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Feynman & Speisman

(1954)



500 LETTERS TO THE EDITOR .

Proton-Neutron Mass Difference manner, the comple af virtual mesons presumed tobe asociaed spin-orbit i
S>, Pomona e Srna with nucleons may have the elfct that st euficently high energy Polson.. cots eeie te Sr the electromagnet coupling of neutron and proton may be nealy nore phase=‘Received ebruny 29, 180) the same, s0 that the integral representing the dllerence of thet pepe“ my. masses may converge without modieaton of electrodynamics In polaied poGPEOSE all deviation frm isotopic sin symmetry ae due this way, the presumed convergence af Ute macs dierences mightsolely to electromagnetic eects. Then such thingsa8 the mass eH] us something about the character of coupling with the electeo This worAiference of charged and neutral x mesons, and the neutton: Sauce haeok ney coqproton mass diference would have to be just tlectrodynamie. We conclude that all othe deviations from isoopie apin agateteWe have investigated this point and have found that it is & maureasonable possibility. For particles of zero spin, lke + mesons, SATE : : ieassumed tobe elementaryparticles, the sell energy isquadraticaly, antagLA. Sivergent. If the photon propagation function’ 1/4 is cat oll by a 282 Feynman, Phys, Rev 7,19 (94), We the tainthiconvergence actor C)=[4/(Q8—BYP, the reultng energy STSegyanfar (RPE ah tert!Cone‘SE about _setA2/Sem, where A is the cut-off energy and m is the '= Theoretical Physic, Paria, 1980 (unpublished).

srimeson mass, ahd we,ssnumed A3>m. This gives the observedGF saiferncof about If destronmusseee eee —_|
TO proton masses?| Tis usually assimed that the negative value of the proton-

i .| neutron mass diferece speaks againstan ultimate clectromagnetic Polarization of Elastically Scattered Nucleonsexplanation,
‘The fllowing calclation ‘shows. that thie fs an from Nuclei im| Saranesnytonts pars arene snp a eee ireneaBee ene wruncertaintyas tothe correct lw of coupling tothe electromagnetic Radios SESEG§NGEROTNEwr Jamar V,Lapone te5 pp ® Sek. But for low energy, the proton can be representa by the “ecivel Peacy 381580) Proton fii lea equation wih an atonal Pall erm to rarest he INUCEEONS of ow or moderate energy which are eatcly ‘The productSnomsfous moment, Since we donot knowto how Righ an energy scattered from nucle! should be partially polarized! by the and by TaeThis may be areasonable approximation,we have tried providing trong sin onbie potential underlying the predictionsof the shell hed. I‘Sic moment coupling term with a cut-off factor ofits own. We Iyodelof the nucleus This spin-ovit potentialina sonseqores a ais aprondhe moment counting tem. rode of the nucleus. This spin-orbit potential sa consequenceof ald apreathe

A ‘Thus for incident maceons whose wavelength fs greater dan the ‘oeFearn 70 fn Giok— br G)](p—R—ay gh rua gacng (2230 hes), would be expestel that he sine ieee| ¥ obit potential of the shell model would make Itself fe. For toony teal| xf++ finlrak—hyocun rac (k) progressively higher energies the incident nucleon begins to see processes trei taf e only one nucleon at & ine and while s spi dopeocs oaks{nthe notation of reference 1, We sed G(A)= 238) to at _elasic catering can ail be expected,fe would be nore electionthe
moment coupling of at energies about 2, and C(t) of the individual nucleon-nucleon interactions than of the spin,=

—MWA to cat off the photon propagation function a¢ orbit potential of the hel model. Tt wil be supposed that even ak The nucle[@) energyA. The expression for the neutron is the same, except that these higher energies the spin dependencehas the form of the usual symmetric ptheyacoupling termsare omifted and the valueof, theanomalous spin-orbit potential. In either case this spin dependence of the ‘of the incics{ ‘montnt in nudear magnets, g'<LIT isle oF LTD be te eatc nalterng can be venga. poonooercopcaly. te target partic.Droton, Ws the seo mass Sting the intr of the moles ie te orae ‘The cross
For the proton the term for n=0, representing coupling of complex indes of reraction™an obvious genersfeaton of the wherethe ficurren with current is positive, ais alt the term int But the optieal model ofthe ncleas# 4 the intial] oss term, linea in, is negative and quite large ifthe momentis For low or moderate energies thre is no suitable approximate | ok energy'?ot ct of to soon inthe prtor-netron mas ferencecan method for weatingtheclastesetteng-raphase shitanaiyaais, | MRRERY 2' ‘asily turn out negative. For example,if A and \ are both taken at_ necessary. Also, at high energies any polarization calculations fowest order1.44, the experimental value of =2. electron masoes results for’ sing conventional approximation methods are made uncertain symmetrieal{Wie dterence Gn tie caus Tac TrantorSUTETSOEMTSfor bythe det dependence of te rolesoe Gear ' vethe proton —1.0 electron masses). No small diference of large scattered wave, A phase-shift analysis for various energies is 7

numbers isinvolved. If the cutofNis reduced below about 0.753, therefore being undertaken on the Univac at the University of 2 result in «2 negative mass diference cannot be obtained. Yor hex1OM, California Radiation Laboratory at Livermore in collaboration’ ‘Hae B=24

Asti ge the epee re “oe ee tengest seeing, ough gration, REASE ed ee is mmoment implies tha estimate fr small anglesof scattering, though rough at best, ‘The (2)| cee eae fo fhe Anomalous moment implies thatthe be renlygbtuned ty making soe eaeisaae ct principe, siSRG anal fr te rorent must be spread over only 8 Tons Te magaf the puaretion svety | stateof zeruSmall distance (of order B/G) This is ao sugested by the siven by | siteazerelatively small changes that the nucleon moments undergo when pu (ABA) cg, co | preductnnucleos frm muck e/a

| therearea g‘The cute for the propagation function may be interpreted i Here {and B represent the sattering amplitudes corresponding to possi of{§ tugwusa Hinuy,eltctrodymamicsmay fall at Nigh energies, the the sin-independent and spindepenent pars ofthe tersctony ates. Theefailre
being represented ina crude way by the cutol IT thsi 0 respectively. ‘The Known exponent! value for the difececel predominant1s could guess fom our results that the ature acurs at energies eros tection do/d may be used. The amplitude, B, for spin. 1 The (mp)Jn the neighborhood of the nucleon mass. Another possibility iS dependent sattering may be estimated by tain te, Dorn ep on,that the electrodynamics is correct but the eutof! represents, proximation. Then only the imaginary ptt of A cantbutes tos wishroughly, the ercor committed in assuming that the particles are For small angles this fs approximately propostonal to the total ish ro‘elementary. For example, in the case of the meson, we have cross section, Problem.

