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Summary. — Universality of the weak interactions is reviewed, with special em-
phasis on the origin of the Cabibbo theory of strange-particle 5-decays and its role
in the discovery of the unified Electroweak Theory. Achievements and present chal-
lenges of the Standard Theory of particles interactions are briefly illustrated. As a
homage to Nicola Cabibbo, his leading role in the Roma school of theoretical physics
and in the Italian science in general is reviewed. A selection of papers by Cabibbo
and other authors, reprinted from Il Nuovo Cimento and historically related to the
arguments considered here, is presented. The picture is completed with the classical
paper by Cabibbo and Gatto on electron-positron collisions and Cabibbo’s paper
on the weak-interaction angle, reprinted from Physical Review and Physical Review
Letters, respectively.

PACS 01.60.+q — Biographies, tributes, personal notes.
PACS 23.40.Bw — Weak-interaction and lepton (including neutrino) aspects.
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1. — Universal Weak Interactions

In a 1961 book, Richard Feynman [1] vividly described his and Murray Gell-Mann’s
satisfaction at explaining the close equality of the muon and neutron beta decay Fermi
constants. They [2] and, independently, Gershtein and Zeldovich [3] had discovered the
universality of the weak interactions, closely similar to the universality of the electric
charge and a tantalising hint of a common origin of the two interactions. But Feyn-
man recorded also his disconcert following the discovery that the Fermi constants of the
strange particles, e.g. the 8-decay constant of the A baryon, turned out to be smaller by
a factor of 4-5. Tt was up to Nicola Cabibbo [4] to reconcile strange-particle decays with
the universality of weak interactions, paving the way to modern electroweak unification.

2. — Nicola Cabibbo: The beginning
Cabibbo’s scientific life in steps:
— graduates in 1958, tutor Bruno Touschek;
— becomes the first thoretical physicist in Frascati, hired by G. Salvini;

— meets there Raoul Gatto (5 years elder) who was coming back from Berkeley and
begins an extremely fruitful collaboration;

— witnesses exciting times in Frascati: the first eTe™ collider, AdA (Anello di Ac-
cumulazione = storage ring), to be followed, later, by a larger machine, Adone
(= larger AdA), reaching up to 3 GeV in the center of mass (= laboratory) frame;
new particles (the n meson) studied at the electro-synchrotron, related to the newly
discovered SU(3) symmetry, etc.;

— publishes together with Gatto an important article on ete™ physics [5] (the Bible);

— in 1961, again with Gatto, investigates the weak interactions of hadrons in the
framework of the newly discovered SU(3) symmetry.

3. — The V — A and Current x Current theory of the Weak Interactions

The Fermi weak interaction Lagrangian was simply the product of four-fermion fields
1); connected by Dirac matrices, which Fermi, to keep the analogy with electromagnetism,
restricted to be vy, matrices. For the neutron 3-decay:

(1) L,=G [’l/_}p’y,uwn] X [7/_1e’7M1/)V] + h.c.

Subsequent studies of nuclear decays and the discovery of parity violation, led to
complicate the gamma matrix structure, introducing all possible kinds of relativistically
invariant products of two bilinear fermion fields. At the end of the fifties, simplicity finally
emerged, with the recognition that all S-decays could be described by a V — A theory.
Sudarshan and Marshak [6], and Feynman and Gell-Mann [7] proposed the general rule:

— every v replaced by avp, with: a = 1_%
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With this position, we are brought essentially back to Fermi. The Lagrangian in (1)
reads now:

(2) ‘Cn = % [/‘Lpﬂyit(l - 75)1%} X [’(Z}e'y“(l - 75)1/}1/]

(the factor 1/1/2 is inserted so as to keep the constant G at the same value determined
by Fermi from superallowed nuclear transitions).

The V — A structure in eq. (2) is almost experimentally correct. The coefficient of 75
in the nuclear bilinear is in fact g4/gy ~ 1.25 rather than unity, to be interpreted as a
strong-interaction renormalisation.

Under the (1 — ;) rule given above, only vector and axial vector currents survive in
the Fermi interaction. Equation (2) further suggests the Current x Current hypothesis:

— the Lagrangian of the full weak interactions, describing muon, meson, etc.
(B-decays, has the form

G
(3) LWZEJMXJ:,

with J,, the sum of n — p, e — v, etc. contributions. Omitting gamma matrices:
(4) J = (Dee) + (pp) + (pn) + X.

X represents the contribution of the current to strange-particle decays and we have
to consider now what properties the term X might have (I follow here almost verbatim
the considerations made by Feynman in [1]).

A first observation is that if we insert the form (4) into (3), the terms corresponding
to electronic and muonic decays of strange particles will appear with the same coefficient.
This corresponds to the so-called electron-muon universality, which indeed is very well
satisfied in strange-particle S-decays.

Second, semi-leptonic decays of strange particles seem to be suppressed with respect
to nuclear (-decays, which implies the term X to appear with a small coefficient, of the
order of 0.1.

However, if that were the case, a similar suppression should hold for the term X x (np),
which, judging from Kg decay, does not seem to be the case.

Here ends Feynman’s analysis of 1961. In modern terms, the suppression of the
semi-leptonic strange-particle decays got mixed with the Al = 1/2 enhancement of non-
leptonic decays, resulting in what seemed to be, at the time, a really inextricable mess.

4. — Gell-Mann and Levy’s ansatz

An observation made in 1960 by M. Gell-Mann and M. Levy [8] is often quoted as a
precursor or source of inspiration for Cabibbo. This is justified to some extent, but the
role of Gell-Mann and Levy’s observation need not be overestimated. Gell-Mann and
Levy’s paper is quoted by Cabibbo and was well known to all those working in the field.

In the GML paper, the weak current is written in the Sakata model, with elementary
P, N and A. All hadrons are supposed to be made by these three fundamental fields.
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GML observe that one could relate the reduction of the A coupling with respect to the
muon coupling by assuming the following form of the weak vector current:

(5) Vi = ﬁ [Pyr (N +€eh)].

But. .. nobody knew how to proceed from the GML formula to a real calculation of
meson and baryon decays, for two reasons:

i) The Sakata model was already known to be substantially wrong, due to the absence
of positive-strangeness baryons. Thus, inclusion of the decays of the S = —1 and S = -2
hyperons was completely out of reach.

ii) The important point of the non-renormalisation was missed. In Gell-Mann and
Levy’s words [8]: There is, of course, a renormalization factor for that decay, (i.e., A
decay) so we cannot be sure that the low rate really fits in with such a picture.

5. — SU(3) symmetry and weak interactions

Gatto and Cabibbo [9] and Coleman and Glashow [10] observed that the Noether cur-
rents associated to the newly discovered SU(3) symmetry include a strangeness-changing
current that could be associated with strangeness-changing decays, in addition to the
isospin current responsible for strangeness—non-changing beta-decays (CVC). The iden-
tification, however, implied the rule AS = AQ in the decays, in conflict with some alleged
evidence of a AS = —AQ component, indicated by the single event ¥ — pu* +v +n
reported in an emulsion experiment [11]. In addition, the problem remained how to for-
mulate correctly the concept of CVC and muon-hadron universality in the presence of
three Noether currents:

(6) Vi = g+ eyae (AQ =1),
(7) vV 4+ iv® (AS =0, AQ=1),
®) v +iv® (AS =AQ =1).

6. — Enters Cabibbo
In his 1963 paper, Nicola made a few decisive steps.

— He decided to ignore the evidence for a AS = —AQ component. Nicola was a good
friend of Paolo Franzini, then at Columbia University, and the fact that Paolo had
a larger statistics without any such event was crucial.

— He ignored also the problem of the normalisation of non-leptonic processes and of
the AT = 1/2 enhancement.

— He formulated a notion of universality between the leptonic current and one, and
only one, hadronic current, a combination of the SU(3) currents with AS = 0 and
AS = 1: the hadronic current has to be equally normalized to each component of
the lepton current (electronic or muonic). Axial currents are inserted via the V — A
hypothesis.
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In formulae, Cabibbo wrote:

9) pthadron) _ [Vf” n z'vf)} b [V/\@ n iV)fG)} ,
with
(10) a® + 0% =1,

to ensure equal normalization of the hadronic with respect to either the electron or the
muon component of the leptonic vector current, eq. (6).

Adding these hypotheses to the V' — A formulation of the weak interactions, Cabibbo
thus arrived to the final expression of the total leptonic and hadronic weak currents:

(11) T3P = T (1= 35)p + Zera (1 = 35)e,
(12) I = cos [ a7 +sing [0+ 07|,
(13) JO =y 40,

In the above equations, AE\’) denotes an octet of axial-vector currents. While the
normalization of the vector currents is fixed by the very notion of CVC, the axial currents
are not conserved and their normalization constants are free parameters, not determined
by the SU(3) symmetry. The angle 6 is a new constant of Nature, since known as the
Cabibbo angle.

In the Cabibbo theory:

— Currents belong to SU(3) x SU(3);

— partial conservation of the vector and axial vector currents protects the normaliza-
tion of strength;

— the Gatto-Ademollo theorem [12] holds: vector current matrix elements are not
renormalized to first order in SU(3) breaking.

The phenomenological success of the Cabibbo theory for semi-leptonic decays has
made it clear that the I = 1/2 enhancement of non-leptonic decays must have a different
origin than the normalization of the strange-particle current, X. This was understood
later as a renormalization group effect, as first guessed by K. Wilson [13] and computed
in QCD by M. K. Gaillard and B. W. Lee and by G. Altarelli and L. Maiani [14].

As of today, the agreement of the Cabibbo theory with experiments has been but
reinforced by the most recent data from Frascati, FermiLab and CERN [15].

7. — The weak current of baryons and the unitarity limit

The form of J/(\hadmn), well readable in terms of the SU(3) symmetry, leads to a
remarkably complicated form of the current in terms of individual baryon fields (to be
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Fig. 1. — Test of Cabibbo unitarity. The grey band indicates the range of V,s = sin @ predicted
from the value of V,4 = cosf measured in superallowed nuclear transitions. Indicated are also
the latest values of sin6 obtained from K3 decays by the experiments E865 (Fermilab) and
KLOE (Frascati); the value of Vs from strange-hyperon decays is also reported.

compared with the Gell-Mann and Levy’s form):

1
(14) Jp(bhad) =cosf py,[1 — (F+ D)ys|n+sind {—\/gp’yu [1 —(F+ 3D)'75] A}

+sin 6 {—ay, [1 — (F — D)y5] 27 — Sy, [1 — (F + D)ys] 20}

sind {\/ffm [1 - (F - ;D)%] 5—}

R

We have used particle’s names to indicate the corresponding fields; F' and D are phe-
nomenological coefficients related to axial current renormalization, see the comment made
after eq. (2). Experimental data require [16]: F' ~ 0.46; D ~ 0.80; sin ~ 0.22.

The first term in eq. (14) describes the AS = 0, n — p transition and is normalized
by the factor cos @ which is, of course, less than unity. Thus the Cabibbo theory may
explain the observed reduction of the nuclear Fermi constant with respect to the muon
one, a fact noticed already by Feynman in [1] following the precise measurement by V.
Telegdi and coworkers [17]. The effect was not so clear at that time, as it had to be
disentangled by competing electromagnetic radiative corrections, which were not under
control in the early sixties. The situation is much clearer today, with precise data coming
from superallowed Fermi nuclear transition and radiative corrections under control.

As shown in fig. 1, the determination of the angle from the baryonic AS = 1 and
the latest data on K13 decays presented by the Fermilab, E865, and Frascati, KLOE,
experiments, agree exceedingly well with what predicted from the superallowed nuclear
transitions [18].
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8. — Cabibbo theory with quarks

Gell-Mann-Levy’s formula was given a new life in the context of the quark model,
after the consolidation of the Cabibbo theory. If quarks and flavor-singlet gluons are the
fundamental particles, as we know today, O-decays of baryons and mesons simply reflect
the two transitions:

(15) d — u; s = u.

Note that this is similar to Fermi’s idea that (-decays of nuclei are simply the manifes-
tation of the n — p transition.
In the quark picture, the Cabibbo weak current takes the form

(16) Jy = cos O [uyxa(l —v5) (d+ tanbs)] =
= a'}/)\(l - ,75)d07

which coincides with Gell-Mann and Levy’s with: (P, N,A) — (u,d,s). The Cabibbo
angle, 6, is seen as the mixing angle expressing the weakly interacting down-quark, d¢,
in terms of the mass-eigenstate fields: d, s.

9. — Equal normalization?

It was clarified by Cabibbo himself, in his 1964 Erice lectures, that the condition
(10) implies that the weak charges are the generators of a weak isospin SU(2) group.
In SU(3) space, 6 determines the orientation of the weak SU(2) group with respect to
the strong SU(2) group, which is determined by the medium-strong interactions which
break SU(3) to the familiar isotopic spin symmetry. In the absence of the medium-strong
interactions, one could identify the weak isospin group with the isospin symmetry and
strange particles would be stable under weak decays.

The interplay of the weak and medium-strong interactions to determine the value of
0 proved to be far reaching. It has remained in the present unified theory in the form
of a misalignment between the weak isospin subgroup of the flavor symmetry and the
quark mass matrix, which arises from the spontaneous symmetry breaking of the weak
isospin gauge symmetry.

10. — The angle as a dynamical effect of strong vs. weak interactions

Cabibbo entertained for sometime the idea that the value of the weak angle, 6, could
be determined by theoretical considerations. The fact that the angle indicates the di-
rection of the weak isospin group in SU(3) space could be seen as a kind of spontaneous
magnetization in SU(3) space and its value should arise as a solution of a self-consistency
equation for the symmetry-breaking parameter, presumably an SU(3) symmetric equa-
tion. This led to the problem of finding the natural solutions of equations invariant
under a given group, GG. The problem was tackled theoretically by L. Michel and L.
Radicati [19], who investigated the natural minima in SU(3), always finding trivial min-
ima corresponding to § = 0 or 7. Cabibbo and myself [20] extended the analysis to the
chiral symmetry group SU(3) x SU(3) with two possible symmetry-breaking structures,
transforming as

(17) (3,3) @ (3,3) or (8,1)&(1,8),
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but again finding only trivial results.

In modern terms, computing the Cabibbo angle means to determine theoretically the
structure of the quark mass matrix, which, with three quark flavour, would correspond
to the first choice in the previous equation. Attempts in this direction have met with
some success [21], which amounts to justifying the empirically valid relation:

N

(18) sin @ ~

ms

between # and the up and strange-quark masses, but a really convincing theory has not
emerged yet and 6 is still to be considered an undetermined constant of Nature.

Historically, the attempt to compute the Cabibbo angle was one of the motivations
that led to the discovery of the GIM mechanism. One should not give up the idea that
sometimes we shall be able to compute the pattern of symmetry-breaking quark masses
and therefore to compute the Cabibbo angle. The more so, since, after the discovery of
neutrino oscillations, the problem reproposes itself for the neutrino mass matrix.

Michel and Radicati ideas have been later used to justify the natural symmetry-
breaking patterns of Unified and Grand Unified theories.

11. — Closing up on Cabibbo theory

From its very publication, the Cabibbo theory has been seen as a crucial development.
It indicated the correct way to embody lepton-hadron universality and it enjoyed a
heartening phenomenological success, which in turns indicated that we could be on the
right track towards a fundamental theory of the weak interactions.

The authoritative book by A. Pais [22], in its chronology, quotes the Cabibbo theory
among the most important developments in postwar Particle Physics.

In the History of CERN, J. liopoulos [23] writes: There are very few articles in
the scientific literature in which one does not feel the need to change a single word and
Cabibbo’s is definitely one of them. With this work he established himself as one of the
leading theorists in the domain of weak interactions.

12. — Post-Cabibbo developments: a unified, renormalizable, electroweak
theory

Eight Nobel Prizes (fig. 2) have been given for the theory of the unified electroweak
interactions pioneerd by S. L. Glashow [24], S. Weinberg [25] and A. Salam [26]. The
Cabibbo theory has been a crucial step towards this great achievement.

Post-Cabibbo developments are summarized in the following.

— The introduction of the charmed quark by S. Glashow, J. Iliopoulos and L. Ma-
iani [27] made it possible to extend the Weinberg-Salam theory to hadrons, restor-
ing lepton-quark symmetry and predicting hadronic weak neutral currents without
strangeness change at about the same rate as charged currents; the suppression of
the strangeness-changing neutral currents fixes the mass scale of charmed particles,
in agreement with experimental observation;

— G. ’t Hooft and M. Veltman, in 1972, proved the renormalizability of the sponta-
neously broken (via the Higgs mechanism) gauge theory [28];
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/41979

Sheldon Lee Glashow Abdus Salam Steven Weinberg

The Nobel Prize in Physics 1979 was awarded jointly to Sheldon Lee Glashow,
Abdus Salam and Steven Weinberg “or their contributions fo the theory of the
unified weak and electromagnetic interaction between elementary particles,
including, inter alia, the prediction of the weak neutral current”.

Gerardus 't Hooft Martinus J.G.
Veltman

The Nobel Prize in Physics 1999 was awarded jointly to Gerardus 't Hooft and
Martinus J.G. Veltman Yor elucidating the quantum structure of electroweak
interactions in physics”

Yoichiro Nambu Makoto Kobayashi Toshihide Maskawa

The Nabel Prize in Physics 2008 was divided, one half awarded to Yoichiro
Nambu “for the discovery of the mechanism of spontaneous broken symmetry in
subatomic physics"the other half jointly to Makoto Kobayashi and Toshihide
Maskawa "or the discovery of the origin of the broken symmetry which predicts
the existence of al leas! three famiiles of quarks in nature”.

Fig. 2. — Nobel Prize winners who contributed to the theory of the unified electroweak interac-
tions; Cabibbo theory has been a crucial step towards this great achievement.
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— Adler anomalies in SU(2) x U(1) were the last obstacle towards a renormalizable
electroweak theory and they were proven to cancel between quark (fractionally
charged and in three colors) and lepton doublets, by C. Bouchiat, J. Iliopoulos and
P. Meyer [29].

