 

lf 715, 898 (1958), and the bibliography therein contained. 

same energy as for the two-pion resonance could alter 
our results. I t is probable, however, that the effect of 
the three-pion resonance on the electron pair mass dis­
tribution would only arise for larger momentum transfer. 
I t would also be worth while to examine this reaction 
for values of the electron-positron center-of-mass energy 
below the two-pion resonant energy to look for further 
structure effects. 
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its space-time coordinate %) satisfies the wave equation 

(D+A)0(*,X) = O, (1.1) 

where A is a functional operator acting on X and having 
a discrete spectrum, then one should be able to de­
compose <j> into free fields whose squared masses are 
the eigenvalues of A. The exact meaning of such a 
statement will be discussed. In order to illustrate the 
heuristic value of the approach described here, the 
example will be presented of a fermion field exhibiting 
some properties similar to those sought in the theory 
of leptons. 

2. NEUTRAL SCALAR FIELD 

The simplest example of mass quantization is 
provided by the neutral scalar field 0(#,X) for which 
a Lagrangian density 

1 d<j> • d<t> r / d < t > \ 2 - l 

£ = — + M ( —) ~V(\W , 
IboPSxp LAdX/ J 

(2 1) and a Lagrangian v * } 
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This article discusses some features of mass quantization obtained by the introduction of a continuous 
inner degree of freedom into a free field. The usual particle interpretation, with discrete mass values, is 
applicable, as shown in the case of a second-quantized scalar field. A simple class of fermion field equations 
with unexpected lepton-like properties is also presented and studied in some detail. 