assumed the meson in virtual states acts as a simple particle. For 300-Mev neutrons incidenton carbon,for example, a square- acest22But for energies as high 8M, strongly coupled virtual nucleon well spin-orbit interaction (Ree L.AANC10- oo) of bles sepoh Ae,pairs may boredThey rather ha are of elecueynamin, ven paazation a 9 percent at hee deies Tah ee Hieray provide the convergence at energies of order MC. In a tke probably an overestimate, suggests (hatte exlatenceofa all eat
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Cini, Ferrari & Gatto

(1958)



vse | Vouume 2, Numoer 1 PHYSICAL REVIEW LETTERS January 1, 1959_ ———E—e— Eee eS: lO
versal by about 16°C, in contrast to the Te-Se grals of the second-order electromagnetic self-
alloy mentioned above, for which the reversal, _‘ mass a fundamental length has been made by
temperature was apparently lowered about 5°C. as ‘Feynmanand Speisman® They show that the

1 ' ‘The impurity concentration of the two samples proton can in fact turn out lighter than the neu-

~O. of Fig. 1, as determined from the Hall coeffi- tron, in spite of its electrostatic energy, ifthe
er cient R at 77°K and the approximate formula anomalous moments of the nucleons are intro-
L Ra1/pe (p=carrier density, ¢=1.6x10"" cou- duced in the interaction and the integrals are

lomb), is 7.2x10"* carriers/cni* for sample 1 cut off at sufficiently high energy, Since then itas
H and 2.2x10%carriers/cm® for sample 2. In has been realized that the electromagnetic self-gan i addition, the upper reversal temperature for a masses of the nucleons might be finite even ina

e H third sample with p=7.2%10" was found to occur microscopic causal theory if the electromagnetic

at 498°K and-this demonstrates the shift of the form factors vanish sufficiently rapidly at highrent upper reversal temperature with impurity con- momenta, as indicated by certain consistency

centration. Long'® has computed that the hydro- requirements® With this assumption Wick andts. static pressure used in this experiment causes Sorensef®have attempted a calculation of the
res the energy gap to decrease by 0.032 ev, and this nucleon mass difference on the basis of a formal-

xed ' {in turn is responsible both for the decrease in ism developed by Low® Their calculation yields
U ' the lower reversal temperature which he re- a negative result, giving a proton heavier than
e ported and for the decrease in Hall coefficient the neutron. No direct comparison can, however,

{ with pressure in the region below the “cross- be made between the two calculations. In FS the _

H over” point at about 217°C on both pairs of relativistic Born approximation to the self-energy=P
i curves in the present experiment. However, the _is used, while WS are essentially led to a Born

cause of the upper reversal shift still remains approximation formula with form factors, in :t unknown. which only positive-energy. states are kept.| —_ For this reason we have re-examined the pro-:
4p, 1, Wold, Phys, Rev. 7, 169 (1916). blem by using as a basis the expression of the

j *Fukurol, Tanuma, and Tobisawa, Science Repts, Compton scattering amplitude derived with a dis-

Een pollogy, Selone118, Hb se persion relation approach. ‘The single-nucleon‘A,
Nussbaum, Ph, D. thesis, University of Penn- _--Sontribution is in our case simply the FS expres~fe) sylvania, 1984 (anpublished), ‘sion with their arbitrary cutoffs replaced by the

“HL, Fritzsche, Selence 115, 671 (1952), electromagnetic form factors of the nucleons.
‘1, B, Callen, J. Chem, Phys. 22, 518 (1954). We find that the mass difference that one obtains
'R. Gispdr, Acta Phys. Acad. Sci. Hung..7, 289 by extrapolating at high momenta the experimen-

and 919 (1956). ial form lactone vresglia gna haais[wronglin sign and in magni-a Dresselhaus, Phys. Rev. 105, 195 (1957). tude. The reason is that the radil of the experi-. Nussbaum, Phys. Rev. 94, 337 (1954), nent47, J, Davies, J. Appl. Phys. 28, 1217 (1957). Mentaldistributionscorrespond to cutoffs con-,
. tH, Roth, as reported at the International Conference  Siderably lower than those used in FS, We alsoon Semiconductors, Rochester, August, 1958 (unpub- ‘find that the correct mass difference can be ob-

Hehed). tained, from the single-nucleon contribiition and
43D, Long, Phys. Rev. 99, 388 (1955). without contradicting the Stanford data, with a
"D. Long, Phys. Rev. 101, 1256 (1956). rather pathological neutron charge distribution,

: concentrated at small distances Tt may well be,
i on the other hand, that the main effect comes

; NEUTRON-PROTON MASS DIFFERENCE from the many-particle intermediate states.

j i BY DISPERSION THEORY We start, as in FS, with the expression:
id i M. Cini, E. Ferrari, and R. Gatto (p'15)1p)= -ibm(2n)*8lp-pLp’hulp)
; : Istituto di Fisica dell" Universit, “ip~ Roma, Italia, and .F the Istituto Nazionale di Fisica Nuclearo, ntole-o! feesom), )
ve a: Sezione di Roma, Halla

‘ample fate ef by) 5 (C4

me,” | Anattempt to explain the neutron-proton mass ##=ifa're“OITG,(B) AyD, (@)

| difference by introducing in the divergent inte- with j,,(2) the Helsenberg current operator. In-(e) .

1



Gini, Ferrari and Gatto (1958)

1. Basically, they repeat exactly the FS calculation of the p-n mass difference.© kecati that this caloulation is based on approximating the proton-photon Compton

amplitude by the nucleon pole term, In QED this is justified because coupling weak,

but maybe not so for proton, Anyway, the difference in CFG from FS is that CFG use

actual experimental form factors for the neutron and pboton . Ie, they use the

forms (8) in the formula (9). Bg, the neutron has identieally zero charge form factor

because one guesses it has no charge anywhere in it. The other three form factors

go like 1/q for lerge q, a fact I recall from feynman. Since the data set the
soale for these form factors, you get a definite answer.

2, The answer is the wrong sign! Comparing to FS, you see that the experimental

form factor cuts off roughly at which is less that the artificial outoff's

used by FS, It just doesnt work! If you insist that the nucleon-pole term work,
you have to make the form factors have large k? meat to them, and that in turn

implies small scale strucutre to the charge and magnetic moment distributions in

the nucleons. Authors make a little model where the neutron charge form factor

is doctored up in some way to make things work, but seems artificial.