13. — CP violation

1973. Kobayashi and Maskawa discovery [30]: three left-handed quark doublets allow for
one C P-violating phase in the quark mixing matrix, since known as the CKM matrix.

1976. S. Pakvasa and H. Sugawara [31] and L. Maiani [32], show that the phase agrees
with the observed C'P violation in K decays and (LM) leads to vanishing neutron electric
dipole at one loop.

1986. 1. Bigi and A. Sanda [33] predict direct C'P violation in B decay.

2001. Belle [34] and BaBar [35] discover C'P-violating mixing effects in B decays.

14. — New challenges

Problems which were on the table at the beginning of our story, the end of 1950s,
have all been solved by an extraordinary mix of theoretical inventions and experimental
results, illuminating each other . Some of the crucial steps have been described in this
paper.

The proliferation of nuclear particles and resonances, initiated with the discovery
of strange particles, has found an explanation in terms of more fundamental fermion
fields, quarks coming in six flavours, each with three colours. The muon has found its
place in the second quark-lepton generation. The fifth and sixth quarks neatly pair with
the (v,,7) lepton doublet in a third generation, necessary to explain the C'P violation
initially observed with particles belonging to the first and second generations.

We understand the structure of the weak and electromagnetic currents, their renor-
malisation properties and the relation between leptonic, semi-leptonic and non-leptonic
weak processes. The unified gauge theory of both interactions, electromagnetic and weak,
has been experimentally confirmed in crucial instances, including existence and properties
of the predicted, necessary, weak intermediaries. The mathematical consistency of the
theory requires, by the way, precisely the lepton-quark simmetry which is so prominent
in the spectrum of the elementary fermions.

Neutrino oscillations have been observed, in particular where they are required to
support our understanding of the way the Sun works. We now know that neutrinos have
masses, similarly to quarks and charged leptons, and that the phenomenon of fermion
mixing, discovered by Cabibbo, is quite general, although we do not know yet how to
predict its structure.

The description of the basic strong interactions with an asymptotically free gauge
theory based on the colour symmetry is, perhaps, the most unexpected and most spec-
tacular development of the second half of the last century. It has allowed for crucial
quantitative tests of the strong interactions, in the short-distance region where we can
apply perturbative methods. Non-perturbative calculations based on the numerical sim-
ulation of QCD in a space-time lattice, have produced highly non-trivial results in the
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large distance, strongly interacting, regime. One instance is the calculation of the ax-
ial couplings of the pseudo-scalar mesons, although, admittedly, we are still far from a
systematic understanding of this domain. A gauge description of all fundamental in-
teractions, including gravity, is a strong suggestion of a unified theory encompassing all
interactions, realising the dream of Albert Einstein.

With the turn of the century, we have a new panorama of problems and challenges and
a new machine, the Large Hadron Collider at CERN; to explore a new energy domain,
ranging from 100 to above 1000 GeV = 1 TeV. I will list only a few of the challenges
which may be attacked in the new round of experiments at the LHC. This is a personal
list and may well turn out to be incomplete or even irrelevant: future will tell.

The first challenge is to find the Higgs boson [36]. The Higgs boson is needed for
the unified electroweak theory to agree with Nature, validating the idea that symmetry-
breaking particle masses arise from the spontaneous breaking of the gauge symmetry. At
the same time, this mechanism gives a vision of the quantum vacuum which may help
us to explain new phenomena in the universe at large: inflation, chaotic universe, etc.

Find the supersymmetric particles. The unification of forces requires a symmetry
to relate different spins: this is Supersymmetry, a fermion-boson symmetry discovered
in 1974 at CERN by J. Wess and B. Zumino [37] and in Russia by D. Akulov and V.
Volkov [38].

There are arguments, related to the so-called hierarchy problem of fundamental scales,
that suggest the presence of the supersymmetric partners of the known particles in the
TeV range [39], possibly within reach of the LHC.

Indications for a form of stable matter other than we know, protons, electrons and
neutrinos, come independently from the existence of non-luminous matter, gravitationally
observed in the Universe. In fact, the data on the primordial abundance of helium and
other light nuclei limit the abundance of baryonic matter to a few percent of the total mass
and neutrinos are definitely too light. The origin of the dark matteris thus one of the most
prominent puzzles of present physics. A neutral, very long-lived, supersymmetric partner
surviving from the hot Big Bang could be a natural candidate to be the constituent of
the dark matter in the Universe.

Finally, the search for extra space dimensions. String formulations of Quantum Grav-
ity are not consistent in 3 + 1 dimensions. Curved extra-dimensions are needed. How
small is their radius? Can LHC high-energy particles get into and map for us the new
dimensions?

15. — Cabibbo: leading the Roma school

Nicola settled in Roma La Sapienza in 1966, moved to Roma Tor Vergata for few years
and came back to La Sapienza. Inspired by Nicola’s physical intuition, mathematical skill
and personal carisma, the Rome school significantly contributed to establishing what we
call today the Standard Theory of particle physics, which Nicola had greatly helped to
build. A few results of these wonderful years:

— the parton-model description of eTe™ annihilation into hadrons [40];
— the first calculation of the electroweak contribution to the muon anomaly [41];

— the field-theoretic description of the parton densities in hadrons [42];

the QCD prediction of a phase transition from hadrons into deconfined quarks and
gluons starting from the limiting temperature introduced by R. Hagedorn [43];
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*

Fig. 3. — Nicola Cabibbo in 1998, visiting the KLOE detector in Frascati. Courtesy of Andrea
Cabibbo.

— CP and T reversal violation in the oscillations of three flavored neutrinos [44];

— the upper and lower bounds to the Higgs boson and heavy-fermion masses in Grand
Unified theories [45];

— the parton analysis of the heavy-quark 8-decay spectrum (allowing one of the most
precise determinations of the CKM mixing parameters) [46,47];

— the lattice QCD calculation of weak parameters with lattice QCD [48];

— the proposal and realization with G. Parisi of a parallel supercomputer for lattice
QCD calculations [49]; the APE supercomputers and their subsequent evolutions
have played an important role in elucidating basic QCD in the non-perturbative
regime.
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16. — Nicola Cabibbo: science manager, teacher and friend

Nicola played an overall important role in the Italian scientific life of the turn of the

century, as:

— Member of Academia Nazionale dei Lincei and of the American Academy of Science;
— President of Istituto Nazionale di Fisica Nucleare: 1983-1992;
— President of Ente Nazionale Energie Alternative: 1993-1998;

— President of the Pontifical Academy of Science: from 1993.

He held these important positions with vision, managerial skill and universally ap-

preciated integrity.

Nicola liked to teach and he continued to do so until his very last months. Like all

great minds, he could find simple arguments to explain the most difficult concepts. His
students were fascinated by his simplicity, gentle modes and sense of humour. So were
all of us, who had the privilege to be his collaborators and friends.
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A Theorem on the Elimination
of Contact Muon-Electron Interactions.

N. CaBisBo, R. GAaTro and (. ZEMACH (%)

Istituto di Fisica dell Universita e Scuola di Perfesionamento in Fisica Nuelewre - Roma
Istituto Nazionale i Fisica Nucleare - Sezione di Roma

(ricevuto il 4 Febbraio 1960)

Summary. - - A general theorem on the elimination of possible contact
muon-electron interactions is given which includes as particular cases
a theorem by Cabibbo and Gatto and a theorem by Feinberg, Kabir and
Weinherg for particular types of interactions.

1. -- Introduction.

GELL-MANN and FEYNMAN have remarked (') that if one considers the
expansion of a hypothetical muon-electron interaction in powers of momentum
transfer, the decay rate inferred from the leading term of such an expansion
by invoking gauge invariance is identically zero. Later, this result was shown (?)
by two of us (N.C. and R.G.) to be contained in a general equivalence theorem.
The theorem states that weak interactions of the form

(1) gy (e — ied)(1 + yi)e(w) -+ h. .,

(*) On leave of absence from Departiment of Physics, University ot California,
Berkeley, (al. (U.5.A)).

(MY M. GrrL-ManN and R. P, FeysNman: dnnual International Conference on High
Lnergy Physics at CERN, edited hy B. Frrrrrti {(Geneva, 1958), p. 261.

2y N. Casiero and R. Garro: Phys. Rev., 116, 1134 (1959); see also R. GarTo:
Lectures al the International School of Plysics in Varenna, June 1959 (to appear in
Suppl. Nuove Cinenlo).
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A THEOREM ON TIIE BELIMINATION O CONTACT MUON-FLECTRON INTERACTIONS 169
where wu(x) and e(r) denote the muon and electron fields, respectively, can

be removed by a canonical transformation. The argument demonstrated the
existence of o unitary matrix which transforms the (eight component) spinor ¢,

»

¢
V) -
o .
in such a manner that the transformed Lagrangian no longer containg an
interaction term of the type (1). TRecently, FrinBERG, KABIR and WEIN-
BERG (}) have noted the possibility of eliminating, by similar methods, hypo-
thetical interactions of the form

(3) o QG(J') ‘M(JI') — 57(J)}/(? — 1(’1)u(l) -+ H. e,
or, alternatively, of the form

(31 ey v, () — Ee(@)yys(c - deA)ulr) -+ H. ¢

to all orders in the coupling constants ¢ and &.

In this note, we present a generalization and unification of such arguments.
The results desceribed above appear as particular cases of a principle applicable
to the most general renormalizable interactions of muons, electrons and pho-
tons. Our principal theorem is stated and proved in the next section. The
conclusion does not depend on any perturbation assumption. We do assume
that the energy operator deduced from the Lagrangian is positive definite.
The argument utilizes a theorem on the diagonalization of finite dimensional
matrices whose proof is given in Section 3.

2. —~ General form of the equivalence theorem.

We consider a Lagrangian of the type

W) &= Py (8- ieANA + 3, B) + C + iy, DIy~ 1, F,, + 2.,

where g is detined in (2). The two-by-two matrices A, B, ¢ and D operate
in the u — ¢ space (which we shall call lepton space or, simply, L-space);
— (L4)F,, F , is the free photon Lagrangian, and %, is the Lagrangian for
strongly interacting particles. We adopt the customary assumption that 2,
does not contain the clectron or muon fields. In order that % be Hermitian,
4, B, ¢ and D must he Hermitian matrices. Then Eq. (4) represents the

*) G. Feinserg, Po Kasie and S0 Weissera: Phys. Ree. Lell., 3, 527 (1939).
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170 N. CABIBBO, R. (ATTO and ¢. ZEMACIH

most general Lagrangian containing renormalizable interactions and neglecting
wealk interactions.

We now assert that by means of a suitable non-singular matrix trans-
formation in spin space and L-space,

(5) v =Ty,

the Lagrangian (4) may be brought into a form in which the electron and
muon components of ¢ are not coupled, and such that the eleetron and muon
terms in % are of the canonical type for spin 1/2 fields.

It is convenient to use the projections a =41+ y;) and @ = 1 —y;).
Then

(6) A+ By,={(A+ B+ (4— By,

(6") C + iDy, = (€ +iD)a + (¢ —iD)a .

We assume that the energy operator is positive definite. It follows () that
A + By, is positive definite. Since ¢ and @ are orthogonal, we conclude from (6)

that the two dimensional matrices A+ B and A — B are positive definite.
From (4), we obtain for the canonical momentum conjugate to ,

(%) 7 =iy A + 9 B).

One may verify that the canonical anticommutation relations are consistent
provided that

(8) det (A + y, B) = det (A — B) det (A -+ B) %0 .

Eq. (8) may also be regarded as the requirement that y does not obey an
cquation of constraint. Its validity is assured by the positive definite property.
The mafrix T of eq. (5) may, if it exists, be written

() T == aR + @S,

where B and 8 act in L-space. We require that in terms of ¢" and %, de-

(") One may adopt the procedure used, for example, by N. N. Bocorsusov: Inltro-
duction to the Theory of Quantized Irields, (New York, 1659) p. 123, for free spinor
fields. One obtains the energy as an integral over terms of the type a*k(k)(zl L By
- (k)| ky| where the a (k) are essentially Fourier components of the operators y¥(r).
The relationship between the positive definiteness of the energy and of (.1 + Byy) then
follows directly.
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A TITEOREM ON THE ELIMINATION OF CONTACT MUON-ELECTRON INTERACTIONS 171

fined by
(10) p = (aR +aS)y’,
(109 P = P (@R + asS"),

the Lagrangian (4) assume the form

(11) L= — P [y (8, —ied) + Mly —iF F + %

ny T py ! s

where M is a diagonal matrix in L-space. We demand that T be chosen so
that the diagonal elements of M, which represent the electron and muon
masses in the new representation, be real and non-negative.

Inserting (10) and (10') into (4) and comparing with (11), we infer the
following conditions on R and S:
(12) R4+ BR =1, SHA —B)S =

b

(13) SHO 4+ iD)R = M,  RY(C—iD)S = M.

The two equations of (13) are Hermitian conjugates of each other; therefore
only one of them need be considered.

We first construct R and § so as to satisfy (12). Let V,_ and V_ be the
unitary matrices which diagonalize the (Hermitian) matrices 4-+-B and
A — B. Thus

(14) VYA+BY. =G, TIA—BV =¢,

where (f,, G_ are diagonal and positive definite. We also introduce the two
matrices

(15) T, =) Y, 1= (G) -},

We then observe that if U, and U_ denote arbitrary unitary matrices, the
choices

{16) R=V.IU., S=V_T.U.

satisfy eq. (12). With these choices, the first equation of (13) becomes
(17) UMNTVHCHiDW,. T 0. = M.

The existence of unitary matrices U, and U_ which satisfy (17) is a direct

consequence of a theorem we prove in Section 3. Therefore, the existence of

698



172 N. CABIBBO, R. GATTO and €. ZEMACIE

R and 8, and hence of T is also proved. Since V,_, T,, and U. are non-
singular, R, § and hence T are likewise non-singular and possess inverses. This
establishes the theorem.

‘We now comment on the interpretation of the theory. We suppose that
a non-singular operator T corresponds to the matrix T in the sense that

(18) Ty T —p = Ty’ .

Let P, be the four-momentum operator constructed from (4) and let PM' be
the corresponding operator constructed from (11). Then P = T‘IB;T. One
sees that

(19) PPy =— o

has solutions corresponding to the eigenvalues u®=m;, u®=m;,, where m,
and m, are the diagonal elements of the non-negative matrix M. Hence P, P,
has eigenstates T-'|a> with the same eigenvalues — u2. The theories defined
by (4) and (11) are completely equivalent and both describe the same phy-
sical situation. The form (11) has the advantage of corresponding to the
simplest limiting relation between the interpolating Heisenberg field y’ and
the asymptotic «in» fields ¢(z) and p™(x). This remark aids in clarifying
the question of the formal interpretation of symmetry operations in the theory
(such as parity, time inversion, universality, etc.). For ingtance, the Lagran-
gian (4) is invariant under space inversion even if 4, ¢ and B, D are simul-
taneously non zero; it is also invariant under time reversal even if 4, B, ¢, D
are not all real, ete.: the point is that such symmetry operations have a direct
interpretation on the asymptotic fields and they must be correspondingly
redefined when the interpolating Heisenberg fields do not satisfy the proper
limiting conditions.

3. — A diagonalization theorem for finite dimensional matrices.

We recall two simple facts about finite dimensional matrices:

(i) If the matrix @ commutes with its adjoint, it is diagonalizable by a
unitary transformation;

(i) Tf F is an arbitrary matrix, the matrices FF' and F'F have the same
eigenvalues.

The equation Q@' = Q'@ implies that the Hermitian and skew Hermitian
parts of @ commute and hence can be diagonalized by the same unitary matrix.
Then € itself is diagonalized by this matrix, confirming (i). To verify (ii), we
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note that the eigenvalues are determined by the equations

(20) det (FF* —2T) == 0
and
(209 det (F'F — 30y = 0.

If det 0,

det (FF'— 1) = det F det (£ A8 ) = det (F'F — A1),
so that eq. (20) and (20') are identical. If det ¥ = 0, we define F(e) = F—el.
For all £+ 0 in a small interval around ¢=0, det F(¢) 0 and hence
det (F'(e) F'(¢) — AI) = det (F'(¢) F(e) — AI). This is a relation between two

polynomials in ¢ and in the limit ¢ — 0, we obtain the desired result.
We now prove the diagonalization theorem.

Theorem: For any matrix F there exist unitary matrices I, and U,
such that

U'FU, = 7,

where Z i3 a non-negative definite diagonal matrix,

Proof: Let W, and W, be the unitary matrices which diagonalize the
Hermitian matrices FF' and F'F. Since these matrices have the same eigen-
values, one can choose W, and W, so that

(21) WIFFYW, — W FYFW, .
i 1 2 2

Let us define Q =W, "/'W,. Tt follows that Q" = W 'F'W, and (21) can be
written

(22) QO = Q'Q .

Therefore, by (i), there exists a unitary matrix V" such that
(23) VIQV=VI W FW,V = (W) " F(W,V) =7,
where Z' is diagonal. One can always write Z' in the form
(24) 7 v,

where Z is the diagonal non-negative definite matrix obtained by replacing
the elements of Z’' by their absolute values, and ¥’ is diagonal and unitary.
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If now one takes

U, =WV,

-

U, =W, y(yH
one finds
U BT, = (WV) FOWY)(V) = 2(V) = Z

as desired.

RIASSUNTO

Viene dimostrato un teorema generale che permette l'eliminazione di eventuali
interazioni locali p-e e che contiene come casi particolari un teorema di Cabibbo e
(tatto ed un teorema di Feinberg, Kabir e Weinberg.
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Consequences of Unitary Symmetry
for Weak and Electromagnetic Transitions.

N. CariBeo and R. Gatro (%)

Istituti di Fisica delle Universita di Roma e di Cagliars
Laboratori Nazionali del CNEN - Irascalt

(rvicevuto il 14 Agosto 1961)

Recent papers (!) have dealt with the introduction of unitary symmetry, i.e. inva-
riance under the three-dimensional unitary group, as a convenient approximation
in the theory of strong interaction. The strong-interaction Lagrangian is assumed
to consist of a part invariant under the unitary group, plus a « correction » breaking
the invariance.