@ 3. mey soon to suggest that the answer lies in not using just the pole term for
the Compton amplitude.

oa}
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a HE seu

i ANNALS OF Pitysics: 25, 424-432 (1963) ‘There are two gauge tars
i plicity they are defined kere

s the four-veetor g.
3 The Neutron Proton Mass Difference and Electron Scattering} Dee
s Experiments
e Dead
€ W. N. Corrvoua, ~
a ~ Tys(q, q’) can be expresses
= Department of Mathematical Physics, The Universily of Birmingham, England coefficients being functisas
= Tole.)
= In this work equationsare derived that relate, to first order in ¢*, the neutron= proton mass diforonce to information diretly obtainable frm electron seatter- From Eq. (1.2), Tate 7% ing experiments. The equations are derived under two principal assumptions. te

= ‘The frst that the mags diference is electromagnetic in origin, The second re- Take gt) = ie [eet
EA Jates to the convergence properties of the theory. ” ‘©

Bod I, THE ELECTROMAGNETIC SELF-ENERGY OF THE NUCLEON fis L oe,
a In perturbation theory, the electromagnetic self-energy of a nucleon can be
= formally expressed, to first order in ¢, as (1) a

= tip Tad)” shore 3 | «Xeis| am= thf Toledo” 11) & where > | «)e| is a sumovEO al ga-ga at a4 If we now make the wansta ot. Where g” is the metric tensor “ . }

Ses Tela a?) = ie [cee [feARONr] de (12) 08 where P is the total foar-»ae ow : eh) dul over x in Eq. (1.6), we obta
= 4" and j,(z) is the Heisenberg current operator. (n | P(js(), 3,(0)) | n) is the ex-Eg (2x)ag | w pectation value of the time ordered produet for the single nucleon state (at Tyla, g) = =D wf iy!
Ba Ot rest). Formally, »”7,,(q, q°) is the forward Compton amplitude for the 2
ed seattering of a virtual photon with three-momentum q, energy q’, and polariza- Bik =by tion vector n" from a nucleon at rest. - poy
ae ‘There are two independent scalar invariants associated with this amplitude. he
=e ‘They are defined to be {where (1c, I) is the four-ac
ed tote The delta function of the
= P= lah = oe tegration over threc-spsred*Be . 1 1 (13) Consider 7,,(q, q°) asa fiBed : P= arts yy ole 2 seen to be an analytic ‘aneos and cuts just below the posit

Bo where J, is the four-momentum of the nucleon and M is the nucleon mass. The The poles are the single uel.
as calculations arc performed in the “laboratory” system in which = (0, M). ._,
Bed “G'is the photon energy in this system. ge

;

aa :



r

Cottingham, 1963. I, Self Mergy of Nucleon

led 1. C writes the usual forma for dM in termsof the object T,,,- Then 7, is written
as a d4x integral of (p/ 5,(x).i,(0)/p) expo, but symmetrized. Becarse gurrents must
de conserved, your candiate tensors, must be gauge invariant, and the usual two

tensors are written in (1.4). the structure functigns gre then called t, and. tp.
When the complete, d4x, integration is performed, you get (1.7) which shows some
energy poles and the feynmanlike SUM (n/jy(0)/k)(k/5y(0)/n). The thing to note here
is that now both currents are evalyated at x=0, Taking the imaginary part of (2.7)

_ then tells you: Im 7, = SUM. 5, dy + delted, which now looks like unitarity.
I had been wondering where the pole came from, now I gee: it comes from the dq°
integration and the monentum translation deal.

2. So if you contract u on v, (1.7) gives tHe integrand of the dM formula, As a functio

of qo this thing has poles and cuts; the photon propagator also makes two poles. But
things are such that you can rotate the contour CC fo the vertical, -thus getting (1.8)

where atg is now euclidean, Now here isthe point: in (1.8) you have Ty (qi tdg):
s0 energy is always imaginary. Thus, the q° ié exclusively spacelike, Tms, you
dont need timelike information ( like from ete-) to do this integral.

lo) 3 Now simply substitute (1.5) into (1.8) to get dM as an integral over spadelike
q° and over q° of t, and t,, Next, disprese t, and %, and uote their pole
contributions ( invbving form factors). Note that the out disc Imt, is called hy.
Finally, if you shove these disprels into (1.9), you get final result (1.13) through

(1.15). Ie, you get the mass difference in terms of a spaceliBe q” integral of
form factors ( which we later get from elastic scattezing), and as a double integral

of the Imag part of the structure functions, which we hopefully get from inelastic

(deep) scattering. It is nice to have clean formulas at lest. There seems to be

a clear experimental goal now.

II. BlectroneNucleon Scattering, Here, in formula (2.4), we see the deep inelastic
DCS written in terms of the familiar lepton trace and the feynmenic current stuff

which we realize is just Im?,,, as noted above. Thus, you can write the DCS in
terms of hy and hy ( it is these which must connect to Wl and W2). This is (2.6).
Can be reparametrized in terms of transferse and long polarized off shell photon

cross sections if you like, as on page 429. Similarly, but restricting to the

elastic smmpxe events, you can write elastic DCS as in (2.8), from which you can

get the form factors fl and £2. 80 if someone would go do these experiments, you6 could find all these functions and plug them into (1.13) through (1.15) and get

a true number for the n-p mass difference. This calculation would then include the

effect of all intermediate states,and would therefore be better than the purely pole



models of earlier papers. C obviously eagerly awaits experiments.

III. Possible subtractions, The catch is of course that when you disperse your
functions £1 and +2, depending on the large q° behavior, there may have to be’
subtraction constants also in the dispersion relation. Apparently there is

a way to show that tz cannot have such a constant, but t; could. So in the
end, data may show that the t, integration fails td cdnverge. Then you are
cooked unless you cai find a way'to get that subtraction constant.

* Comparison to CFG paper: CFG know that you should “think about inelastic states

* and dout subtractions, but in the end they only did the elastic form factor thing.
By inserting only the pole term of their disprel (5) into aM formula, &nd assuming

no subtractions (polynomials) they got (7), and then they show based on elastic

data that you get the wrong sign. Cottingham did much more: he included the.

. inelastic stuff and went on to show how you could get the inelastic data from
+ imelastic e-p scattering, I wonder: is Cottingham one of the pioneers of this

idea of doing deep-inelastic experiments and connecting that data to aM, or was

that whole.program well-known at the time? :

. eo

. . e



a

TTgall pak dts legulch gl eliesewwlensaot ouane2a ik aunts.(a Gupvman!a
_ Sn Spans = Sah BS ps
Th a
rRBasin be wa ect

=APSE ea CD)



OnugLitadeshare suk os + Cealegy Aampetios, Saooelidas. ee.9
Sokck BD gOS de Somme mee

eoee ee ep eeee - -

aeae = -G Va Tale eR yaa Kunis oo.
- more 4 oe a vAoe. pele ghtans tos ee
Se Meo pl Goth Quotes- oo 4 oe- ee ee ween ae TARR EG Ke

a= ~ Kees quealpssyae = CN akake — & _€_.
- . == es ~ ' => a . &--. -—--~

AG)Ma) He rshAeGe Ay Mes To

we Teadn = 9¢.-t) Abs) Ape) + OC)ALAlee).

CO We deo true apy T= @aill - (2a Sz)?
= Raat Qua DAsjn om granny, Qaose Oaalesyorgh .
~

= . - pha tH iQe Ke 7 won x a . : _me Sande Cre Sane (Gs) <a\ th IC SHAH gD. .
(GK etas @)-B emt) = ae ses 7
2 BSS BG) BS.e WGAse gecdeug a denen Maso:qn -viquse- gy oo 4

| Wake cs" ader’as GA note Arde toes eArlty.



Coleman & Glashnow

(1963)



>

a FS

ae %
“% But ‘“ogous “fattus 4<j a = f,lel—2e'6* Aonthe

mofo an, for all r. (A6) Ad*= flor Bee". eSseveral i (kr). db 3‘Mf In 38Now, from Eq: (1.14) we write S=ne in terms of sImagt=—BIme 3vg this Me™ f-Fife ae _ a
soa se¢ ata ), an =—6 [from (A4)]. (AO) B

ree: 4 Saro—Bo" ‘Thus, from (A9) and (A10), q~tilfthere the prime denotes differentiation with respect to ; Pa:‘and
To, Bora and ¢, #,o%, g© are evaluated at hr=B. joi, |AP+Yélslt426/4 3ou

galt ay AERPs 5ication Ooh. 1, if and onlyif, Imfu <0; -(A11) ‘aof the’ aic and 2ptere A= f.p—89". we know that ]S|*<1, if and only if, f is Hermitian. ES
using 34H [A+/2lel*—2fImage Thus, fis Hermitian, if and only if, ES,a and |S(ag :ampli a a [A|*+feld|?+2f;ImAg* ImfurS0. (A12)
strong be

This —— 4
cutofl,a Fp §veneral QHPIVSTCAL REVIEW VOLUME 194, NUMBER 3B 11 May 1964

ey 4 Departures from the Eightfold Way: Theory of Strong Interaction a
ay Symmetry Breakdown* a

i Swey Conzuan a
ah ao 4

ae S. L, Grasowt a
(An) ea Lyman Laboratory of Physics, Harsord Unisersity, Combridge, Messachuselis é

vation Eg (Received 14 November 1968) .
ies ‘We consider the three kinds of departuce from exact unitary symmetry: midum-trong interactions f

(02) gS which leave only isospin and hypercharge as good symmetries, electromagnetism, and weak interactions, 4
“A We postulate the existence ofan octet of scalar mesons that give the possiblity of syrmmetry-breaking tad a

Ba: (3 pole diagrams, Our fundamental dynamical assumption-—that symmetry-violating processes are daninated t
tance is by symmetry-breaking tadpole diagrams—gives an immediate explanation of the successof two empirical oeBo gash Gellar Oks mas formulas ad he none A=} rl, Moreover, nelding tadpole 4“a iagrims and someother electromagnetic corrections, we calculate the sx electromagnetic mass spit a‘then "s of mesons and baryons in terms ofa single unknown parameter coretly to within O8 MeV. “e aa. 4

ay i 1. INTRODUCTION scheme of Gell-Mannt and Ne’eman? based on the . a
BIE assume that the fundamental interactions of &°04 SUG). ing interactions. ** sag VV ‘elementary particles fall into the following ,: Medium-strong_symmetry-breaking interactions, :4

y all invariant under only the isospin-hypercharge subgroup+
Miltasses, arranged in order of diminishing strength (we SU These i . ey(A) Bhi gravity): of SU(S), Whether these interactions are introduced at aYk the beginning, or whether they arise by some kind of o

«, 3agél. Very-strong interactions, invariant under the  spontancous symmetry breakdown is immaterial to our fs
ubatk, Siansformations of “the eightfold way”—the symmetry discussion, 4
ich 9729 3. Electromagnetism.
oY

7 hy the U.S, Office of Naval Rewaren, 2 Weak interactions. ha# Supported in part, . 8, Oficeof Naval Resear 5;Ae inact NONK-3686(0),and by the U8 A tee oe) ———(AS)
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Goleman’ and Glashow: Mass Splittings in terms of Tadpoles (1963)
@)_ ts" The aool of this paper is to unify various schemes which have been invented to

explain mass splittings. Bg, the usual scheme of an L, mediumstrong synmetry

breaking lagrangian which transforms as Fg is called octet domaitance and leads
to the Gell*mann Okubo mass formas, There is a similar rule which leads to certain

electromagnetic splitting sum rules. Also, there are certain weak interaction rules.
I am ignoring the parts of this paper which pertain to weak interactions, at least

for now.

,

2. The proposal is this: assume there éxist an octet of scalar mesons (by the way,
none of the usual mesons are scalars). For such a meson, you can have "tadpole"

feynan diagrang which give non-zero contributions. Eg, in @ macg calculation you
would include ‘along with the standard diegrams like —7y-. The point is that

@ scalar meson has vacuum quantum numbers as far as parity and spin are concerned,
so you can have such a meson with momentum q = (0,0,0,0) dissolve into nothing.

Of course, if you postulate as CG do that these mesons form an octe@, then the fact
that they can dissolve into vacuum represents an SU(3) breakage. Ie, these scalar

+ mesons are the means by which unitary symmetry breaking ocours. Ie, you assumé a

non-zero VEV for such mesons, Obviously, by thé way, this whole idea should be and© 2 doubt nas been rewooked in terms of SSB guage theories.

3. Now, although giving non-zero VEY’s breaks SU3, the Yukawa couplings (interaction

lagrangian involving these scalars) are auumed to be su3 scalars, as in (2). It

turns out as usual that there are two scalar couplings, with constants d and f, when

you couple to baryons. So, the information contained in (1) and repeated in (2)

leads to the formulas (3) for self-masses in the one-tadpole approximation. Note

that m, and ug are masses in limit of no tadpole contributions, There are 13 masses

given in terms of 6 parameters, hence there will be 7 sum rules, as seen on p 675.