In this note we shall examine the properties that follow, for weak and electro-
magnetic amplitudes, from this hypothesis, together with the violent assumption
that the symmetry-breaking « corrections » can be neglected. We do not know
under what conditions this last hypothesis can be applied. It might be applicable
in the high-energy region — or, better, we know for sure that it is not generally
applicable at low energies.

The consequences of violent assumptions are usually far-reaching. Thus we
find that the K° (or KY) electromagnetic form factors must be zero, the charged
K form tactors must be equal to the charged pion form-factors; there are simple
stringent relations betwen the form factors of the baryons (already given by
CoreMaN and GrasEow (?)), of the vector mesons, between the electromagnetic
amplitudes from vector to pseudoscalar mesons, between the amplitudes of %° decay
and =° decay, and between weak interaction amplitudes. These relations depend
in part on the particular representation adopted for the baryons.

For instance according to the « eightfold way » the A form-factors are one-halt
of the neutron form factors. They must instead be equal in the Sakata represen-

(1) 8. 0GawA: Progr. Theor. Phys., 21, 209 (1959); Y. YaMAGoUcHI: Progr. Theor. Phys. Suppl.,
11, 37 (1959); M. Ikana, 3. Ocawa and Y. OuNvki: Progr. Theor. Phys., 22, 715 (1959); 23, 1073
(1960); I. 1. WESs: Nuovo Cimento, 15, 52 (1960); Z. MuKkI, M. NAKAGAWA, Y. OHNUKI and S. SA-
KATA: Progr. Theor. Phys., 23, 1174 (1960); M. Ikgpa, Y. Mivacur and 8. Ocawa: Progr. 7Theor.
Phys., 24, 569 (1960); M. GELL-MANN: to be published in Phys. Rev.; A. SATAM and J. C. WARD:
Nuovo Cimento, 20, 419 (1961); Y. NEEMAN: preprint.

() 8. CoLEMAN and S. L. GrasHow: Phys. Rev. Letl., 6, 1423 (1961).
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CONSEQUENCES OF UNITARY XYMMETREY FOR WEAK ETC. 873

tation. If this is true also at low energy a measurement of the magnetic moment
would distinguish among the two cases.

1. — The unitary group in three dimensions has 8 generators F,,. Their com-
mutation rules are given, in terms of the totally antisymmetric tensor (?) f,,.,, by

(1) [Finn Fn‘ = i/m,nlj'v! .

In correspondence to each F, there is a current j,(x), conserved as long as
unitary simmetry holds. The currvents transform according to

(2) [lamv }n(")] = 'ifmnl,’il(‘r) -

In the theory of Gell-Mann and Neeman (eightfold way), where baryons trans-
form according to the 8-dimensional rapresentation, the electromagnetic current,
j(z), is given by

(3) Jey = dse) 4+ gl .

From (2) and (3) one sees that F;. Fy, F,, and F, arve the generators of the
subgroup that leaves j(x) invariant. Conservation of Fj; and £y expresses conser-
vation of Iy and of hypercharge. We thus limit our considerations to I (F. gives
the same results). From the identity

(A ) --- )] B> = 0

where j(z,) --- j(x,) is any produet of » currents, we derive, if 4 and B are one-
particle states

(4) Ol(pas Fslj —--j|B> = (A|j--- j[Fo, wh]10>,

where yt, y are the relevant creation or annihilation operators, and we have hriefly
denoted by j ---j the product of the currents. In Grell-Mann’s « eightfold wayv » hoth
baryons and mesons are assumed to transform according to the 8-dimensional
representation. Therefore, for a suitable choice of the y's,

(5) [w"u Fn] = i/mnlWl ’

and thus (4) relates divectly different matrix elements between one particle states.

If we apply it to the mesons we obtain, for instance, the following conclusions:

-— the K® (or K° form factor is always zero (we use also charge conjugation
invariance);

— the form factor of K+ (K-) is equal to that of =t (z7);

-— the amplitude for Compton scattering on K' is equal to the same amplitude
of a =*. For the corresponding amplitudes on neutral mesons one has relations
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of the kind:
VBCEP|jIE = P A% — /3P 2 5
— (R K* = {a®jj|a®> — /30| 10 -
— The amplitude for y° —>+y+vy i8 1/4/3 times the amplitude for =®—y4y etc.
By applying (4) to the baryons one finds
EHj--- 12 =L<plj---jlp> >
7§12 =LE|j ---§1E,
CEO|f - 1Y = (- jln> —
(6) g ---d1 j---7l
1

T3 EOj---glaA> = nlj ---jin> —<A]j --- jl4>

[ — VA -G Z% = nj - fmy — (E0)j - G2 .

A relation between the electromagnetic mass splittings,
dmz~ — dmge = dm_— dm_+ Smy-— Smy+,

given by CoLEMAN and GLASHOW (%), is contained in (6).

If the current produect j --- j reduces to a single j one can make further use of
the transformation properties of j. A matrix element {A4|j,|B> where 4, B, j,, all
transform according to the eight-dimensional representation can be decomposed as

(7) KAjm|B)> = if 130, O + d 45, &

in terms of the totally antisymmetric tensor f, of the totally symmetric tensor d(?),
and of the quantities ¢ and &.

The identity (7) is similar to the familiar Wigner-Eckart theorem for space
rotations. The quantities @ and & play the role of the so-called reduced matrix
elements, and f and d of Clebsch-Gordon coefficients.

The reason why one has two reduced matrix elements in this case is that the
reduction of the direct produet 8x 8 x 8 contains the representation 1 twice.

Applying (7) to (3) one has

1 . 1
(8) <A |]|B> = ":(]‘441137L \;§ fABS) 0‘|‘ (dA33+ vgdu!s)éa‘

It is instructive to compare with the corresponding situation when only charge
independence is assumed. In that case one has two independent matrix elements,

(%) A table of the elements of fmat as well as of dmng i8 given in the paper by GELL-MANN [see ()],
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usually called the scalar part and the vector part, which originate directly from the
decomposition of j, analogous to (3), into an isovector and an isoscalar part. Here
instead, j; and jg transform both in the same way, according to (2), but each of
them originates two reduced matrix elements.

With (8) one fonds directly

(6) L2020 = k6,

(3) A A LK,
1

(4) {07 A% - /ro)@,
V'3

(1 ZjE - 60,

® ) (EES-46-0,
UEREIE S 7]
(1) Spljip> =16+ O,
@ o - 34,

(5)  (XH]j X 1E - 0.

From (9) one obtains the relations between the anomalous magnetic moments
given by CoLEMAN and GLasHOW (21). We recall that one has (denoting explicitly
the tensor indices)

Or = u(p,) O, (Kt + O(KHo® K" u(ps) ,

with K = p, — p;, and similarly for &&.

Relations similar to (9) hold for the form factors of the postulated vector mesons
or for the amplitudes of radiative transitions between vector mesons and pseudo-
scalar mesons. Thus one finds, for instance,

r. ! . l L ‘l 1 o 2 I .
g lilaed = <aplila®> = - - 7\/? {toldloe> :"§<X0’ﬂ”0> = - \/‘f CHo|jI K",

At flary = CK'*jIH,

where, for instance, = is the vector meson with the same isospin properties of =°.
Furthermore K'+ (K’7) has the same form factors as '+ (x'~), and the form factors
of neutral vector mesons arve all zero.

(Y) Consistency with the relations of Coleman and Glashow requires an additional minus-sign
in ther detinition of the X-A transition moment.
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2. — If one assumes that the weak currents are simply linear combinations of
the currents j, (3), one can apply (7) to derive relations between amplitudes for
leptonic decays, always in the same spirit of neglecting that part of the strvong
Lagrangian that violates unitary simmetry. Thus, the AS=+1, AQ@=+1 weak

current could be of the form ¢(j,+7j;) where ¢ is a constant. One then has the
decomposition

(10) glA|js + 15 | B> = (if ypg— faps) O+ (dypy + id s} ',

where @' and & are g0 and ¢&.

If one assumes universality in the coupling of the weak currents to the leptons
the AS=0, AQ=+1 weak current would be g(j,+1ij,), with the same ¢ as in (10).
But then the rates for hyperon leptonic decays would be much larger than observed.
Therefore the use of the universality hypothesis is, at least, inconvenient, in such
a scheme; of course, the hypothesis may be true, but masked by strong renormali-
zation effects. We do not therefore insist on the relations between matrix elements
of different currents. From (10) one finds

1 - 1
GLE o+ s | A> = —_<v3 O———- (a@’) )

V2 V3
g%+ islny = — 0+ &',
(E0 4, + ijs P> ‘L(f@’{-é”)
g |74 )5 P> = V3 s
(11)
Al .. B 1 T 0 1 o
g9<A\js + s | P> -E — 4/3 /_ﬁ ,

1

E7Jat 155 | 2O
g<LE Vjat G5 | NG

i

(0'+ ¢,

gl{E |fa+ 345 | 2D = O'+ &' .

3. — Still in the same spirit of neglecting violations of unitary simmetry we can
easily establish that,in the limit of zero momentum transfer, &’ — 0 (i.e. the form
factor multiplying y, in the expansion of &' is zero for K*=0). In fact in the limit
of zero momentum transfer the relevant matrix element is proportional to
(A |Fy+iFg| By, since the generators F, are also the space integrals of the fourth
component of j,, (and, of course, are conserved if j, is divergenceless). However

(12} <A |F4 + @'Fs \B> = <0!WA’ F4 + iFs] |B> = ".f‘uu*’ f.ws ’

gshowing that &'(0)=0 and @'(0)==yg.

(*) If strange currcnts violating AS=AQ exist (preliminary report from the Padua-Wisconsin
group) this possibility is lost, at least in the framework of the three dimensional unitary group.

707



CONSEQUENCEX OF UNITARY SYMMETRY FOR WEAK ETC. 877

4. - There are other versions of the models hased on unitary symmetry differing
mainly in the representation of the baryons. In the model by Gell-Mann and
Neeman the eight known baryons are the basis of an eight-dimensional represen-
tation. In the original Sakata model (Y) three barvons p, n. A. are the basis of a
three dimensional represeuntation. while other barvons belong to higher represen-
tations (to the 15-dimensional. or to both the 15 - and the 6 - - dimensional
representation). One can easilv extend the considerations we have made in the
previous sections to the Sakata model. One has however 1o be careful in identifving
properly the currents. The electromagnetic current in the Sakata model is no longer
given by (3) but it isx given instead by

(13) gy = jylr) +

Note the addition of 1j,(x), proportional to the baryvonic cwrrent. which belongs
to the one-dimensional representation, and therefore does not transform according
to (2). This circumstance again hrings two independent « reduced » matrix elements
and we find the relation

(14) iy = AL A

t.e., neutron and A have the same form factors and anomalous moment.

In contrast to this results, the eightfold way gives (n|j|n)—2{Alj|A>. The A
anomalous magnetic moment will presumably be measured rather soon by precession
in a strong magnetic fleld (%).

(¢} This experiment is under development at Brookhaven and at CEKRN,
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Possible experiments with high-energy colliding beams of
electrons and positrons are discussed. The role of the proposed
two-pion resonance and of the three-pion resonance or bound
state is investigated in connection with electron-positron annihi-
lation into pions. The existence of a three-pion bound state would
give rise to a very large cross section for annihilation into #%+v.
A discussion of the possible resonances is given based on consider-
ation of the relevant widths as compared to the experimental
energy resolution. Annihilation into baryon-antibaryon pairs is
investigated and polarization effects arising from the nonreal
character of the form factors on the absorptive cut are examined.
The density matrix for annihilation into pairs of vector mesons

INTRODUCTION

PROPOSAL for electron-electron colliding beams

was made some time ago at Stanford by Barber,
Gittelman, O’Neill, Panofsky, and Richter, and an
experiment on electron-electron scattering based on
such a proposal is being carried out! Projects for
electron-positron colliding beams are also under
development at Stanford! and at Frascati.? The project
at Frascati is intended to obtain high-energy (>1 Bev)
electron-positron colliding beams.? We have already
discussed possible experiments with et-¢~ colliding
beams.* In this note we shall present a more detailed
discussion of possible electron-positron experiments and
of the theoretical questions connected with them.

Like electron-clectron experiments, electron-positron
experiments can test the validity of quantum electro-
dynamics at small distances.’ They present, however,
some very typical features that sufficiently justify the
effort to produce electron-positron colliding beams.
Most of the annihilation processes of et-e¢~ take place
through the conversion of the pair into a virtual photon
of mass equal to the total center-of-mass energy. The
photon then converts into the final products. These
reactions proceed through a state of well-defined

! W. Barber, B. Gittelman, G. K. O'Neill, W. K. H. Panofsky,
and W. C. Richter (to be published); G. K. O'Neill, Proceedings
of the International Conference on High-Energy Accelerators and
Instrumentation, CERN, 1959 (CERN, Geneva, 1959), p. 125;
W. K. H. Panofsky, Proceedings of the 1960 Annual International
Conference on High-Energy Physics at Rochester (Interscience
Publishers, Inc., New York, 1960}, p. 769; G. K. O’Neill and
E. J. Woods, Phys. Rev. 115, 659 (1959).

?F. Amman, C. Bernardini, R. Gatto, G. Ghigo, and B.
Touschek (unpublished). A smaller storage ring for electrons and
positrons for maximum energy of 250 Mev is already at an
advanced state of construction; see C. Bernardini, G. F. Corazza,
G. Ghigo, and B. Touschek, Nuovo cimento 18, 1293 (1960).

# Electron-positron colliding beams are also being considered
at CalTech, Cornell, and Paris.

4N. Cabibbo and R. Gatto, Phys. Rev. Letters 4, 313 (1960);
Nuovo cimento 20, 184 (1961).

s See R. Gatto, Proceedings of the Aix-en-Provence Conference
(1961) (to be published) for a discussion of the possible tests of
electrodynamics with electron-positron beams.

is calculated. A discussion of the limits from unitarity to the
annihilation cross sections is given for processes going through
the one-photon channel. The cross section for annihilation into
pairs of spin-one mesons is rather large. The typical angular
correlations at the vector-meson decay are discussed.

A neutral weakly interacting vector meson would give rise to
a strong resonant peak if it is coupled with lepton pairs. Effects
of the local weak interactions are also examined. The explicit
relation between the ¢? corrections to the photon propagator due
to strong interactions and the cross section for annihilation into
strongly interacting particles is given.

quantum numbers, and as consequence the possible
initial and final states are essentially limited. The
interaction of the final particles with the virtual photon
is directly measurcd in the experiment. The virtual
photon four-momentum is timeclike in these experi-
ments, in contrast, for instance, to electron scattering
on nuclecons where the four-momentum of the trans-
ferred virtual photon is spacelike. Form factors of
strongly interacting particles can thus be measured for
timelike values of the momentum, in a region where
they have, in general, an imaginary part. Electron-
positron annihilations in flight offer the possibility of
carrying out a Panofsky program, of a systematic
exploration of the spectrum of elementary particles by
observing their production by the intermediate virtual
gammas. Unstable particles with the same quantum
numbers as the intermediate photon can be produced
singly as resonant states that soon after decay. At the
appropriate energy there would appear resonance peaks
in the production cross section for the final decay
products.

1. GENERAL CONSIDERATIONS

1.1. We consider a reaction of the kind
et — at+b4- - -, 1

where g, b, -+ -, ¢ are strongly interacting particles. At
the lowest electromagnetic order we assume that the
reaction goes through the one-photon channel repre-
sented by Fig. 1. In the figure, ¢, and ¢_ are the positron
and electron four-momenta, respectively, k= gi-+q- is
the time-like four-momentum of the virtual photon,
and @, b, - - -, ¢ are the four-momenta of the produced
particles. The element of the S matrix is given by

{ab-- -c[S|e+e*>=%(?7%M)<d,b' -+¢; out| 7,(0)10)

Xé(gpt+g-—a—b—---0), (2

1577
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F16. 1. Graph rep-
resenting the one-
photon channel. The
symbols are defined
in the text.

k=q,+q.

S+ q._

where v and » are Dirac spinors desctibing the positron
and the electron, respectively, and 7,(x) is the electro-
magnetic current operator. The relevant quantity is
the matrix element of 7,(0) between the vacuum and
the final state of the produced particles. It will be
convenient to define the four-vector

Jy= (27")31”2(‘1767 21 Out'j!’(o) |0>y (3)

where we have introduced for normalization purposes
a factor (2w)**/2, where # is the number of the produced
particles. From

37,(x)/0x,=0,

which holds for the charge current j,(x), it follows that
k.J,=0. )

1.2. Tt will be convenient to refer all the quantities
to the center-of-mass system for the reaction. In a
colliding beam experiment the center-of-mass system
is actually the laboratory system itself.

We shall in the following neglect the electron mass.
We call E the energy of each incident particle in the
center-of-mass system. It follows that

B=(qytq.)=—4E" {5)
Moreover, Eq. (4) in the center-of-mass system becomes
2067 4=0. (6)

Therefore, J, has no time-like component in this
system. We shall call J its space-like component.

The total cross section for unpolarized initial and
final particles is given by

(2m)5—tg
o=—
16E!

f Fadb- - & §(BatEt+ - - +Ee—2E)
X (atbt 4+ Twn T Ruuny (1)
a,br e

where a=¢?/(4n)=(1/137); a and E, are the momen-
tum and energy of particle a, etc.; the tensor T, is

N, CABIBBO AND R.
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given by

Tmn = 5mn) 3 (8)

where i is the unit vector pointing along the direction
of, say, the incoming positron; the tensor R, is defined
as

%(imin_

and the summation Y, 5.... 1s over the final spin states.
Differential cross sections and cross sections for polar-
ized final particles can be obtained from (7) by omitting
the relevant integrations and spin summations,

1.3. For the production of two particles @, b of equal
mass M, Eq. (7) gives

a 8
do=——{Tmn 3. Run)d{cosh), (10)
32 @

where

B=[1—(M/EpP (11

is the velocity of the final particles. If the masses of ¢
and b are different, (10) has to be replaced by

1 Ea b
( ) (TngRmn)d(cosm (12)

where p is the final center-of-mass momentum and E,
and E, are the energies of ¢ and 5. We have called 9
the center-of-mass angle.