4, Results: 11 known rules are duplicated in a unified way, and some new rules are

found. All rules are reasonably obeyed. Similarly, the decuplet rule comes out, (11).

4. In Section (4) the focus is on the em mass splittings. Bg, the n-p splitting.

4s you see in the chart page 676, the usual calculation with form factors gives

the wrong sign ( see nontadpole or -S% colum). The tadpole graph is different for
p and n in the right way to give an overriding right-sign contribution, In fact,

all 6 splittings listed come out with right sign and to maybe 30% or better. Notice

that for the pion there is no tadpole contribution § see result (8)), so this explains© sng the conventional calculation gives the right answer in this case.

A simple interpretation of this tadpole stuff is shown in figure 3(c). A scalar

meson can couple directly to a photon (over)



and thus you get t-channel pole contributions to the Compton amplitude . These
things contribiite to the cut part of the dispersion relation, or maybe to the

subtraction constant, and such terms are usually ignored in the "conventional" [*)Caclaultion, They dont say moh about Regge theory, but obviously these exahnges
can be Regge-interprested.

5. Comment: it is claimed that because you are doing a complete d4q integration
.

to get self mass, only a spin-zero exchangein t-channel can contribute. I will
have to think about that.

6. Section V on weaks I have not read.

7. Remaining remarks: why is GMO forma so accurate? You would expect that

the medium-strong tadpole y' single~tadpole approx is not so good, and you would
expect maybe multi-tadpole contributions would be significant. But perhaps somehow

these have already been included by using experimental masses... Anohher points

I glossed over is the fact that the scalar meson coupling has to be universal, ie,

coupling of scalars to the 0“, 0+ and 1 mesons is the same. This fact was needed
to get various sum rules.

8. Pignotti is quoted privately as conjecturing about scalars = ghost regge effect.

This idea later carried by Fred and Jim. .

+)
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totheses (a) and (8) Departures from the Eightfold Way. II. Baryon Electromagnetic Masses‘ ( gl y. ry agnvse, in the limit of 4

interactions). a. Stoxey Courant
“Pyiinentn “He Layman Leboraory of Physic, Harcard University, Cambridge, MossachuslsIntractions that 7, ax

vumed, an attempt, jg? Howano J. Scunsrzent
feetian et A Department of Physics, Brandeis University, Weltham, Mostachusetssymmetry breakaE (Received 18 May 1964)
°S (and their large ‘The leading nontadpole contributions to the electromagnetic mass eplitings of the baryons are ealew

at Inte. Best fits to experimentare used forthe mucleon focm factors the strange baryon for factors te+ decay Lagrangian -O} tained from theseby unitary symmetry. Account i aken ofthe breakdown of unitary symmetry by Wingnd the ed se experimental masses in intermediate states and by including the eects of Ow mixing. Then cleats
Mey ae aR and the assumptionof tadpole dominanceare uted tot the sx mass splittingsof baryons and paeuosealst=0) cannot ifs mesons with one free parameter, All ofthe splittings aren good agrezrant vith experiment except forthe“a after inclusion of," aon splitting which bas the right sign but only #of the proper magnitue. The resultsof a preliminary versiden, Next consider "4 ys ‘sion of this calculation were reported in the first paperin this series.
includes only the,& beot the symmetry. SFR

a‘ingsof D’ which I. INTRODUCTION (2) Equation (1) is critically dependent on the be-sind 64, the whole™ iGEVERAL years ago, Cini, Ferrari, and Gatto! ob» hor ofthe for factors at high momentum tarsivalid and “all they, @§D tained a formula for the electromagnetic selimmass Of which we know nothing. Indeed, if we use form Factors“This is because thet-Pef the nucleon in terms of its electromagnetic form With hard cores, the formula diverges quadratically, Inhe character of ‘affpiittors? The formula is represented diagrammatically detto obtain convergent results, we mustusea cutoff;iant, However, thet; WY Fig. 1, where the blobs represent form factors, and Widely different mass differences may'be obtained,I belongs to snadfaalytically by the expression depending on the choice of cutofl.+
vartner Fon ‘ CPs :: ° (3) Equation (1) neglects the contributions fromand @) are stil sie fp de is possible scalar meson tadpole diagrams.* This is not,
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Lagrangian. Also,- ems of nucleon-photon scattering (with unphysical plvons "sing Eq. (1). Experimental best-fit form‘sis of nonleptonie* potons), and then approximating the scattering ampli- jeer) te obredn akeoe en untensumestive. {" iteby the contributionfrom one-nucleon intermediate These Avsoeat Tere os on,~ his gratitude toci/@'sates (pole term). It has been often applied to calcu. “Symotry by usiog mieuhoal oe en unitaryand Dr. B. Sakita‘ i) btions of the heutron-proton_mass difference, with a symmetry by using physical masses for intermediate
F. E. Throw forse Grrotorious lack of success."* Several reasons have been States and by correcting the form factors for romixing?

ay fudvanced for this failure:warlant
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Coleman and Schnitzer: em mass difference calculations, nontadj

O 1. mnie sort paper is a followup of t e tadpole paper of Ref. 6, Here they
concentrate on the conventienal form-factor calculation of the (nontadpole)

one-pole piece. They use the old formula, here stated as (1) for baryons, and
the game is (a) to use the experimental form factor data and integrate and

.

see what you get ; (b) to use SU3 to guess what the corresponding form factors

are for strange baryons.

2. One technical aspect of the paper involves the idea of "mixing", I dont know

what this means, except it involes correction to the SU3 predictions of things.

There is ref 's 8 and 9 on this if I care to learn about it. ‘The results are

given in Table I and II, The numbers differ by order of 1 MeV depending on whether

or not you incorporate "mixing". Their point here is simply that you probably

cannot trust these calculations to better than 1 MeV since different calculations

differ by this mich.

3. Remember that @“ and@t are not antiparticles, so their predicted splits from
the 2° are not the same. (nor are their experimental splits). Ie, the9* and 37

6 do not have the same mass! .
4. The meson caloulations were done by Socolov in a Harvard thesis. CS have only

done the baryon calcs.

5. Page 224 shows the experimental form factors for Py and P,, ; these seem to
disagree in asymptotic form from what feynman gives in his 1970 book. How to

resolve this (see attached sheet for comparison)

6. Pinally, Table III gives the tadpole and non-tadpole stuff and compares to exper.

Thie table supercedes that in Ref 6 because they made some numerical errors. All

signs are right, agreement is good.

7. Now I know what mixing means. Remember that vector meson dominance gives a theory

of form factors. So you get a simple pole for each vector that couples. This the

isoscalar form factor will have a R&@xamix@¥anW and p contribution. Thus,
the vector dominanace says asymptotic FP behavior is 1/q2, not 1/a4,

Feynman says: VDM always predicts FF go as 1/q°. Exper, this is true for the pion
¥F, but Feyn says the nucleon FF go as 1/q+, This is the fact being claimed different1
here.



Suzuki & Zachariasen

(1966)



na966 ~ Votume 17, Numper 19 PHYSICAL REVIEW LETTERS ‘7 Novempur 1966
; scattering” as for proton-proton scattering* fm, R=1.82A fm, and 1V9i=22 MeV. The

at lower energies. In view of the similarity results are shown as dashed curves in Figs. 1

“ of proton-nucleus and proton-proton scatter- and 2 for Be, Cu, and Pb. The agreement with

ing at high energies demonstrated in the pres- experimental results is approximately as good
ent paper, it is reasonable to assume that the as with our first model.

ratio ReT(0)/Im7(0) is negative at high ener-
_gies also for proton-nucleus scattering, which ——

gives a repulsive potential V,=+12 MeV. 4G, Bellettini, G. Cocconi, A. N. Diddens, E: Lille
‘The way in which the potential scattering has thun, J. P. Scanlon, and A. M. Wetherell, Nucl. Phys.

been introduced is only one of many possible 19, 609 (966),

ways, the essential point being that without 1. van Hove, Nuovo Cimento 28, 798 (1963).Yel potential scattering, V,=0, we should have santNottingham and RF. Peters, Phys. Rev.. =3(1-(1 137, .‘ raeayenaom Seatering, hes and hy 101 “LJ. Cook, B. M. MoNillan, J. 26. Petersen, andee
~p)?], In order to investigate this point we D.G, Bowell: Pigac ev. 15, 1808 (19h
also made an attempt to fit the experimental SH. A. Bethe and P, Morrison, Elementary Nuclear

une results using a complex potential, i.e., we put ‘Theory John Wiley & Sons, Ine., New York, 1961),
i pp. 7-11.

(9) h=G/2)(1-e 7%), (1) *D, Harting et al., Nuovo Cimento 38, 4640 (1965).
'P, Bjorklund and 8. Fernbach, Phys, Rev, 109, 1295where x=2Vo6-'(R*-6*)" describes potential age nd S: Fernbach, Phys. Rev. 108,

scattering while 7 is given by shadow scatter- 4G. Bellettini, G. Cocconi, A. N. Diddens, E. Lille-he
ing only, e~27=1-p(b). The values of 4p and thun, J. Pabl, J. P. Scanlon, J. Walters, A. M. Weth-e
A are as before, but we had to choose Ry =1.00 ereli, and P.'Zanella, Phys. Letters 14, 164 (1965).
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. SIGN OF THE PROTON-NEUTRON MASS DIFFERENCE AND A GHOST SCALAR MESON*

Mahiko Suzuki and Fredrik Zachariasenoe) : California Institute of Technology, Pasadena, California
(Received 3 October 1966)

a

A new interpretation of the proton-neutron tion Zpwill become Zp +02p, and we niay write
: mass difference has-been given independently 2,(g,m, 4m.)
; by Pagels! and Fried and Truong.’ In-this note, bm, oop Mon bm
ve it is shown that, if this model works, it implies my = we fem, ?
5 ‘@ ghost scalar meson with T=1 and G=-1, P

Use is made of the technique of spontaneous +85, (f) @)‘ale symmetry-breaking theory.’ By identifiying pO vems"
‘ the ghost with that of the Regge-pole model, iws

one can crudely estimate the magnitude of the ‘This may be rewritten in the form

feedback by means of a linear extrapolation, CCAR)aa @)The physical mass of the proton, in the ab- ’ “™
= sence of electromagnetic interactions, may using the fact that the proton wave-function

be written renormalization constant is
z

- 1»

myrmgt 2p, "op'"oW =m, aefea | w_ - wf.

70 where Zp is the unrenormalized proper self- , ” ship
80 energy part. Its dependence on the bare masses

90 of the proton and neutron are indicated explic- Similar equations can, of course, be written
10 ity. It is also a function of the bare masses for the neutron, and we note that to lowest or-
a0 of other strongly interacting particles and of der in the fine-structure constant we may take
8 the bare strong-interaction coupling constants. Zy =Z, =.
a Now let us introduce electromagnetism. The ‘The physical effect exploited by Pagels and

ae) proton mass will shift to mp +6émp, the func- by Fried and Truong is the, feedback on the elec-
H 1033,
!

eee



Harar

(1966)



; _o- hal ist “wei
e :+ ame ond wb = wy) oe Rapesrae on YO

\ t

e Vorume 17, Nummer 26 PHYSICAL REVIEW LETTERS 26 Dacennen1966
OO

SUPERCONVERGENT DISPERSION RELATIONS AND ELECTROMAGNETIC MASS DIFFERENCES*

Haim Hararit

5 | Stanford Linear Accelerator Center, Stanford University, Stanford, California
i (Received 9 November 1966)
'

Using dispersion relations and the convergence properties of t=channel isospin ampli
tudes, we show that (a) 4/=2 electromagnetic mass differences should be correctly ob-
tained by summing the self-energy contributions of a few low-lying states; (b) A=1 massdifferences cannot be obtained in this way, anda subtraction term is always necessary;(6)

the subtraction term has the correct sign for explaining the proton-neutron mass dif: ference.

i ‘The problem of computing the electromag- simple approximation will give the correct or-
| netic mass differences between particles in der of magnitude or even the correct sign for |a given isomultiplet has always been one of the A7=1 mass differences,

the greatest puzzles of elementary-particle (@) A consistent calculation of the Af=1 terms |
physics. It is well known that the simple, na- must include an additional “subtraction” term,

ive calculations which include only the contri- We show that this term has the correct sign| st butions of a few low-lying states to the self- and, roughly, the correct order of magnitude

energy diagram lead in most cases to totally required by the experimental masses,ri wrong results (including the notorious wrong We also demonstrate that the statements (a)-|
‘Signs for the proton-neutron and K*-K° mass (c) are correct for all six electromagnetic had~| diferences). On the other hand, the same sim- ron mass differences which are exporimental-

ple approach gives the correct sign and mag- ly known, and we propose further experimen-@ | _ nite in a tow otner cases (such as the x*—7° tal tests of our assumptions.difference), In this paper we propose simple, In perturbation theory, the electromagnetic_ | Seasorabieascunptins onthe snergy depos, gor eneition theory, theelses
Gence of ¢~channel isospin amplitudes for for- 2
ward Compton scattering and, using these as- 1 pera gh!