1.4. The inclusion of radiative corrections to the next
electromagnetic order brings about (through its inter-
ference with the lowest-order term) the two-photon
channel for which most of the general considerations
valid for the one-photon channel (such as, for instance,
angular momentum, parity, and charge conjugation
rules) do not apply, at least in the same form. However,
for experiments which do not distinguish between a
final state and its charge conjugate (such as a total
cross-section measurement, or any measurement that
treats symmetrically the produced charged particles)
such an interference term with the two-photon channel
vanishes. Radiative corrections for such experiments are

F16. 2. Graph for the
n-plon production re-
action.
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k?> 0

F1e. 3. The real k2

axis for the pion form
factor.

timelike spacelike
absorptive region l
physical region Ffor l l physical region Ffor
etr e — o THem™

k2= ~f2my)?

obtained by multiplying the expressions for the cross
sections by an energy-dependent factor p(E), and of
course, by interpreting the matrix element J, as includ-
ing the second-order radiative corrections.® The factor
p(E) is given by 148+ 8,8, where 5. is the per-
centage correction due to the photon self-energy graph,
8, is the correction due to the vertex graph for the
incoming electron and positron, and & is the brems-
strahlung correction. The expressions for 5., 8,, and &
can be found, for instance, in reference 5. These cor-
rections take into account emission of soft photons. Be-
fore comparing with experiment one must, however,
also add a correction for emission of hard photons under
particular kinematical conditions that make them un-
detectable with the experimental apparatus employed
(for an example see reference 6).

2. ANNIHILATION INTO PIONS AND K MESONS

2.1. Pion production in et-¢~ collisions has already
been discussed.®® We shall here reproduce the main
results and add some remarks. We consider the reaction

(13)

occurring through a graph shown in Fig. 2. The relevant
vertex is a y-(n pions) vertex for a virtual vy of mass
k*=—4F? Such vertices are important for the theory
of the nucleon structure.”® For » even, they contribute
to the isotopic vector part of the nucleon structure;
for # odd, to the isotopic scalar part.

We consider reaction (13) in its center-of-mass frame.
The final #-pion state produced by the virtual v,
according to the graph of Fig. 2, must have parity —1,
charge conjugation quantum number — 1, total angular
momentum 1, and total isotopic spin 1 for # even, 0 for
n odd. In particular it follows that reaction (13) cannot
occur at the lowest electromagnetic order if all final
pions are neutral. The space-like part of J, in the

ett+e~— n pions,

5 G. Putzolu, Nuovo cimento 20, 542 (1961).

¢ The same results as those of reference 4 have also been given
by Yung Su Tsai, Phys. Rev. 120, 269 (1960), and Proceedings
of the 1960 Annual International Conference on High-Energy
Physics at Rochester (Interscience Publishers, Inc., New York,
1960), p. 771.

7 G. F. Chew, Proceedings of the 1960 Annual International
Conference on High-Energy Physics at Rochester (Interscience
Publishers, Inc., New York, 1960), p. 775.

8 Chew, Karplus, Gasiorowicz, and Zachariasen, Phys. Rev.
110, 265 (1958), Federbush, Goldberger, and Treiman, 4bid. 112,
643 (1958).

e +'— e + T
K3=0

center-of-mass system, J, must be formed out of the
final pion momenta and must have the character of a
polar vector for # even and of an axial vector for # odd.
For two final pions J will thus be proportional to the
final relative momentum; for three final pions J will
be proportional to the only available axial vector,
namely, the normal to the production plane. Inserting
(9) and (8) into (7), one finds uniquely the form of the
dependence of the cross section on the angle between J
and the initial electron-positron relative momentum:

Ton & Rpn=3%|J|? sin%, (14)

a,b,~c

where 6 is the angle between J and 1, the unit vector
along the initial positron momentum. Therefore, for
two pions the angular distribution is ~sin%; for three
pions the angle between the normal to the production
plane and the initial line of collision is also distributed
~sin%.

2.2. The simplest pion production process is

ette— atta.
The matrix element of the current J, is written as
J=e(dw0 )7 () (9, — p,0), (16)

where w,; and w_ are the pion energies, and p™ and p©
are the pion momenta. The form factor F(£?) is taken
at k*= —4F2 The cross section is given by

(15)

do x 1
=—c?—F| F (F?) |2 sin®f.
d(cost) 16 E?

(17

The dependence $°sin% is a direct consequence of
angular momentum conservation that requires that the
two final plons be produced in a p state and of our
approximation of neglecting the electron mass. The
total cross section is given by

1
Frorar=—(0.53 X102 cm?)b(x) | F(—4E) |2, (18)
m?

where m (expressed in Bev) is the pion mass (or in
general the mass of the produced boson) and

b(x)=(1/2%)(1—1/a)f, 19)
with x=E/m.

To predict the absolute values of the cross section at
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the different energies, one should know the values of
|F{E?)| for kB2< —4m,2 These values of &2 lie in the
absorption cut on the %? plane. In the graph of Fig. 3
we indicate the real axis of %2 with a specification of
the different regions.

The form factor at 2*=0 takes the value 1. The
physical region for space-like k2 can in principle be
explored by pion-electron scattering. In such experi-
ments & has the character of a momentum transfer.
The physical region for negative k* can be explored
with pair production in electron-positron collisions.
The absorptive region starts at k®=—{(2m,)2. The
lowest-mass intermediate state contributing in the
v—2x vertex is the 2x state itself. The next state
consists of four pions and its contribution to the
absorptive part starts at *2= — (4m,)% An interpre-
tation of et-+¢~ — w7 in the vicinity of its threshold
can reasonably be given in terms of the two-pion
intermediate states only, and therefore directly in terms
of pilon-pion scattering. This situation is indeed a very
fortunate one and does not occur in other cases of pair
production in e*-e~ collisions. A pion-pion resonance
with T'=1, J=1 has been proposed by Irazer and
Fulco?® as a simple way of explaining the isotopic vector
part of the nucleon structure. The form factor proposed
by Frazer and Fulco can be approximated near the
resonance by a resonant shape of the form

[F(2) 2= 8+ (ko) ]/ I8+ (B — k) ],

where (222.65m.* and k?=<10.4m.2. At an energy
E=230 Mev (total center-of-mass energy 2E=460
Mev), near the maximum of the form factor, one finds
a total cross section of 8.35X10-% cm? for ete¢~—
at-+7~. Bowcock, Cottingham, and Lurié? suggest a
resonance with the same quantum numbers but with
rather different parameters. They propose a resonant
shape
Lty

te—t— iy (t/4—1)F

with £,=22.4m.2 and y=0.4m,"

At an energy E~330 Mev (total center-of-mass
energy ~660 Mev) near the maximum of the form
factor the total cross section for et-te=—> mt{-a—
reaches a value of 6.6X107% cm?,

These cross sections are much higher than the cross
section calculated for |F|=1 (a factor ~17 in the
Frazer-Fulco case and ~33 according to Bowcock,
Cottingham, and Lurié).

Interpretations of the proposed T=1, J=1 resonance
in terms of an unstable meson with J=1, T'=1, and
negative parity, which decays rapidly into #+-+a~ have
been proposed.™t The neutral meson of such a triplet

® W. R. Frazer and J. R. Fulco, Phys. Rev. 117, 1609 (1960).

10T, Bowcock, W. N. Cottingham, and D. Lurié, Phys. Rev.
Letters 5, 386 (1960).

1T, J. Sakurai, Ann. Phys, 11, 1 (1960); A. Salam, Revs.

Modern Phys. 33, 426 (1961); A. Salam and J. G. Ward, Nuovo
cimento 19, 167 (1961); M. Gell-Mann (to be published).
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has charge conjugation number C=—1. Electron-

positron collisions offer a good way for detecting

systematically neutral mesonic resonant states with

J=1, C=—1, and negative parity. The T=1 resonant

state discussed here belongs to such a class of states.
The netural production process

ettem — -0,

does not occur at the lowest electromagnetic order (it
requires the exchange of at least two photons).

2.3. The three-pion production process

ette— gt +ad, (18)

can occur by the lowest-order graph (Fig. 2). If we
call / the relative w7~ angular momentum and L the
angular momentum of #° relative to the xta— center of
mass, we find that only the states I=L=1, I=L=3,
l=L=35, etc., can be produced at the lowest electro-
magnetic order. This follows directly from parity,
charge conjugation, and angular momentum conser-
vation.

The matrix element J, of the current operator for
three pions can be written®

J=—1 {8 w_wo) S H*(E,wy,w.)e? p,Pp,p, @, (19)

The form factor H* depends on three independent
scalars that we have chosen as E, wy=energy of =+,
and w_=energy of 7, all in the center-of-mass frame.
The final momenta of 2+, #~, and #° are pP, p, and
p©@. The differential cross section can then be written

d’c
dwydes_d{coss)  (2m)? GAF2

| H |2 sin®(pH X p)2 (20)

Here 6, as already explained, is the angle between the
initial line of collision and the normal to the production
plane. The absolute value of the cross section depends
entirely on the form factor |H|% Knowledge of this
form factor is very important for the theory of the
isotopic scalar part of the nucleon structure.®

At present there is not much information available
on |H|% There have been proposals for the existence
of a three-pion resonance or bound state with I'=0,
J=1.2If one assumes the T'=1, J=1 two-pion reso-
nance, a three-pion state with 7'=0, J=1 may be
formed in which all pairs of pions interact in the
resonant state. The possibility of such a saturated
structure might lead to the existence of a bound three-
pion state with T'=0, J=1. It has in fact been pro-
posed to identify such a bound state with a possible
resonant behavior observed by Abashian, Booth, and
Crowe.” In this case its mass would be as low as 2.2
pion masses. A preliminary fit to the scalar part of the

12 G, T. Chew, Phys. Rev. Letters 4, 142 (1960).

B A, Abashian, N. E. Booth, and K. M. Crowe, Phys. Rev.
Letters 5, 258 (1960).
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nucleon structure, according to the latest data,* has
been attempted by Bergia ef al. assuming the existence
of such a three-pion bound state.!d The existence of
such a bound state may strongly influence the behavior
of |H|? near the production threshold. Or, if a three-
pion resonance exists in the physical region, it would be
directly exhibited in the cross section for (18). A three-
pion bound state with 7'=0, J=1 would decay mostly
into 7%+ and 2r+v. It would lead to spectacular
peaksin et+e — 7%y, and et +¢™ - 2r+y. This will
be examined in more detail in the next sections. It is
difficult to calculate its rate of decay. Its dominant
modes of decay would involve the emission of a photon
and the resulting lifetime may be relatively long as
compared to typical nuclear times. A lifetime of the
order of 107 sec would correspond to width of the order
of a fraction of a Mev. The form factor H in (19) could
then be approximated near threshold as

H= (constant) X[1/(k2+M?),

where M is the mass of the bound state, whose contri-
bution is assumed to dominate the behavior of H near
the threshold.

Gauge theories of elementary particles also lead to
the prediction of a J=1, T=0 meson with negative
parity and negative charge conjugation number. We
have already mentioned that et-e~ collisions provide a
systematical way of searching for resonant states with
J=1, C=—1, and negative parity.

2.1. Production of four pions, five pions, etc., will
become important at high %2, as strongly suggested by
the high pion multiplicity in nucleon-antinucleon
annihilation. The direction of the current matrix
element J cannot be specified in terms of the final pion
momenta from parity considerations alone, as it could
for production of two or three pions. Gauge invariance
alone does therefore not lead to any simple geometrical
consequence. The presence of two-pion and three-pion
resonances will strongly affect the final state and could
suggest models for a simplified treatment. Methods
used in the analysis of the nucleon-antinucleon annihi-
lation into pions'® can be applied to the present problem,
with the substantial simplification of the complete
knowledge of the initial quantum numbers. In partic-
ular, assuming the dominance of the T=1, J=1 pion-
pion resonance, there is the possibility of a “saturated”
T=0, J=1 three-pion state of negative parity and
charge conjugation number, with all pairs coupled by
the resonant interaction.* No such “saturated” states
can be formed with more than three pions. In fact,
already with four pions, two pions must have the same

1. N. Olson, H. . Schopper, and R. R. Wilson, Phys. Rev.
Letters 6, 286 (1961) ; R. Hofstadter, C. De Vries, and R. Herman,
z(l;%im?, 290 (1961); R. Hofstadter and R. Herman, bid. 6, 293

15 3, Bergia, A. Stanghellini, S. Fubini, and C. Villi, Phys. Rev.
Letters 6, 367 (1961).

1 A, Pais, Ann. Phys. 9, 548 (1960).
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-
g
Fic. 4. Vertex for -7
production of #%4+. k
The symbols are de-
fined 1In the text. q

charge and therefore their relative angular momentum
must be even. N
2.5. Production of KK pairs can occur according to

et+e¢— K+4+-K-,
eHtem— KO4-K,
et+e— K—}-K-{—r, etc.

Expression (17) applies for production of a K—K
pair with F(k?) interpreted as the relevant K+, or K%
form factor. The charged K form factor is the sum of
an isotopic vector form factor and an isotopic scalar
form factor; the neutral K form factor is the difference
of the isotopic vector and isotopic scalar form factors.
Two-pion intermediate states and K—K states of iso-
topic spin one are among the contributors to the vector
part, while three-pion states and zero isotopic spin
K—K states are among the contributors te the scalar
part. Presumably, K—K scattering will play a relevant
role for production near threshold and the experiment
will give information on its properties. Similarly
et+e-— K+K+47 could give information on K—x
and K—r interactions.

In the K°—K° processes there is a very simple
consequence of charge conjugation invariance that
should be pointed out. The final K°K° pair must be
produced in a state of C=—1. Therefore, the final
amplitude is of the form

KR~ KK,
In terms of the physical particles
K= (1/V2)(K*+K?), K= (1/32)(K°*—K?),
the final amplitude can be written as
KK~ K LK.

It is now evident that only K®—K.° pairs can be
produced (but not K9—Ki® or K:>—K® pairs). This
means that one particle must decay as a K;° and the
other as a K,®. It also follows that for a given configu-
ration at production K°— K.? pairs are produced with
the same probability as Ks°—K° pairs. Note that the
final amplitude maintains its form at any time in
absence of interactions. The time development in fact
is just given by

K Kle-Ortimpt K0y K 0g=Outima e

if K{® and K, propagate through vacuum. Analogous
conclusions apply if additional #%s are produced
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Fi6. 5. The real %% axis for the #° form factor.

together with the K°K° pair. Tf, however, =tr— pairs
are also produced the KK? pair can be produced in a
C=-41 combination and the correlation would be
different.

3. ANNIHILATION INTO =’y
3.1. The process

et4e — 7'y 21

is very interesting from a theoretical point of view as
it is directly related to the properties of the vertex
shown in Fig. 4. Here & and ¢ are the photon momenta
and p is the #° momentum. In the electron-positron
annihilation process (21), the photon momentum £ is
off the mass shall, corresponding to a virtual photon
mass of (—k?)i=2E. For k?=0, the vertex describes
7% decay into two photons and can be computed in
terms of the #? lifetime. There exist various experi-
mental possibilities for exploring the above vertex for
the different ranges of values of %2, as illustrated in
Fig. 5. In the figure we have exhibited the real 4* axis
and indicated the various physical regions. We have
also indicated the absorptive region, whose threshold
starts at two pion masses.
}&The decay of a free #¥ into two photons occurs at
k*=0. The region at the right of 22=0 can in principle
be explored through the so called Primakoff effect.!”
In the Primakoff effect an incident real photon produces
a 7% through the interaction with the Coulomb field of
a nucleus. The vertex of Fig. 4 can be held responsible
for such a process with ¢ taken as the incident photon
momentum and % as the virtual photon momentum.
The Dalitz process a°— y-~et-+e- may be used to
investigate the (z%yy) vertex for small negative values
of k218

The physical region for (21) starts at k= -—m,>
The absorptive region starts only at k2= —4m,? with
the possibility of two-pion intermediate states. The

17 1. Primakoff, Phys. Rev. 81, 899 (1951); C. Chiuderi and
G. Morpurgo, Nuovo cimento 19, 497 (1961); V. Glaser and
R. A. Ferrell, Phys. Rev. 121, 886 (1961); S. Berman (to be
published).

183, M. Berman and D. A. Geffen, Nuovo cimento 18, 1192
(1960) ; How Sen Wong, Phys, Rev. 121, 289 (1961).

T'=1, J=1 two-pion resonance would produce a strong
resonant-like behavior of the vertex in the physical
region for (21). The next absorptive threshold due to
three-pion continuum starts at k2= —9m.2. If there is
a bound T'=0, J=1, 3r state at some k2>—9m,?
which decays only through electromagnetic interaction,
its presence would lead to a pole contribution to the
vertex at the relevant value of k2= — M2, where M is
the mass of the bound state. Of course, the pole would
occur strictly at a complex value of k2, due to the finite
lifetime of the bound state. The associated width is,
however, presumably only a fraction of a Mev, and
the description by a pole may be safely applied except
for the immediate vicinity of the resonance peak. The
contribution from the peak to the cross section may
turn out to be effectively very big, possibly of the order
of 1072—10"% cm? This can be seen from simple
considerations based on a Breit-Wigner description of
the resonance. The T=0, J=1 three-pion bound state
would presumably decay into 7%+, or 2rtv, with a
lifetime ~ 10720 sec, The corresponding width I' is then
between 0.06 Mev and 0.6 Mev. The experimental
energy resolution is given by 2AE, where AE is the
energy resolution for each colliding beam (positrons
or electrons). If the energy spread of the incident beams
is larger than a few Mev, as it will presumably be, the
measured quantity will be the integral of the cross
section in a region comprising the peak. We therefore
estimate the average cross section as

1 2E=M+AE 1 E=}M+IAE
od(2E) —— f wdE. (22)
2B=M—AR AEJp_1y_sar

We use a Breit-Wigner formula for the cross section
near the resonance. For production through a J=1
resonant state of mass M, total disintegration rate T’
and partial rates I'; and T'; for decay, respectively, into
the initial et-+-¢~ channel and final 7%y (or 27+7)
channel, we have

o= R0 T,/ [(2E— M)2-+T%/47].
The contribution to & from the peak is then given by
6= 57"RB;B;(T/2AE), (24)

o=

2AE

(23)
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where B; and By are the branching ratios I';/T' and
I';/T, respectively. In performing the integration we
have assumed I'2AE but the result can be applied
for an estimate if T<X2AE. Let us assume M 3w,
and a branching ratio into et4-e¢~, By, of the order of
102, One obtains ¢=1.3X107%(T'/2AE) cm?, or, with
[~10% sec?, #=0.8X10~2*(2AE in Mev)~! cm?.

3.2. In the following we shall discuss in detail the
process et+e~ — n%4+ assuming the dominance of the
resonant 2x state and of the 37 bound state. From
what we have seen in the previous paragraphs, if the
3 T'=0, J=1 bound state exists, its contribution is
likely to be very important.

Presumably also a T'=0, J=1 three-pion resonance
(as opposed to a bound state) would have a very
important effect in et-e~— 7%+, A limitation of the
theory to the T=1, J=1 2 resonance'® would be rather
artificial also in view of the remark by Chew'® that a
T=1, J=1 2 resonance could generatea 7'=0, /=13x
resonance or bound state. The experimental resuit by
Samios® on internal conversion of gamma rays in «°
decay indicates a negative value for the derivative of
the #° form factor at the origin. This result would be
difficult to understand if only the 27 resonant state is
kept in the calculations. A possible explanation could
be to include contributions from the intermediate
nucleon-antinucleon pairs. A theory of #° decay based
on keeping only contributions from nucleon-antinucleon
pairs has been published by Goldberger and Treiman?
The negative coefficient of the Samios experiment could
be possibly understood through the coherent contri-
bution of the 2r resonant state and of the nucleon-
antinucleon states. Such a point of view has been
proposed by Berman and Geffen in their discussion of
internally converted pairs.® The point of view that we
follow here by including two- and three-pion states is
closer to that of Wong'® in his discussion of #° decay.

The general form for the #%yy vertex as determined
from invariance requirements is

1G(— k2= g2 — PN ewn o (F 3, (B), (25)

where % and ¢ are the four-momenta associated to the
photon lines, F,,{g) and F\,(k) are Fourier components
the electromagnetic tensor, p is the #° four-momentum,
ewn, 1S the isotropic antisymmetric tensor, and G is a
form factor. In our case one photon and the #° are on
the mass shell. We shall denote by G(—#%) the value
of the form factor for —p?=m.? and ¢2=0. The »°
lifetime, 7, depends on G(0) according to the relation

1/ 7= (m.3/64m) | G(0) |2 (26)

From (7), (8), and (9) we can derive an expression for
the cross section for et+4e~— 7%++v. The matrix ele-
ment of the current is given in the center-of-mass

¥ G, Furlan, Nuovo cimento 19, 840 (1961).
2 N. P. Samios, Phys. Rev. 121, 265 (1961).

(12‘51\/§. L. Goldberger and S. Treiman, Nuovo cimento 9, 451
958).
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system for the reaction by
J=—LE/ (0| p}IG(—E)eXp,

where © is the #° energy, p its momentum, and e the
polarization vector of the emitted ¥ ray. The tensor
R is then given by

(B2 /o | D G(—F) [2(prpm— pBmn),
and the differential cross section is given by
do= (a/64)88 G{—k2)|2(1-+-cos?)d (cosh).

It will be convenient to express the cross section in
terms of the #° lifetime through (26):

G(—F)

2

ra 1
do= — -3 (14cos’) d(cosf). (27)

w T

The total cross section is given by
& a 1 |G(—F)
o= 3
G(0)

2

3 mlr

G(—F)
G(0)

where x=2E/m., and the numerical factor, inversely
proportional to the #° lifetime, has been calculated for
a lifetime of 2.2 10716 sec.

The form factor G(?) is assumed to satisfy a dis-
persion relation of the form

=22.75% 1073 cm?

I (A=, (28)

1 fw ImG()d! 9

G(—Fk)y=—
T t+k—ie

(we are using m,=1). The imaginary part has contri-
butions from the absorptive region as indicated in
Fig. 5. If a three-pion bound state is present an addi-
tional pole contribution should be added to (29). We
first evaluate the contribution to the dispersion integral
from the T=1 J=1 two-plon intermediate state,
assuming a resonant pion-pion amplitude as proposed
by Frazer and Fulce® and by Bowcock, Cottingham,
and Lurié.!® The contribution from the resonant T'=1,
J=1 two-pion intermediatc state can be expressed,
following Wong,'® as

(1— 4y

e o0
Y prOMDd,
4872 f4 AR —ie) '

(30)

where F,(¢) is the pion electromagnetic form-factor and
M.(t) is the amplitude for pion photoproduction on
pions (y+7-— m+7) in p wave. This amplitude has
been studied by Wong? who has shown that under the
assumption of a resonant 7'=1, J=1 #-r interaction,

Mi(t)=A(1+a)D:(1)/ (t+a)D1(l),
2H, Wong, Phys. Rev. Letters 5, 70 (1960).
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where Dy(!) is the denominator function, as defined by
Chew,® a is a positive constant, and A is an unknown
parameter. In this scheme also F.(¢) is related to D{¥) by

Fm- (t): DI(O)/DI(l).

One sees that F,.*())M1(¢) is essentially proportional
to the square of the absolute value of the pion form
factor. The two-pion contribution G,(—#%?) is therefore
proportional to the integral

1 f“" (t— 4} F. ()|t
o« B+ (R —ie)
We shall evaluate the above integral by assuming for

[F(£)]2 the form proposed by Bowcock, Cottingham,
and Lurié!

Fe()= (tatv)/[ta—t—iv(t/4—1)%], (32)

where /3 and vy are the parameters that characterize the
resonance. The form factor F,(f) satisfies the non-
substracted dispersion relation

31

m

1 *ImF,
f (Hdt 33)

Fo(—F)=— .
T t+k*—ie
Normally a subtracted dispersion relation is used;
however, with the form (32) for ¥.(f) also a nonsub-
tracted relation like (33) is convergent. The absorptive
term in (33) as derived from (32) can be written in the
form
v

TP, (f) =- (34)
e

(t—4)3 F. () |%0(—4).
4(ty 'Y>

The comparison with (33) and (34) will permit a direct
evaluation of the integral (31). The factor [F.(®)|% in
the integral (31) represents a very sharp resonance. It
will therefore be possible to neglect the energy variation
of the slowly varying terms in the denominator of (31)
and obtain . , \
* (t—4)}| F{) |t
iyl [ OO
Ty R —ie

By comparing with (33) and (34) we then find directly
Go =k =cof [t tR2—iy (— 32— 1], (35)

where ¢, is a constant.
We shall now approximate G(—#?) for not very large
values of |#?] as
2

G(—F) ==~ —.
FBR— iy (e —1)} tR—iT

(36)

The first term in the right-hand side of (36) represents
the contribution from the 2 resonant state. The second
term represents the ‘“pole” contribution from the
proposed 3w bound state. The mass M of the bound

2 @G, F. Chew and S. Mandelstam, Phys. Rev. 119, 467 (1960).
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state is given by ¢ and T is its total decay rate, corre-
sponding to a lifetime presumably of the order of 10~
sec. The imaginary part —4I'is very small, producing a
very narrow peak in G(—#?) in the neighborhood of
k= —1;. The constant ¢; is the residuum of the pole
corresponding to the 3 bound state. We shall not try
any theoretical determination of ¢, and ¢; but rather
try to evaluate them on the basis of experimental
information. G(0) is related to the #° lifetime through
(26). This gives approximately

!Cz/ﬂz-‘*&g/ﬁg [ EES (647r/m,r3)-r‘1. (37)

A second piece of information is given by the Samios
experiment on internally converted electron pairs from
70 decay.” The experiment gives some information on
the derivative of G(—£2) at k?=0. With the definition

1 73G(—F)
) e
G(0) ak? 0
Samios finds a= —0.244-0.16. From (36) and (38) one
finds directly (m,=1)

€3 ( 123 ) 21 —afy

Co te 1—(,‘%13'
We now use for ¢ the value suggested by Bowcock,
Cottingham, and Lurié, £,=22.4, and for £ the value
suggested from the identification of the bound state
with the resonance observed by Abashian, Booth, and
Crowe,® namely #=35. From (39) and from the experi-
mental value of & there follows a value for ¢5/¢c» between

—0.22 and —0.13. Expressed in terms of 7 and ¢, the
70 form factor becomes

(38)

(39)

64w 1 t2*(1—ads)
|G(— 1) =
med (=) e RBR— iy (—1R—1)} ’

2 (1—ady)|?
—— . (40)
3k —il

The form factor (40) is composed by tworesonant terms.
The first term due to the resonant T'=1, J=1 7=
interactions reaches its maximum around k%= —?, and
has a width given by v{(—%—1)¥;% With the
Bowcock, Cottingham, and Lurié values for the pion-
pion form factor, y=20.4m,~, and the resonance width
is then about 0.8m,. The second term, due to the
proposed 37 bound state, reaches its maximum at
k= —t;=—(mass of the bound state)®. Its width,
presumably determined by the decay rate of the bound
state into w94y, is expected to be only a fraction of a
Mev. According to (40) with the values =224 and
t;=35, the contribution from the 3x resonant term is
negligible for values of 22 about —22.4, in comparison
with the 27 resonant term that reaches its maximum
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in that region. The enhancement factor we find at
k= —ty s

[G(22)/G(0)|222250. (41)
The reason for the enormous enhancement can be
traced back in the required compensation of the two
resonant contributions near k22=0 to produce a small
negative derivative. The enhancement factor (41)
multiplies the perturbation-theory (i.e., constant form
factor) cross section of 2.75X 1075 cm2X (1—£1)?22.4
X10-3% cm? The resulting cross section may thus
become observable in the region of the 27 resonance
maximum.

The resonance peak due to the 37 resonance is very
narrow and only an average cross section, integrating
the contributions from the peak, will be measurable.
On the basis of the expression (40) for the form factor
we can again estimate the value of the average cross
section &, as defined by (22). Near the 3r resonance
the cross section can be approximated as

2 2

13
t;+E£24-iT

lg - 0552[3

=275 X105 cm?(1 — 41y

— 1y
The resulting average & is
l3"(¥i2t3 2 1

F==3.5X10-% ( — cm?,
ti—t: / (2AE)

with AE expressed in Mev. With the proposed values
for the parameters, & can become 2210728/ (2AE) cm?,
a value about a factor of 10 higher than what we
obtained before on the basis of assumptions on the
decay rates. The considerations that we have developed
strictly apply to the explicit case of a 3= bound state.
In the case of a 3n resonance there might occur an
important change in the conclusion if the decay rate
of the resonant state into three pions is strong enough.
As no selection rules would be expected to prevent such
a decay mode, its rate is expected to be rather big and
might become much bigger than the rate for decay into
w0+ as soon as the energy release is large enough to
overcome the effects of the smaller statistical weight
and of the centrifugal barrier. In this case the resonance
width would be much larger and a better dispersion
theoretical approach would be required to obtain
reliable estimates. Apart from the difficulties met in
obtaining a precise estimate one can see that a very
big cross section for et+e¢~ - 7%+ could be obtained
if there is an intermediate bound state with spin one
and charge conjugation number —1, which mainly
decays into #%-}+. We obtained the first indication for
such a big cross section on the basis of a Breit-Wigner
formula for the resonance with suitable choices of the
relevant partial widths. The second indication is based
on a theory for the #° form factor on the assumption
that only the 27 resonant amplitude and the three-pion
bound state contribute, with a relative weight deter-
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mined in such a way as to give the value for the deriva-
tive at k2=0 required by the distribution of internal
converted electrons, in #% decay. Of course both
approaches are rather tentative and subject to criti-
cisms. For an energy resolution AE~S5 Mev one expects
a cross section, on the resonance peak, of the order of
10-%0—10"% cm?, tremendously big if compared to the
perturbation-theory (i.e., constant form factor) values,
always smaller than 2.75X107% cm? for a #9 lifetime
of 2.2X107'% sec. Verification of the existence or
nonexistence of such big cross section should be a
feasible though probably very delicate task.

3.3. In general the reaction (21) would be observed
as an annihilation into three gammas of the initial
electron-positron pair. A close examination of the
competing electromagnetic process,

et+em— 3y, (42)

will thereforc be necessary. The process (42) occurs at
the same order in the fine structure constant as the
0+ process.

A relevant contribution to #° production in et-e~
collisions will also come from a process first discussed
by Low,

e +e — ette 4o (43)
Low calculates the leading term of the cross section
using a Weizsicker-Williams method.? Such a leading
term corresponds to a forward scattering pole in (43)
and its value depends only on the value of the #° form
factor at £2=0. For E=150 Mev, Low finds a total
cross section for (43) of about 10~% c¢cm? with a =
lifetime 107'# sec. With the value for the lifetime that
we have used above, 2.2X1071% sec, the cross section
would be of the order 10-% cm? A recent re-evaluation
by Chilton? has lead to essentially similar results. The
cross section, as calculated from the pole term, increases
linearly with energy already at E>m, and, for 72210716
sec, can be approximated as ¢=2.2 X107 (E/m.). At
the same electromagnetic order of (43) a double brems-
strahlung process can occur, and the two emitted
photons may simulate the photons from #° decay; Low
suggests discrimination between the two processes by
the different spread of the photon angular distribu-
tions.2 However, a detailed calculation of the double
bremsstrahlung process should be carried out for an
accurate discrimination.

4. GENERAL DISCUSSION OF THE
POSSIBLE RESONANCES

4.1. In the previous sections we have discussed the
possibility of resonances due to the contribution of
plon-pion real or virtual bound states. In particular,
we have examined the role of the proposed T=1, J=1
pion-pion resonance and of the proposed T'=0, J=1

# T, E. Low, Phys. Rev. 120, 582 (1960).
2 F'. Chilton (to be published).
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3r bound state in reactions such as et-+¢~ — 2r, or 3,
or 7%++. Both the 7-7 resonant state and the 3r bound
state or resonant state that we have considered have
angular momentum J=1, and charge conjugation
number, C=—1. Electron-positron collisions offer in-
deed a very suitable means for exploring the properties
of intermediate neutral states with J=1, C=—1,
P=—1, zero nucleonic number, and zero strangeness.
Such states can transform into a single virtual gamma
and this is in fact what selects them among all the
other states accessible only through the exchange of
more virtual gammas. However other quantities, such
as the experimental energy resolution AFE, and the
partial decay rates from the intermediate state, are
relevant to the discussion, and a more detailed exami-
nation is necessary. In the following we shall illustrate
our statement by employing a simplified description of
the resonant reaction based on a Breit-Wigner formula.
We consider a resonant channel of the type

g¥-f-¢~ - By —> (final state), (44)

where By represents an intermediate state of zero
strangeness and nucleonic number, spin J, and mass M.
In the vicinity of the resonance we assume that a
Breit-Wigner description holds. The resonance cross
section for (44) at a total energy 2E around M will
then be approximated by

2741 .,

or(E)=nA% .
4 (QQE-M)P4T/4

(45)

where T'; is the rate for By — et+e and I'; the rate
for By — (final state). The total rate is given by T.
In any actual measurement the measured quantity is
the integrated product of ¢(E) with the experimental
resolution curve. For our purposes it will be enough to
approximate the resolution curve with a rectangle of
width 2AE. It will be necessary to distinguish among
three cases: case (a): The resonance is very narrow,
with a width much smaller than the experimental
energy resolution, I'\K2AE; case (b): The resonance is
wide, with a width much larger than the experimental
energy resolution, T>>2AE; and case (¢): The reso-
nance has a width comparable to the experimental
energy resolution, I'~2AE. The contribution to et
¢~ — (final state), from the resonance, in an experi-
ment carried at an energy 2E=M with an energy

spread given by 2AE will be given by
1 WM+AR)
Gr=—" g (E)dE

AE Y yar-am

This quantity is given in case (a) by
ar=2xR(x/4)(2J+1)B;B,;I'/ (2AE), (46)

with B;=T/T and B;=T;/I'. In case (b) it is simply

given by

o (2M) =782(2J+1)B:B,. 7
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For the intermediate case (c) both (46) or (47) can be
applied for order-of-magnitude estimates, since they
only differ by a factor #/2 if T=22AE.

4.2. For purposes of comparison, one can consider a
typical cross section, such as that for e~ — whtpu-,
which for EX>m, is given by iwa?A2 It will also be
sufficient to limit the discussion to the most important
final channels, for which By is of the order unity. The
important quantity is then I';/AE in case (a); I';//T" in
case (b); and any of these two quantities in case (c).
We can then examine what important factors will
appear in T';, the rate for the transition By - e¢t4-¢—.
We make use of gauge invariance and of the charge
conjugation selection rules. For J=0, C=1, T; is
proportional to o2, and for J=0, C=—1, it will be
proportional to a*m2 The rates vanish for m,=0
because the final electron and positron should be
emitted in configurations with parallel spiralities thus
violating angular momentum conservation, For J=1,
C=1, T is proportional to o/, but for J=1, C=—1 it
is proportional to o® For J=2, C=1, T'; is proportional
to o, for /=2, C=~1 it is proportional to «f; and,
similarly, higher powers of « appear when J is
increased.

It is now important to state that the energy resolution
AF will presumably not be smaller than ~1 Mev. An
energy spread of this order corresponds to rates T' of
the order of 10* sec™'. Therefore, in case (a) only
intermediate states with J=1, C=—1 will produce
comparatively large effects. In fact, rather large effects
will be expected if T';/AE>>0?. Next in importance are
states with J=1, C=+41, and J=2, C=1 with an
additional factor 2. In case (b) the relevant quantity
is I'y/T, and T is supposed to be much bigger than 2AE.
Therefore the same conclusions apply as for case (a),
and, of course, they hold also in case (c). If By can
decay through strong interactions, T" is expected to be
of the order of 10%¥-10% sec™! and thus much bigger
than 2AE. The T=1, /=1 pion-pion resonance belongs
to this class of resonances, case (b). For the 3z bound
state, which decays slowly into #%++v or 2r+v, T is
presumably of the order 10%° sec?, rather smaller than
2AE, case (a) or case (c). For a narrow energy resolu-
tion, the factor T';/AE is expected to be big enough to
give large resonance peaks. In general, the occurrence
of case (a) or (c) requires some inhibition of a fast
decay via strong interactions and would in fact corre-
spond to a rather exceptional situation (such as a
bound state of very low mass).