(a) All 4/=2 mass differences should be cor- “2

rectly obtained when we approximate the self- where He"P (92, ») is the forward amplitude
energy diagram by the contributions of a few for Compton scattering of a virtual photon with\
low-lying states. mass q", energy g°=, and polarization ¢# from

(0) There is no reason to expect that the same ) a hadron with momentum p and mass M (Mv
eth.We write 7 28 Pe

aleweave 1 yates -0,9 Jett vive, +Lap ot 2“h wi Mats, Noe, a0, }+tg la, IME, +P P+7y(,,+P,f) @)
Cottinghan®has shown that by rotating the integration contour in (1) from the real to the imaginary
axis in the complex v plane, one can express AM in terms of scattering amplitudes for spacelike
Photons, allowing us, in principle, to use experimental electron scattering data in order to compute

; the integral. Substituting iv and intograting over the angular variables ii (1), we find
ag? ¥

eae gf SEYanette)(o 2 lt i), )
We can now write, for f, and f,, fixed-q? dis~ | SSP NP SESEEEonDNEreneee
persion relations in v and compute the f7’5 in first few low-lying states will dominate thee terms of their absorptive parts?*The main expressions forf,, f, and hence for AM®*Theobstacle

at this point is, of course, the ques- ‘convergence properties of the dispersion in-tion of possible subtractions in the dispersion tegrals are determined by the asymptotic be-
relations, since only in the case of no subtrac- havior of the absorptive parts of the amplitudes.
tions can we hope that the contribution of the To lowest order in a, the electromagnetic

1303
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Harari: Wass Differences,1966

@}_—s}+ ‘Here is the problem: sometimes the naive aM calculation works (pions), and
sometimes it fails so badly that it gives the wrong sign: Why? Recali that CFG in

1958 put in the experimental form factors and. showed that p-n mass difference comes

out with the wrong sign in the.polesapproximation to the aM. Thus, CFG disproved

the conjecture of FS in 1956 that form factors. could explain the anomolous sign.

2. H uses Regge theory to find the answer. First, he classifies mass differences
in terms of t-channel isospin amplitudes, something I have not worked out at this

time. It turns out that mass differences are either Iy=1 or Iy=2. H notes that

it is only the I,=1 differences that are causing the wrong answers, Basically

he will show that the reason is this: for the Iy=1 ampitudes (mass differences)

like the p-n difference, the pole approximation derives its validity in the first

place from a dispersion relation written for the structure functions, The pole is

only a good approx if there happens to be no subtraction constant in the dispersion

relation, The presence of this constant is determined by the high energy behavior of

the integrand, and for Iy=2 there are no high Regge trajectories so there is no

constant. For the Iy=1 however there is the Ap with intercept .4, so there is a

constant. This constant is the reason p-n comes out with wrong sign.6
3. Now lets go through details qhickly. The mass difference is given by a certain

integral of the Compton amplitude for photon-hadron scattering. Happens to be

in forward direction, so t=0. Variable nu plays role of s, incident energy. This

amplitude is T,,. Using uv sym, and conserved current (ie, gauge invariance), you
can express Ty in termsof two structure functions called here t) and tp. Obviously

these are related to the now standard Wy and W, functions of deep inelastics. Hence
equation (2). There is a d4q Feynman integral, but angles are done and then the

energy or v contour is Wick/Cottingham rotated to yield equation (3). The idea

is now to estimate the structure functions and plug in and compute dM. By the way,

seems to me that in 1978 these functions are now very well known, so you could

just do it, But in 1966 Harari must approximate them by pole term of dispersion

relations. So equation (4) shows the disprels for the t,, also classified by
isospin by supersoript. The term out front is not the subtraction constant but

is rather the pole contribution to the integrand. Recall that pole contribution

can be written in terms of coupli gs which in turn are given in terms of the various

E and M form factors for a given particle, hence (5) and (6). The Regge step is

e™ invoked and you conclude that the I=1 disprel for t} must have a subtraction
constant. This is now included in (10). Thus, the naive pole computation is really

@ computation of the 2nd and 3rd term in (11), involving the form factors, H goes



on toestimate the size of this subtraction constant . You pick out the constant

dy taking a certain limit, but this limit also picks out the magnetic moment of

neutron and proton, The sign of the determined constant now comes out correctly

for the pen difference, e
4. What areother tests for this little theory? Regge part of it makes predictions

for the photon-proton crdéss section (now known) . I wonder how this oame out?

.Other mass differences are very hard to measure along with magnetic moments.

e
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Reprinted from:Tax Purysicat Review, Vol. 177, No. 5, Pant I, 2264-2272,25 January 1969ined

ip US. A.fe) Mass Splittings.and Ghost Tadpoles*
J. 8. Bau

University of Californie, Los Angles, California 90024

FP.ZacuantisesCalifornia Institute of Technology, Pasodens, California 91109
(Receive! 11-September 1968)

xg reelpanaantes ote frownNeoy ats eile, a gi easofthe single n=0, If=0 (4) amplitude forthe sume proces. Ta representation allows quite directly n
. uabtativeundeiandingof thin ef the nasdere,edalo allows, wth more date sump.ons, an approsimats mumerical evaluation of the mass difeence based on experimentally determineparameter from the As Regge trajectory This numerial.etimate is in reasonableagreementwith expereat, Thespprosch is easily generalized to other electromagnetic mass differences, and is shown to yield