5. ANNIHILATION INTO BARYON PAIRS

5.1. We shall discuss in this section electron-positron
annihilation in flight into a fermion-antifermion pair
according to

ettem— 4] (48)

Pairs of strong interacting fermions can be produced
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according to
ere— p+p, ntit, er-Fe —>Z4E,
ette > A+A, ettem — E+5E,
all of the type (48). The final pair is produced in the
states %S5; and ®D; as follows directly from angular
momentum and parity considerations (charge conju-
gation does not add anything new to this case). The
cross section near the threshold is thus expected to grow
up proportional to the velocity of the final particles in
the centers-of-mass system, and the threshold angular
dependence is expected to be isotropic. The matrix
element (3) of the electromagnetic current operator
between the vacuum and the state containing the
fermion-antifermion pair can be written in the form

Ju=ea(p)[F1(R)vu— (u/2m)F o () ke, Jo(5),  (50)

where p, and 7, are the four-momenta of the produced
fermion and antifermion, respectively; %#(p) and 2(p)
are their Dirac spinors; and Fi(k?), F.(k?) are the
analytic continuations of the electric and magnetic
form factors of the fermion for the values of %2 relevant
in (48), namely k2 < —4m?, where m is the mass of the
produced fermion. In (50), u is the static anomalous
magnetic moment of the produced fermion. The form
(50) for J, follows from Lorentz and gauge invariance.
The form factors are normalized in such a way that
Fi{0)=1 and F»(0)=1 if the fermion is charged; and
that F1(0)=0 and Fy(0)=1if it is neutral. The current
matrix element J, can be decomposed, as usual, as the
sum of an isotopic vector part and of an isotopic scalar
part (for A and Z° there is only the scalar part). This
decomposition brings about a considerable simplifi-
cation for the three processes leading to =-£ production
which are described in terms of four independent form
factors. On the basis of the presently assumed mass
spectrum, we expect for the isotopic vector form factors
the absorptive cut in the * plane to start at k2= —4m,?
and for the isotopic scalar form factors to start at
k= —9m.?, except for the possible presence of a 3w
bound state, producing a pole contribution at a lower
[k2|. The above consideration does not hold for the
2 which can transform into an intermediate A by pion
emission, giving rise to a lowering for the absorptive

(49)

%
cut?® (for instance, for the charged Z’s the isotopic

vector amplitude has a threshold at

52— (a2 )z})
2m . mA ’

5.2. The form factors are in general complex along
the absorptive cut. In particular, they are complex for
the physical values of k2 in reaction (48), k2<—4m?
Thus in e+e — f+ f there can be a polarization of f

-—4711,,2[1—

% R. Karplus, C. M. Sommerfield, and E. H. Wichmann,
Phys. Rev. 111, 1187 (1958).
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normal lo the production plane, already at the lowest
electromagnetic order. The polarization will be propor-
tional to the sine of the phase difference between the
electric and the magnetic form factors. The situation
here is different from that of the scattering process
e+ f— e4f, occurring at positive k2, where the form
factors are real. In the scattering process there can be
no polarization of f normal to the scattering plane,
except for higher order electromagnetic corrections.
This follows from usual time-reversal arguments.

In calculating > Ru, according to (7) and (9) we
sum over the polarization states of f, but we introduce
a spin projection operator before summing on the
polarization states of f. The spin projection operator is
$(14-2vsvus,) where s, is the covariant polarization
vector for f. We know that the polarization of f will be
transverse and normal to the production plane; there-
fore s, will be of the form (¢,0) where ¢ is a unit vector
normal to the production plane,

The cross section can be expressed in the form

- faﬁm[ | o () +-uFa () 12(1+cos's)
d(cosf) 8

m E 2
+ I—F1 (B +—uF (kY sinze], (51)
E m

where A=FE"1,

The form factors are taken at k*= —4FE? Near the
threshold E=m the cross section (51) is proportional
to B, the velocity of the final fermion, and is isotropic,
in accordance with production in the 35 state.

As we have already remarked, the fact that the form
factors have an imaginary part for £ in the physical
region for reaction (48) implies the possibility of a
polarization of f normal to the plane of production and
proportional to the sine of the phase difference between
the electric and the magnetic form factors. The polar-
ization of f along the normal to the production plane
is given by $(8), defined from

do
d(cosf

T E
(6)=— g
8 "

XIm[Fy () F (8] sin(26).

The normal to the plane here has been defined as the
unit vector pointing in the direction of pXq,, where p
is the momentum of the final fermion and q,. that of
the incoming positron. We note that, by direct appli-
cation of the TCP theorem, the polarization of the
produced antifermion, f, is equal but opposite in sign
to that of the produced f.

With Fi=1 and F;=0 the total cross section, as
obtained from (51), is

o=m"2{2.1X10"% cm®)u (1 —u) (1--1u),

(52)

(83)

with m in Bev and #= (m/E)2. Of course, there is no
reason whatsoever why the position F1=1, Fy=0 should
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have any reliability in the physical region for the
production process, which is far away from the limit
k=0

5.3. It is at present difficult to decide whether the
form factor in (56) should strongly decrease or increase
the value of the cross sections over the perturbation
theory value given by (53). At present there is no
information available on the form factors of the
hyperons. Electron scattering on nucleons has provided
reliable information on the nucleon form factors for
positive values of £% It will not be easy, however, to
extract information from the form factor at positive %2,
as determined from electron scattering experiments,
about the values for large negative %? relevant to the
production experiments. The recent indication of a
core term in the nucleon structure® could eventually
be related to the presence of singularities for large
negative values of %%, but the location and the nature
of such singularities cannot be determined at present.
To show a kind of science-fiction argument that one
can use to relate the information from the scattering
experiments to possible guesses on the pair production
reactions, we shall make some (completely arbitrary)
hypotheses on the origin of the core term in the nucleon
structure and see what consequences it leads to for
pair production. Suppose, for instance, that the core
terms in the form factors given by Hofstadter and
Herman come from a big absorptive term concentrated
around, say, k*= — (3m)%. This choice is quite arbitrary
and, as far as the experiments tell us, there is no reason
why the core term should not originate from singu-
larities at much lower values of %% say, B*=—m?, and
furthermore, it is very likely that it merely results
from contributions of singularities extending all over
the absorptive region. Let us also, for definiteness,
assign some small width T to the states originating the
singularities. For #222— (3m)?, the nucleon form factors
should then be approximated, using the Hofstadter
results, as Fi,=1.2/D, Fy,=—3.4/D, F1,=3.2/D, and
F»,=0, where the common denominator is given by
D=20—2F+4i(T/2), and we have expressed all energies
in units of the pion mass. Inserting into (54) we find
for the cross sections near the singularity ¢==(x/3)a?A%3
X3.6X (m,/T)? for p-p production and o=2(r/3)a?A?8
X50X (m./T)? for n-7 production. If, for instance,
T'm,, these values are about 3.6 and 50 times bigger
than the perturbation theory value for et+e=~ f+4f~
(the p-P cross section is smaller because of an accidental
cancellation). The above considerations have ad-
mittedly little value, except that they may serve to
illustrate the hope that the cross sections, at least in
same energy intervals, might come out rather bigger
than what expected an the basis of (33).

5.4. Besides the reactions (49) one should also list

et+e — 2044, A+, (54)

which involve a fermion-antifermion pair, but not
charge conjugate of each other. The expression for the
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cross section of (54) depends on the relative 2-A parity
and, actually, if an cxperiment like (48) could be
carried out, it would provide a good mean for measuring
the relative 3-A parity. That the cross section for (54)
has a strong dependence on the relative Z-A parity can
also be seen directly by examining the threshold
behavior. If the relative 2-A parity is positive, the
final ZX (or ZA) will be produced in 3Sy, and D, as
follows from parity and angular momentum conser-
vation, If the relative Z-A parity is negative, the
accessible final states are instead 1Py and #P,. Therefore,
the cross section near the threshold increases linearly
with the final momentum $ in the center-of-mass
system for even parity, and it is also isotropic. For
odd parity it increases as $* and will contain in general
a cos’f term.

The general form of the matrix element J derived
from the requirements of Lorentz and gauge invariance
is different from the case considered in the preceding
section of a self-conjugate fermion-antifermion pair.
For even relative parity we can write

Jo= L)yt fo(Bokut (DR, Joz,  (55)
subject to the condition &,J,=0 which gives
J1(#)
fs(B)=i o (mz—my). (56
For odd relative parity
Jo= sl 1By + fo (B okt 5Bk, Jyevs,  (57)
and k,J,=0 gives
(&) B
fs(B)=—i . (mztma). (58)

The form factors f1(%2), fo(k?), f3(k2) are the analytic
continuations of the form factors describing, for positive
k2, a virtual transition Z — A-++. The correspondence
is correct, provided %, is defined in the £— Aty
transition as k,=3Z,—A,, where =, and A, are the =
and A four-momenta. One notices that f3(k2) will not
enter in the description of the production process (54),
as can be seen by specializing (35) or (57) in the
center-of-mass system where &, has only the time-like
component, but J; is zero because of k47,=0.

The cross section is given by

do T
—_— 2x2 2 20 k? 2 k2 k2 9
Teowy VBN oSt AEHELL W) 1]
EzEstmpyms
B

HLA@) P=2] L3069 7]

mpaFstms

4 EAR 2 k3 2
— R R, (k)]}, (59)

where the plus sign refers to even relative 3-A parity
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and the minus sign to odd relative parity, and 8= p/E.
Tor production near the threshold, the cross sections
become

do T

g | 2B (60)
=—a?\’0 —2Ef, 6
d(cosf) 4 E? ' *
for even relative parity, and
do T
———=—a"A23{ A 4- B cos’} (61)
d(cosf) 8

for odd relative parity, with

man  my
)

ms A

) 1
A= f1|*— 1 f2] )E

+2E(T— - m“) Re[ fofe*]

WA my

B=| AR S]

The decay process,
20— A%y,

is expected to be essentially determined by f2(0)
(proportional to the so-called transition magnetic mo-
ment between 2 and A), for each case of relative parity.
In fact, for a real v, terms proportional to %, in both
(55) and (37) do not contribute because of the trans-
versality condition k,e,=0. Similarly, fi(#?) should
presumably vanish at k2=0 as suggested from (56) or
(58). The same should apply to the quasi-real gammas
in 3% — A%f-et-t-¢~. The physical values of £% in the
production process et--e~— Z04-A° lie very far from
k=20 so that a direct connection with 29 decay seems
unjustified.

6. ANNIHILATION INTO POSSIBLE
VECTOR MESONS

6.1. Vector mesons have been discussed recently
because of their formal connection with local conser-
vation laws.”” We have already discussed in some
detail the possibility of detecting neutral unstable
vector mesons with charge conjugation number —1
through their resonant effect in reactions

et4-¢~ — BY— (final state), 62

where B? is the unstable meson. In this section we shall
discuss reactions of the type

et+e — B-+B, (63)

where B is a (charged or neutral) spin-one meson.
Reactions of the kind (62) will be very suitable to
detect vector mesons B° with C= —1 and zero strange-
ness. However, a vector meson K’ with nonzero
strangeness would not appear as intermediate state in
(62), but it could be produced according to (63) or to

2 C. N. Yang and R. Mills, Phys. Rev. 96, 191 (1954).
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\
F16. 6. Electromag- \ /
netic vertex for produc-
tion of vector boson
pair. The symbols are
defined in the text.
k = P{ + PZ
reactions of the kind
et+e-— K'+K, (64)

conserving the total strangeness. The suggested strongly
interacting vector mesons are all expected to be
eminently unstable. Reactions like (63) would therefore
be observed as many-body reactions, and the possibility
of separating the over-all process into two stages, of
which the first is the production process of the vector
mesons, relies essentially on the hypothesis of a suffici-
ently long lifetime for the intermediate vector meson.
When this hypothesis is not satisfied the separation of
the process into two stages is less justified and can
only lead to approximate results.

6.2. We shall here examine in detail reaction (63),
including also a discussion of the angular correlation at
the decay of B, also in view of applications that we
will consider in the next section to the verification of
the intermediate meson theory of weak interactions.
We shall first give the general form for the electro-
magnetic vertex of a vector boson on the basis of
Lorentz-invariance, gauge invariance, and charge con-
jugation invariance. The vertex is described by three
form factors. In the static limit they correspond to the
charge, the magnetic moment, and the electric quadru-
pole moment.

In the electromagnetic vertex shown in Fig. 6, we
call p1# e* and po# e* the four-momenta and polar-
ization four-vectors of the (physical) particles B and
B. They satisfy p2=pl=—mp?, e’=e?=1, and
(pre1)= (pae2)=0. The matrix element J* of the electro-
magnetic current must be constructed out of pi¥, po#,
e, and e*. We take as independent vectors: kt=p*
- po¥, pr=pui— Pk, ek, and ep¥. We note that p2= —p?
—dmg?, (kp)=0, (ap)=—(ek), (e2p)=—(ek). The
only independent scalars are therefore: k2(eik), (esk),
and (e1e). The matrix element J, must transform like
a vector and must depend linearly on each e. We thus
write

Ji= k[ (ese2)a (k)4 (erk) (k)b (77) ]
o (aer)e(B)+ (esk) (eak)d () ]
+ et {ek)e(R) et (k) f(BD).  (65)

From the condition (2J)=0 we obtain a(k?)=0 and
— k2B (k2) = e(k®)+ f(%%). We then make use of invariance
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under charge conjugation. The electromagnetic current
operator j* transforms into — j* under charge conju-
gation. Such a condition requires that the matrix
element J* transforms into —J* when k* — k¥, pt—>
—p* and e* & e*. It follows that e(k?)= — f(%%). The
general form of J# is thus

Ju= pi[ (ere9)c (k)4 (erk) (eak)d (k) ]
FLer*(eak) — (k) Je(R?).  (66)

It will be convenient to introduce form factors G1(%?),
G2(k?), and Gs(k?) such that eGi(F?), uG.(E%), and
€G3 (k%) describe in suitable linear combinations (for
small spacelike %) the charge distribution, the magnetic
moment distribution, and the electric quadrupole mo-
ment distribution. The new form factors are linearly
related to c(k?), d(¥?), and e(k?). We will thus write

7= Qrp(BEs ouel 010 = (G e

H{Gi1{F®) +uGa (k) 4 €Gy (B2) | (exk) 2~ (eak) 1]
+eGs(B)mp (ker) (kes) — Lk (ere2) Jp*},

where w; and w; are the center-of-mass energies of B
and B. The static anomalous magnetic moment is
u-+te; the static anomalous electric quadrupole mo-
ment is 2e.
6.3. In a Lagrangian theory of vector mesons one
would assume a Lagrangian
L£=—1B,IB,,—mp?U,U,, (68)

where U, is the vector field, B,,=3,U,—3,U,, with
9,=(0/0x),—1ied,, and mp the mass of the meson.
The supplementary condition,

8,U = (ie/2)F ,,B,, (69)

follows from the field equations (if mp=0). The
minimal electromagnetic current is thus

ju=—1e[U,!B,,—U,B,].
To such a current one can add nonminimal terms
Ji=—1teu(8/dx,)(UIU,—UTU ), (11)
7i =ie(e/mp®) (8/32,) (B! Ba—BnlBw), (72)

The total current is then of the form (67) with G:(*¥?)
=G () =G (k) =1.
6.4. The cross section formula (7) reduces to

(67)

(70)

fdspldapz 5(w1+w9— ZF)

" (2n) 16B¢
X8 (pr+p2) Tun 2y Rinny
12

(73)

where T, is given by (8) and Ru. by (9) and (67).
Differential cross sections and cross sections for polar-
ized final particles can be obtained from (73) by
omitting the relevant integrations and spin summations.

N. CABIBBO AND R.
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We note that Twn 2 Ra.n is a Lorentz invariant
quantity. We want a complete description of one of the
preduced bosons, say of B, after averaging over the
polarizations of the other. We first sum over the
polarizations of B, using

22 eolegt=
and we write
Tonn 2 Run=Rr¢1¢". (74)

Equation (74) defines the tensor R,,. The density
matrix will be described in terms of the tensor

Rp s = AprfwAwa,

3,,,,-[—?2,,172,,/7”32,

(75)
where

Auvz‘sw"l_?lﬂPlV/mBz (76)

is a projection operator such that §®=A,,e,¥ always
satisfies (pPeM)=0.

The differential cross section is given from (73),
(74) and (75), by

do

amsfa;" LR

()

where
B=(1—mg*/EA)}

is the velocity of the produced bosons. The differential
cross section can be evaluated dlrectly from (77), (76),
(75) and (74), or using the expressmn for R that we
give in the next section. Its expression is given by

do T E\?
=~a27\263{ z(——) G
d(cosf) 16 mp

G () + €G3 () 12(1+-costd)

2

Jh oo

The 32 dependence in (78) for production near threshold
is typical of P-state production. In our approximation
of neglecting higher-order electromagnetic terms, the
final mesons must be produced in a state of total
angular momentum J=1, parity P=—1, and charge
conjugation number C'=—1. From angular momentum
and parity conservation it follows that the final mesons
can only be in 1Py, 3Py, 5P, and 8F;. However, triplet
states of odd orbital parity cannot be produced because
they have C=--1, so we are left with 1Py, 8Py, and 5F,
as the only permitted final states.
With G1=1, G,=G3=0, the total cross section is

o=ms2(2.1X107% cm?)§ (1—#) G+w),  (79)

where mg is expressed in Bev and u= (m/E)2 There-
fore, et—¢~ collisions may turn out to be very efficient
for detecting possible unstable vector mesons.

+sin29[2 Gl(k2)+2(£)2563(k2)

mp

+ Gl(k2>+z(£)2uaz<k2)

mp
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6.5. The above cross section obtained with Gi=1,
Gy=G3=0 formally violates unitarity at high energies.
For high energies (79) goes to a constant whereas it
can be shown, on the basis of unitarity arguments,
that the total reaction cross section must decrease
proportionally to A%

Unitarity arguments are not very informative usually
at relativistic energies. Electron-positron collisions
present, however, an exceptional circumstance, that
they go through one specified channel, the one-photon
channel, as long as one neglects higher order electro-
magnetic terms. We shall present here a derivation of
the upper limit to the reaction cross section required
from unitarity for electron-positron collisions at the
lowest electromagnetic order. Tor the derivation we
shall employ the Jacob-Wick notation. Let us consider
a process

a-+5— (final state). (80)

We shall denote by F a set of final states specified by
the nature of the final products. The initial state is
defined, for a given center-of-mass momentum of the
colliding particles a and &, by their helicities As and As.
We shall write

[i>= !)‘aJ\b>- (81)

The total cross section from such a state summing
over the set F is then given, in the notations of Jacob
and Wick, by

c(Ahs; F)= (2m)2RA e | T(E) Pr(EYT (E) | Ny, (82)

where 7(E) is the T matrix at energy E of each of the
colliding particles and Pr(E) is the projection operator
into the states of total energy 2E of the set F. Both
T(E) and P(E) are rotation invariant and therefore
they commute with the total angular momentum J.
The cross section ¢ can thus be written as a sum of s
belonging to the different J’s,

oo F)=aR(27+1)
X{TAaho| TA(EYP1(E)L s (E)| T ANy,  (83)

where {(J\,\p| is the J component of {i|. Now for a
reaction (as opposed to scattering) we can substitute .S
for T, and using S,"(E)S;(E)=1, we obtain an upper
limit for (77):

a7 (hahs; F) ok (2T +1). (84)

We can apply this result to our reactions,
et+e — (y) — (final state). (85)
The initial et—e~ states must have J=1, C=—1, and

=—1. Two linear combinations of states (81) exist
that have such quantum numbers, namely,

WVHULD+i-1, — 1),

both for J=1. Helicity -1 for a particle means that
the spin is pointing in the direction of the momentum.
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However, only the second of such states participates
to (85) in the limit when the electron mass can be
neglected. In fact, the initial electron and positron
appear in the combination #y,u, which can be written
@yt ay@)u where a=3(14++v;s) and d=1(1—ns)
are the projection operators for negative and positive
helicity. By averaging (84) over the initial polarizations
we then find the upper limit

Sz

for the cross section of a reaction (85), neglecting the
electron mass. The cross section (79), derived from (78)
with the position Gi=1, G,=G3=0, is the same as
would be given by the lowest order perturbation
contribution to e*+4-¢~— Bt+-B—, ignoring any struc-
ture of B. The expression (79) violates unitarity at
high energies. The violation, however, occurs at very
high energies, of the order of 10%mp. At these high
energies it is certainly inaccurate to neglect higher-order
electromagnetic terms, and also structure effects due
to other interactions of B, if they exist, would anyway
be important.
6.6. The matrix
p=R/Ti[R], (86)
gives complete information on the produced B, and has
the transformation properties of a tensor. Its calcu-
lation is long but straightforward, using (9), (67), (74),
(75), and (76). We give here the result:

PP
‘}%B‘2
¢t

m. 32

- e kekr ¢’
R""=§{ 315uy+Bz—2+Ba

mg

+B;
m132

AN N TN
B bt

. 4
5

2

K753 2

mg

BV e HY R kig?— BrgH
~+1 By cosﬂr) L + 8 ! z

mB2

m, 32

Fbp?— By p
—8 cos@—z-j—?——“, (87)

mg
where ¢=q,—g_, x=E/mp, and the B’s are given by
B1=48? sin¥[ | G1+ 202G | 2440262 Gr Gt G | 2,
By= w28 (1482 cos?6) | G1+uGot €G3 |
+ 52 sin®{ | G1+ 257G, | 2
+4 Re[ (Gi+a2uGat-a2eGs) (eGs— pGe)*],
Bs= —)82] Gl+MG2+€G312,
By=2282(1+c08%0) | G1FpGot €G3 |2
+4x? Re[ (G14uGat-€Gs) (uGa— eG)* ]
+82 sinf(| G1 |2 +4aPe ReGiGs*-+4x'?| Go2),
Bg=— 263902 cosf RGE(G1+MG2+ éGs) ([.LGz— EGa)*],
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Be = xzﬂg(l—fﬂCOSZ&) l Gr‘f"ﬂGg‘f‘ GGg | 2
482 sin?8| Gr+ 227G, | 2
-+ 2282 cos™ Re[[(G1+uGeteGs) (uGo— G3)* ),

B7=6 COS@! G1+.UG2+ €G3 I 2
—285* cos Re[ (G1HpGat eG) (uGe— G3)* ],

Bs= 26" TmG1 (uG,+ eGa)*. (88)

The form factors are all taken at k%= —4F2

0.7. The density matrix p contains a complete
description of the produced B. If one knows the
amplitude for a mode of decay of B, the angular
correlations of the decay products with respect to the
incident and final momenta in the production process
can be calculated. Consider, for instance, a two-body
decay of B. The decay amplitude will be of the form

89
where @* is a vector (or pseudovector, or a sum of

both). The angular distribution of the secondaries in
the rest system of the decaying B is then given by

2 (A 37)dD,

spin

61“@",

(90)

where dQ is the solid angle in the B rest frame and
Ar= (G%*— @¥). The summation is extended over
the final spin states. The quantity .4#p**@” is a scalar
invariant and can be evaluated in the production
center-of-mass system (system of the laboratory in a
colliding beam experiment) using the expressions (87)
and (89) that are valid in that system. The distribution
in the laboratory system of the colliding beam experi-
ment is thus given directly by

2 )dﬂdﬂ on
At Q) —dY,
o

spin

where d& is the decay solid angle in the laboratory
system and d@/dQ’ only depends on the decay angle
with respect to the line of flight of B and on the velocity
of B.

As an application we consider the decays B— r+7
and B — p+v, B— e+». The amplitude @* for

B— 7+,

has the general form G*=a(s?)p1*+b(s?)s* where s* is
the difference of the two final four-momenta; p:#, the
momentum of B, is their sum; and a{s?) and 5(s%) are
form factors. However, the first term in the above
expression for @* does not contribute in the decay of a
physical B, because of pi#e;*=0. So we take the
amplitude in the form

G*=b(s%)s™ 92)
The decay correlation is thus given by
pFrsts?dSd. 93)

CABIBBO AND R. GATTO

We have calculated the angular- correlation for B
mesons produced close to threshold and assuming
p#=0, e=0, that is, neglecting any anomalous magnetic
dipole or electric quadrupole moment. The angular
correlation is given by

2— G0~ G-dP2G- b (d-D(E-1), (94)

where i, f, and d are unit vectors in the direction,
respectively, of the incoming momentum in the collision
process, of the outgoing momentum in the collision
process, and of the relative final momentum in the
decay.

The amplitude @* for B— pu+v and B— e+,
assuming that the leptons are produced locally in the
145 projection, is given by in general by

(v ys)de(s?), (95)

where / denotes either u or e, and » denotes the neutrino,
and ¢(s?) is a form factor depending on the relative
final four-momentum in the decay. The angular
correlation can be obtained from (90) and is given by

oL prrpr— sts* 54 (mpd —m2)
_i_%epupa(spplv—sdpl")]. (96)

Again we specialize to B production near the threshold
and neglect u and e. The angular correlation is then
given by

3F-G-dep—2G-HE-d)(d 1), on

in terms of the same vectors defined before. We have
neglected the mass of the final lepton m; in comparison
to the mass of B. General formulas can be easily
derived from (93), (95) and their analogs, and the
general expression for R** reported in (87) and (88),
to cover all interesting cases.

7. EXPERIMENTS ON WEAK INTERACTIONS

7.1. Semiweakly interacting bosons have been sug-
gested as intermediary agents of weak interactions.®
A simplest scheme of weak interactions is based on
charged weak currents only and can be reproduced by
postulating only charged vector mesons. It is known
that the absence of p — ey leads to a difficulty in a
theory with intermediate vector bosons, and the usual
suggestion to overcome such a difficulty is that there
are two different neutrinos », and »,. Charged currents
alone do not allow a simple incorporation of the AT =%
rule in the theory of weak interactions. However, a
coupling of neutral intermediate vector mesons to both
the neutral strangeness nonconserving current and the
neutral lepton current leads to contradictions with
experimental data. Therefore it is probable that even
if intermediate neutral vector mesons exist they do
not couple to the neutral lepton currents and, in partic-
ular, to the initial electron-positron state of the reactions
that we are discussing. A check of this supposition

28 R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193
(1958):YT. D. Lee and C. N. Yang, #bid. 119, 1410 (1960).
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could be carried out experimentally on the basis of the
following remarks. If a B® exists which couples to
et—e™, yt—u~, etc., it would give rise to resonances in
reactions of the kind

ettem— B — ette,

ette— Bb— ph-tu,

99)
(100)

etc. It is remarkable that such resonances could lead
to large observable effects in spite of the fact that two
semiweak couplings are involved in reactions like (99)
and (100). The mass of B® must be > Mg in order to
avold a semiweak decay of K. We assume a width T'
appropriate to the semiweak decay couplings of B® of
the order of 5X107 sec™t. We also assume for B° a
mass of the order of the X mass, and we suppose that
the branching ratio for its decay into e¢*-+e¢- (and
similarly into wt-Fu~) is about one fifth. The width
225X 10Y sec™ corresponds to a very sharp resonance
extending over a few hundreds of ev and what will
be actually measured is &g defined as in (22). For &g
we find a value of 2.6 X1073(27R?) which is about three
times bigger than the cross section for et+e= — pt+u~
at any energy E>>m,.

7.2. Intermediate charged vector mesons can be
produced according to the reaction

erte — BB (63)

that we have discussed in the previous section. Of
course, it seems perfectly consistent in this case of
semiweakly interacting mesons to deal separately with
their production processes and with their decay.
Experimentally, reaction (63) would stili appear as a
many-body reaction, like for instance

ettem — (ut+v)+ (7).

An electromagnetic process like et4-e¢~— pt+tpu—Fet
—+¢~, which could also originate a final x* and ¢, is of
higher order and would have a much smaller proba-
bility than (63) followed by the successive decay of
Bt and B~ into the final particles. The decay products
of B+ and B~ would exhibit specific angular correlations
as we have already discussed in the previous sections.

In the absence of structure effects for B, the expression
for the cross section obtained from (78) would violate
unitarity at high energy. Inclusion of a point magnetic
moment or of a point electric quadrupole moment
does not change this situation. For instance, if a point
magnetic moment pp is introduced, the cross section
derived from (78) increases quadratically with E,
making the unitarity violation worse.

Of course, the considerations that make possible the
existence of the intermediate boson B, having no strong
interactions, would also apply to a possible fermion
with mass bigger than the X mass, which had no strong
interactions. Such a fermion would hardly have been
detected, if it existed, and et4-¢~ collisions may allow
one to definitely exclude its existence. The cross section

(101)
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for production of a fermion-antifermion pair is given
by (53) in the absence of structure effects.

One can also ask about the contribution of the known
local weak interactions to electron-positron processes.
If, for instance, a weak lepton interaction of the type
(utu™)(ete™) exists, there could be a weak amplitude
of the form

2m)20/8GL () yud (14-vs)o(ut) ]
X[(eDrs (Itysule)], (102)

adding coherently to the electromagnetic amplitude
for et4e~— ut+u~. The contribution from (102) is,
however, very small though increasing very rapidly
with energy. The cross-section for et4e~— pttpu~
obtained by adding the contribution from (102) to the
lowest order electromagnetic amplitude is

do T
= 2R (1 4-c020) (14 ¢+ &)

d(cosf) 8
+2(e+¢) cosh], (103)

where e=6.2X10"4(E/M »)?, with M ~=nucleon mass.
The numerical coefficient in the expression for e has
been calculated by taking for G the value of the g-decay
coupling constant. The appearance of the cosf term is
entirely due in (103) to the weak interaction (102).
However, a cosf term in the differential cross section
for et+e¢ — ut+u~ would also occur from the high
order electromagnetic graphs (for instance, from a
diagram with two gammas exchanged). The parity-
nonconserving effects of (102) would constitute a more
unique test of its presence. For instance, to the differ~
ential cross section {103) would be associated a longi-

tudinal polarization
(1+-cosd)?
Ph=t (e (104)
(14-cos?0)+ (e+ %) (1 4-cos?)

of the final u*. For encrgies E~30 Gev, e becomes of
the order unity and the polarization should be quite
large. For colliding beam energies of the order of 1-2
Bev, effects of local weak interactions should be
negligible. On the other hand, if intermediate mesons
exist they would show off in various ways and electron-
positron collisions would in fact constitute a good
experimental means for their detection.

8. EXPRESSION FOR THE VACUUM POLARIZATION
DUE TO STRONG INTERACTING PARTICLES

The quantity

(2)

(k)= — Y. {014.(0)]az1 7(0)10)  (105)
3% pk

is known to be of fundamental importance in quantum
electrodynamics.? In (105), 7, is the current operator
and the sum is extended over all the physical states

# (3. Killén, Helv. Phys. Acta 25, 417 (1952).
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with total four-momentum p®=k. The Fourier trans-
form of the photon propagator

DMF’ (x_x’)=1<0| P(A,‘(x’)/h(x)) } 0>:

where P is the chronological product and 4, is the
electromagnetic field, can be expressed in terms of
(k%) as®

Bpp +@,—kuk,

DT (k)=
W (8) B—ie %
T(0)— TI(F) —~ir I (%)
X (106)
k—1ie
In (106) 1I(k?) is defined as
. * II(~—a)
T =p f N da. (107)
o kHa

We show in this section that the experimentally
measured cross sections for processes et-+e~— v — F,
where F denotes a group of final states, is directly
related to the contribution to (105) from the group of
states F in the summation over the intermediate states
z. This result will permit, for instance, calculation of
the modifications of the photon propagator due to
virtual strong interacting particles, directly from the
measured cross sections.

A problem of this sort has been considered by Brown
and Calogero,® who calculated the modifications to the
photon propagator expected from intermediate two-pion
states with resonant interaction. Here we shall deter-
mine the general relation between the modification to
the photon propagator and the measured total cross
sections for the annihilation processes.

We note that the matrix elements (0]7,(0)|z)
occurring in (103} are proportional to the corresponding
J, defined in (3). Therefore the total cross section for
annihilations leading to the final states F in the center-
of-mass system can be written, according to (7), as

(27)Pa
16E*

or(E)=— Tmnlég (0] 7n(0) 22| 7»(0) ). (108)

Now we use gauge invariance to relate the sum in
(108) to the analogous sum in (105). We have

2y ZI;@ [ 7:(0)[2){z] 7.(0)]0)
= — U (B) (kubs—1%5,,).  (109)

In (109) we have indicated by 1Ir(k?) the contri-
bution to II{(k?) from the group of intermediate states
F. Substituting into (108) we obtain

or(E)= (rta/ )0 p(—4E?), (110)

3 L. M. Brown and F. Calogero, Phys. Rev, 120, 653 (1960).
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which gives the desidered connection. Note that
integrals of the type

f"" H(;a) da,

must be convergent, as noted by Killén,® otherwise
observable expressions would not be finite. It follows
that for any group of states F, o r(F) must be such that

f“’ UF(E)dE

(111)

converges. Such a condition is weaker than the one we
derived in Sec. 6 from the unitarity requirement for
the cross sections o r(E). The integral

ﬁGD=PjMIK;@da

is connected to charge renormalization. If one wants it
finite, f*Eop(E)dE must be finite for any group of
states F. If the cross sections decrease as X2, (111) is
logarithmically divergent. Note that all the above state-
ments about convergence only refer to the one-photon
channel and they are not vigorous at all orders.