I. INTRODUCTION ‘a sign change? It therefore became necessary to look

7 in sk is at other congequenées of the strong interactions.[°2E digerencein sign between theexperimental "As a first step in this direction, it was observed byProton
mass “dilference and’ the value Hdrari? ‘that the existence of, the Regge trajectorycalculated on the assumption of point Dirac nucleons ‘ete with the ade it a

demonstrates unequivocally the importance of effects ity that’ the. sim,leFeyuman"Spel &trenely orfdue to the strong interactions of the nucleons, if one is y " Synmnan-Speisman-tyPe
ton culation of the m-p mass difference could hive tunedto ascribe the mass splittings solely to. electromag- ‘, (hisis in marked anetism. The frst attempt to estimate some of thése Out to,Be correct. Ths is Ip maria cccororkeffects was by Feynman and Speismanin 19563 ‘They ™2SS differences, where such a calculation does wor! ‘fe and Sp % fairly well, and where there is no analog of the ds vjdeinonstrated that the inclusion of electromagnetic‘ her not itativelse oyform factors (presumably present becauseof the strong alectory. Jt was further noticed that, qualitatively,” yet‘Z, interactions) in the coupling of photons to nucleons O2€ Might expect the,existence of ‘the As to sefféct arts ng of P’ “/ unusually strong interactionin the J=0+)T=1 states3° could lead to the correct sign for the mass difference) St ee tn andthee th t" dependi behavi foem facton 5 this .on"sr dependingon the detailed behavior of the S Could prod a ae Oe einem *“Yo Asexperimentalinformatign on the formfactopsbecame ONG Produce sign change in the mass differenceyear!” available, however, it became clear that in fact the ypePrycn Brgeesics which scam.to be important aeform factors did not behave in such a way as to produce 4,0. Stones of en Gatinet bound state (chati, « boundstate with zero residue') of negative mass squared, with

J0%, I=1, which is’ produced by the very strong
force. This extinct bound state can be thought of as the
“tadpole” whichha been invoked as a more or lesspheromendlogical way of obtaining. the cofrect mass

+ shifts. [Since the 4s is a meinber of an SU(3) octet,

. (af OnE Fes, and R. Gatto, Phys.RevLet 2,7co SH Hara Phys ey, Letters 17, 1303 (1966). aH (ME, Suull and Peduchargcen liye, Rew batters 17,1083,
gp eelny 1) (ie a

; cannot be that 4 mn [in Proceedings ofthe

pcditesepaaltnnnmnte ssieoriw tes vol lee Mitzna te, te ie
BOE DEER creep tgeiol gy Ee Coa a eae eesduesto the Strong fntraction in the JP=O" channel of NA (56r) out mest rather be that of . F. Chew [Piya Rev, Lettersscattering. . 16, 60 (1966)}. The reason for this is that we require a zero of
—

" . fs ene faction whee the de trfectory fee through ere,+
Werk supported in part by the National Since Foundation, ro only inthe negecnse D function, Nhe Chew méckantam, cn.aoa bythe Us Att Eaegy Commision snder ContractNo. he other han, at eof testi D ton, Fortunafo) ELof he Sen Franco Gpeatiom ofc U5, Atsmic the Cheymchitnm in act steme tbe consent with ts“HEP,Pomme and G. Speisman, Fhye, Rev. 94,500 (1984), “'ESicolsmay and, Glashow, Phys, Rev. 134, BAT (1964)./
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2265 MASS SPLITTING AND GHOST TADPOLES 177

the extinct bound sate, or tadpole, presumablyi also; momenta, ¢ and g are the photon fourmomenta (we ()therefore, all predictions of the tadpole model are take g’=g*), and whereu and » are the photon polar-obtained.] The “tadpole” is thus a consequence of the izations.* The nucleon and antinucleon are, of course,strong-interaction dynamics rather than a new ¢le- on the mass shell.
mentary particle. We may place Eq. (21) between the spinors Bp

It is our intent here to explore further and to elabo- and tlp., sum over spins and set B equal to —p, Note
rate on this physical picture of what is important for that the relation
the I=1 mass shifts. To this end, we should like to

ress the mass differences in terms of the physics 2 (r-byTor(Gdi PP)Moe)of theWN channel rather than in terms of virtual tow
‘Compton scattering as is usually done, Our first step, - »
then, will be to derive from the usual Cottingham Rig enlbri 2.2)
formula? an expression for 8M in terms of the partial-
wave amplitudes for IV —>ry for vittual photons of holds, where Tiv.sy- are (essentially) helicity ampli-
equal mass. This is done in Sec. II. The process evi- tudes for VW — ry, and where we define
dently is of interest at zero total energy ; O(4) symmetry
thus applies and we also express 54 in terms of the te atom (Ob
n=0, M=0, 0(4) amplitude for NN — yy. and

‘The formula obtained in Sec. II is specialized in vag: p/M.

See ata te partici unitarityincludingany number_ 9g 4 result, we may rewrite Eq, (2.1) in the formNN — yy amplitudes. With the assumption that these ay 1
‘amplitudes satisfy Unsubtracted dispersion relations, ai=iif try; g)\m0, 23)it isshown, qualitatively,how the sign change produced (2m) @by the existence of the’As-can.come about. We also,
‘outline, in this section, a possible calculation based on Where we define tel0(4) symmetry and theBethe-Salpeter equation which cota leh :
includes the same basic physics, and which may permit Ty @)=— TEAL Tomlbrig) 2A) Oothe mass shift to be related more directly to experi-

mentally determined 4, trajectory parimeters. and, of course, |p|= (4-2). [Precisely the same
In Sec. IV, we make some simple numerical esti- result, Eq, (2.3), obtains for a boson mass shift, where

mates, with the intent of showing that the physical T(1p;2) ia the amplitude for BB—>7, summed overideas we are using not only.can provide the correct (equal) helicitiesof the two photons.sign but may even give a result whichis quantitatively We may also apply the reasoning invented bynot too unreasonable, though it is important toempha- Cottingham’ to Eq. (2.3). This yields, in a straight-size that numerical estimates require far more drastic forward manner, the equation
assumptions than are necessary for understanding the

con 1 po dg penne
Finally, in Sec. V we comment on the relation of our SM*=——~f >f do(—g— vy

results to the tadpole model, and in Sec. VI we give a Br Jaw F Jain bp: 2.5)brief summary of what we believe to be the basic XTO ng). 25)

conclusions. Now the helicity amplitudes Tay have a very
11, RELATION. OF 8M TO THE simple parta-wave expansion, namely J

PROCESS NN yy Paral QE QIFDPs@Tami(9), (2.6)
Our starting point is the usual formula for the

lectromagnetic mass shift of a nucleon to first orderin where s is the cosine of the center-of-mass scattering, the fine structure constant, which we writeas angle for NN— yy. Thus we have, in the physical
ho pai region for the process, the relation J—i

a=faap toe -8h—D, (4) rays —[(e-40)"(0-49)/4M}s. (2.7)
‘The same partial-wave expansion evidently holdswhere Tega ,p) is the Feynman amplitude for the .

Process NN —+v¥, for virtual photons of mass 4 «our normalization s such thatthe S matric ia related to Tye byere and f are the nucleon and antinucleon four eeeet p pitiTolwlee/teaboay QDWH, Cottingham, Ann, Phys, (N. ¥.) 25, 424 (1963)./ _otherwisewe use the Feynman conventions throughout,
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