9. CONCLUSIONS

In high-encrgy eclectron-positron colliding beam
experiments we see a possible field of spectacular
developments for high-energy physics. Electron-posi-
tron experiments offer a unique possibility for a con-
sistent and direct exploration of the electromagnetic
properties of elementary particles. At the lowest
electromagnetic order the annihilation proceeds through
a virtual intermediate photon of timelike four-momen-
tum which then disintegrates into the final products.
The form factors of strongly interacting particles
produced in the reaction are thus explored for negative
values of the invariant four-momentum squared, %%
inside the absorption cut in 2 plane. The coupling to
the one-photon intermediate state selects out of the
incoming states a particular state with total angular
momentum one, negative parity, and opposite helicity
for the colliding relativistic particles. Pairs of spin-zero
bosons, of positive relative parity, are produced in P
state. Fermion-antifermion pairs are produced in 35y
and *D; (or in P, and 3P, if the relative parity is
negative). Pairs of spin-one bosons, of positive relative
parity, are produced in Py, *P, and 5Fy. In Sec. 1 we
have reported some general considerations relative to
the most probable annihilations, occurring through one
single photon. Radiative corrections do not substanti-
ally alter the single-photon picture as long as the
experimental arrangements are symmetrical with re-
spect to the produced charges. Annihilation into pions,
7%+, and K mesons should be the most important
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annihilation processes producing strongly interacting
particles for not very high energies. Pion form factors
can be directly explored along the absorptive cut on the
£? plane and, as already discussed many times,*7 their
values are directly related to the nature of forces
among pions. A T'=1, J=1 pion-pion resonance would
be directly exhibited in the two-pion annihilation mode,
and a T=0, J=1 three-pion bound state (or resonance)
could dominate the amplitude for annihilation into
three pions. Depending on the magnitude of the K
electromagnetic form factors for values of %2 inside the
physical region, pairs of neutral K mesons, in the
combination K®4 K0, could be produced. The electro-
magnetic form factor of the neutral pion can be ex-
plored, through the mode of annihilation into 7%+,
for values of %% larger than one pion mass; two-pion
and three-pion resonances (or bound states) may
produce very large effects on the annihilation amplitude.
A three-pion bound state would mostly decay into
7941y, or 2w+, and give rise to a very sharp resonance,
with a width presumably of a fraction of a Mev, in the
70+~ annihilation reaction. The anmihilation cross
section, averaged around the resonance, may possibly
reach values of the order of 107% cm?. In a theory of
the #° clectromagnetic form factor, one can tentatively
assume the dominance of a two-pion resonance and a
three-plon bound state, and introduce the suggested
values for the =0 lifetime and for the derivative of the
form factor at the origin. Also these estimates lead to a
very big annihilation cross section at the energy of the
assumed bound state. From the assumed values of the
derivative of the form factor near the origin one would
also estimate a very big enhancement of the cross
section at an energy corresponding to that of the
assumed two-pion resonance. A discussion of the
possible resonances is given in Sec. 4, based on general
considerations of the relevant partial and total widths
as compared to the experimental energy resolution. It
is concluded that electron-positron collisions offer a
very suitable mean for detecting intermediate neutral
resonant states of total angular momentum one, nega-
tive charge conjugation quantum number and parity,
and zero nucleonic number and strangeness. Other
intermediate states are not expected to lead to observ-
able effects. Annihilation into baryon-antibaryon pairs
would allow exploration of the baryon form factors for
the relevant negative values of k2. Near the threshold
the cross section is isotropic and rises proportionally to
the final velocity. The form factors are complex in the
physical region for the process and, as a consequence,
the produced fermions are expected to have a polar-
ization normal to the plane of production and propor-
tional to the sine of the phase difference between the
electric and the magnetic form factor (in contrast, for
instance, to electron-nucleon scattering in which the
final nucleon is unpolarized, excluding radiative cor-
rection terms). There is at present no information
available on the form factors for the large negative
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values of &% of the experiment. If one assumes, quite
arbitrarily, that the recently found core terms in the
nucleon structure originate from contributions in the
absorptive region above the nucleon-antinucleon thresh-
old, one can then roughly expect cross sections for
annihilation into nucleon plus antinucleon well above
the perturbation theory estimates. The Z—A electro-
magnetic vertex is measured in annihilation into T+4+A
and the processes show a strong dependence on the
relative Z—A parity. Vector mesons have been sug-
gested recently and shown formally to be connected to
local conservation laws.?” Pair production of spin-onc
mesons is discussed in Sec. 6, on the assumption that
their lifetime is sufficiently long to allow a separation
of the over-all process into a first stage of production
of the vector mesons and a second stage in which they
decay. Three form factors are needed to specify the
electromagnetic interaction of a vector boson, corre-
sponding to its charge, magnetic moment, and electric
quadrupole moment. The perturbation theory cross
section for annihilation into a pair of spin-one bosons
increases to a value of the order (mp in Bev)2(2.1
X102 ¢cm?) at energies much larger than the boson
mass mp. The perturbation theory increase is certainly
not valid at very high energies because it would lead to
a direct violation of unitarity. For electron-positron
annihilation through the one-photon channel, one can
strictly state the unitarity limitation in the form of an
upper limit to the reaction cross section, that must
decrease not slower than X% In Sec. 6 we also discuss
the angular correlations that would be observed at the
decay of vector bosons from electron-positron annihila-
tions into their final products.

Vector bosons have also been suggested as inter-
mediary agents of weak interactions.?® Their production
in pairs in electron-positron annihilation would be a
convenient test for their existence. Neutral intermediary
vector bosons can only be coupled to neutral lepton
pairs provided they do not couple to the weak strange-
ness-nonconserving currents., If they existed and were
coupled to leptons they would produce an evident
resonance-like behavior in annihilation reactions. Par-
ticular effects, such as those arising from parity non-
conservation, would most directly inform on the
presence of weak interactions in a high-energy annihi-
lation process. However, for a local weak interactions,
such effects become large only at colliding beam
energies greater than 10 Gev.

Quantum electrodynamics vacuum polarization is
known to be affected by strong interactions. The effect
is insignificant at the lower energies but its analysis is
important for an examination of an eventual high-
energy breakdown of the theory. In the last section of
this paper we give the explicit relation between the
strong interaction corrections to vacuum polarization
(or, equivalently, modification of the photon propa-
gator) and the cross section for electron-positron
annihilation into strongly interacting particles.
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(ricevuto il 16 Febbraio 1962)

1. — In a classical paper (}) Dirac has shown that quantum mechanics allows
the existence of particles (monopoles) bearing a magnetic charge. The strength of
the magnetic charge is not arbitrary: if monopoles must coexist with electrons,
the allowed values are (?)

(1) G = 2mnje, (n integer).

If different kinds of charged particles exist, eq. (1) must still be satisfied if we
substitute their charge for the electron charge (possibly with different values of n).
This means that the existence of monopoles would explain the empirical fact that
the charges of elementary particles are all multiples of the electron charge e.

In this paper we discuss the extension of quantum electrodynamics to the case
in which both fields with electric charge and monopole fields are present.

Previous theoretical treatments (3) made use of the usual representation of

the e.m. field in terms of a vector potential A,:

(2) I‘,uv(m) = a,uA ,,(.’17) - avA,u(x’) .
The field produced by a magnetic point charge can be described in this way only
if 4, is allowed to be singular along an arbitrary line (string) starting from the
pole and going to infinity.

This is clearly an unphysical feature, since the singularity in 4, does not cor-
respond to a singularity in the e.m. field ¥,,.

(*) P. A. M. Dirac: Proc. Roy. Soc., A 133, 60 (1931); Phys. Rev., T4, 817 (1948).

(*) W use rationalized units with #=¢ =1, and a metric with p*= |p|® — pj.

(*) An extensive bibliography on the subject can be found in the paper by BRADNER and ISBELL
and in the paper by AMALDI ef al., see footnote (°).
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As we show in the following section, a non pathological description of the e.m.
field produced by a given distribution of electric and magnetic sources can be
obtained in terms of two vector potentials. The introduction of a second potential
is compensated by an enlargement of the group of gauge transformations.

In the next two sections we build a quantized theory for the interactions of
monopoles and charged particles, with the e.m. field without making use of potentials.
This theory is an extension of the treatment recently given by 8. MANDELSTAM (%)
for the ordinary electrodynamics. Monopoles and charged particles are treated
in a symmetrical way: the internal consistency of the theory requires the Dirac
condition {eq. {1)).

In the last section we give a brief discussion .of the symmetry properties of the
theory. We show that, although parity is not conserved, parity non conservation
effects can only appear if physical monopoles are present. The existence of mono-
poles (3) is therefore not contraddicted by the conservation of parity in ordinary
electromagnetic processes, in which monopoles might take part as virtual particles.

2. — The Maxwell equations in vacuo can be written as (%):

3) avav(w) = :’-y(w) s
4 2, F @ =0.

If sources of the magnetic field are allowed, eq. (4) should be substituted by:
{4 9, ﬁuv(x) = g,u(w) ’

where the four-vector g, represents the magnetic current and the density of magnetic
charge. Equations (3) and (4') can be solved by means of two vector potentials,
instead of one:

(5) Fu=2,4,— 8,4, + ¢¢,B,,

A, and B, are determined by F,, up to a group of gauge transformations; this

contains individual gauge transformations, like

©) A,~4,+8,4,

B,u -B,+e,TI,

as well as mixing transformations
!

Al‘_) AH + AM .

(7) ’
B,-~B,+ B,,

(*) =, MANDELSTAM: Quanfum Ilectrodynamics withoul Potentials, preprint.

(%) Different experiments made up to now seem to exclude the existence of monopoles of mass
M < 2.5 GeV: H. BRADNER and W. M. ISBELL: Phys. Rev., 114, 603 (1959); M. FIDECAako, G. FINOC-
cH1ARO and G. GIACOMELLI: Nuovo Cimento, 22, 657 (1961); E. AMALDI, G. Baroni, H. BRADNER,
H. G. DE CARVALHO, L. HOFFMANN, A. MANFREDINI and (. VANDERHAEGHE: 1967 (‘onference on
Elementary Particles af Aix-en-Provence, vol. 1 (Saleay, 1962), p. 155. CERN Report, to be published.

(*) The symmetry between the clectric field and the magnetic field is expressed by the duality
operation Fu, = — 26" Foy ("% the completely antisymmetric Ricei tensor, e1231= ¢), This

operation is equivalent to the substitutions E — H, H — — E. Note that Fuw=—Fu-
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1 and B8 oshall satisfy the « zero field conditions »

(7) L L N Ay A |

Note that transtormations (6) arve particular cases of (7).
We can use {6) to impose Lorentz conditions on A, and B, so that they will
satisfy the following set of equations:

A oA
Sy dy=2,B, -0,

(8) D4, =j,..

(3B, = g, .

gauge transformations of the kind (6), with OA=0r=o0, or (7, with <, ;l;w & 13//4 =0
are still allowed in the Lorentz gauge.

In the absence of sources (g,=: j, =0) we can adopt the usual gange in which
B,==0, but we could equally well adopt a gauge in which 1 ,=0, or a general one
as in eq. (5). The introduction of a second potential does not, due to the mixing
transformations, cause an increase of the number of the independent variables
which describe a free field. 1t we analise the free field in terms of photons we
shall still have only two photons for each value of the linear momentum. The wave
function of a given photon will however depend on the gauge adopted.

Any theory based on the general description (5) for the e.m. field, should be
invariant under the whole of gauge transformations (6) and (7).

We note that if only monopoles and no charged particles were present one could
adopt a description in terms of B, only. The resulting theory will be similar to
ordinary electrodynamies, the only difference being in the higher value of the coupling
constant (the minimum value allowed by eq. (1) is g?/47=34.25). This treatment
could be adequate for some problems like the annihilation of a monopole-anti-
monopole pair into photons.

3. - MaxpeLsTav has recentiy given a treatment of quantum electrodvnamies
in which no use is made of potentials (*). We extend this approach to the case in
which both charged particles and monopoles are in interaction with the electro-
magnetic field. The Dirac condition (eq. (1)) for the electric and magnetic charges
is necessary for the consistency of the theory: the theory is Lorentz-invariant and
symmetrical between charges and monopoles.

To proceed by steps, we shall first consider the case of a charged scalar field,
@(x), representing particles of electric charge e, in interaction with the electro-
magnetic field. Suppose, for the moment. that no magnetie sources exist, so that
8¢s. (3) and (4) hold, and the e.m. field can he described by a vector potential A ,(x)
(eq. (2)). Following MaxpELsTAM. we introdnce a new field quantity

ie/AM(S)dE,, .

(P

" D(r: Py~ glr)exp

The integral is evaluated on a spacelike path £ ending at the point z. The new

71 - Il Nuovo Cimenlo.
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quantity @(x; P) does not depend on the gauge selected for A4, but depends on
the path P.

If we change the path from P to P’ as in Fig. 1, @ changes; from eq. (9):

9" @(x, P') = &(x, P) exp [_ ie 9§ A”dsﬂ} .

the integral is now evaluated on the closed path P’ P; using the relativistic gener-
alization of Stokes theorem:
ie [
-3 j F,,doy .

8

(10) D(x, P') = Oz, P) exp

where 8 is a surface delimited by the path P’-P. Derivatives of @(x, P) corre-
spond to the « gauge invariant derivatives» of ¢(x)

(11) 2,D(x; P)= [(8,— ted,)p(x)] exp [—— iejA,ﬂ]f,J .
(P)

The derivatives of @(x, P) do not commute:
(12) (845 8,]D(x, P) = B(z, P)[— e B(w)] -

At this point we can forget eq. (9) and consider ®(z, P) as defined by its path-
dependence, which can be expressed directly in terms of the e.m. field F,, (eq. (10)) (7).
Fquation (10) can be used in the general case in which magnetic sources are present
and the e.m. field cannot be described (eq. (2)) in terms of a single potential. Its
consistence requires however that the change in @ does not depend on the par-
ticular choice of the 2-dimensional surface S. If §; and S, are two such surfaces:

@(x, P) exp l— g[Fm doﬂv} = @(x, P) exp [— ;eme,da,,,,} ,

P4

81 8

() Equation (12) can be derived directly from eq. (10), as shown in ().
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%0 that for the closed 2-dimensional surface 8§ — 8§;,— 8, (5):
ie |

2 Fas,
8

We can change the surface integral to an integral over the volume V7 enclosed
by 8 and, using eq. (4'), obtain:
- iejgﬂdl’ﬂ] =1,

v

exp —=1.

(13) exp

Equation (13) should hold for any volume . Apart from the trivial case g,=0
considered by MANDELSTAM, other solutions exist, which correspond to the
existence of Dirac monopoles:

(i) 1f ¢, is a classical (¢ number) source, eq. (13), requires that

~

B 2n
(14) Qv ”J.(/,u('”/t B s

¢
bt

since 1 is completely arbitrary, eq. (14) can only be satisfied if gy 18 due to one

or more pointlike sources, each with a magnetic charge multiple of g=2x/e.

(ii) If g, is a quantum operator, eq. (13) is satisfied in operafor form if all
the eigenvalues of ), are multiple of g. This is true if g, represents the current
of one or more quantized fields, each of them bearing a magnetic charge which is
a multiple of g. Tlese fields would then be associated with monopoles.

The Mandelstam scheme for the interaction of a charged field with the e.ni.
field can therefore be extended to the case in which monopoles exist, as long as
their magnetic charges satisfy the Dirac condition (eq. (1)).

The extension of the scheme to the monopole fields is straightforward: a scalar
monopole of magnetic charge ¢ will be described by a path-dependent field quan-
tity (s, I). The path-dependence will be assumed to be given by (?):

L9 |
. 15 B doy,

N

{i5) Y(x, Py - Plr, Pyexp

(*) The ordering of non commuting operators and the algebraic manipulations need some
justification when the various quantities are guantized. In particular, it is sufficient to choose a
particular ordering criterion and to follow it throughout the miathematical developments. In order
to avoid the problems of commutativity between quantities caleulated at points with a non-space-
like separation, onc can restriet oncself to variations of the path P on a spacelike 3-dimensional
surface I which contains x (e.g., t=- const) and to the choice of the 2-dimensional surface S lying
on X. In this case we have only to deal with spacelike paths, surfaces, volumes. [It must be
remarked, however, that eqs. (10) to (17) are not restricted to this case, but are valid in general.
In this casc all the commutation relations (20) to (25) for which the commutator is vanishing ecan
be generalized to the fovmn e.g. [@(r, P), ®(y, P')] = 0 where it is understood that both x, u as
well as the paths P, I’ lic on a spacelike surface. For P, P’ not satistying this condition the
path-dependence laws (10) and (15) have to be used explicitly.

(*) In a theory in which only monopoles are present we can describe the e.m. field Fuy in
terms of a potential B!, (sce Section 2). In this case eq. (15) can be derived from a definition of
w(x, P) similar to eq. (9):

r
P(x, P) = p(r) exp | — ig/dEﬂB,u(E)l .
(P)
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The derivatives will obey the commutation relations:
. .9~
(16) (3, 8,] (&, P) = ¥(x, P) P i3 F#,(w)} .

In parallel to the case of a field with electric charge, the consistence of eq. (15)
requires some constraint on the electric current j, :

(17) exp {~ ingMdV#} =1. (any V):

¥
This condition can be satisfied if the electric charge is quantized.

4. — The scheme introduced in the last section for the description of charges
and monopoles in interaction with the e.m. field does not contain pathological
elements, like the string singularities. The path-dependence of the field variables
is due to the fact that the space, in presence of an e.m. field, appears to a charged
particle as curved (%).

In this section we will complete the scheme by postulating a set of equations
of motion and commutation relations. We will proceed in three steps, considering
cases in which: (i) only charged particles are present; (ii) only monopoles are
present; (iii) both charges and monopoles are present. We note that the use of
Lagrangians should be considered here only as an heuristic procedure. The problem
of thed erivation of the equations given here from an action principle will be treated
in a fortheoming paper.

Tor case (i) we follow the procedure given by MaNDELSTAM (): from a Lagrangian
{m is the mass of the charged particle)

(18) P = M(ayzp*)(a,‘@)~m2qs*<1>wiFm'«W,
we get the following equations of motion
(19) o —m2d =0, o Fp = ju = —ie[D*(,D) — (2D*) D] .

This set should be completed by eq. (4). As we have seen, eq. (4) cannot be con-
sidered as a necessary constraint (as Mandelstam does). We can nevertheless justify
eq. (4) since we have shown that the only admissible inhomogeneous terms g, in
eq. (4') represent Dirac monopoles. From the Lagrangian (18) one can derive the
following commutation relations (*): (for equal times)

[&(x, P), Dy, P)] = [D(x, P), D*y, P)]=0,
(20) (@, P), d(y, P)] = [d@, P), &*(, P)]=0,

(®(x, P), By, P)] = [@*(x, P), &*(y, P)]= 0.
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[B*r, P), @y, P)] = [D(x, P), ®¥y. P)) = - i« -y),

[$2)

[(B(r, P). Fiy)) = (B, P), Fiy)] = 0.
3 {)

[Bir. PY. Fyly)] e J A& %y - ) B, P) .

(P}

(20")

a
(%, P), Fo)] = e f A5y - & P D).

o

A dot denotes differentiation in respect to ¢; when the dot is enclosed in
brackets, as in eqs. (20'), the equation holds whether or not it is present.

The commutation velations for the components of F are the same as in the
free field case:
’ [Fi(x), Fopp] = [Foitr), Fouly)] = 0,
[Foilry, Fi ()] — I()-Ai - g il Bl — y).
e T A

Y

(21)

Case (ii) is related to case (1) by the duality operation (*), so that in this case the
equations of motion will be (n is the mass of the monopole)

o~

(22) Oy 2P0, & By =g, = g[¥P*@,¥) - (7, PH) V),

plus eq. (3) with j,=-0. TIn analogy with eqs. (20") we will have:

() () -

(P, Py, Fiw) = (¥4, Py, Fy)) = 0,

() -~ . l ()

[P, Py, Fuy)) = !// A& oMy — & ¥, P).
(23) o

) ~ ) - o

[P, Py, Foly)] — .t/] d& Py - 5P, P) .

(P}

The commutation relations among ¥ and ¥* can be obtained by eq. (20) substi-
tuting ¥ for @, ¥* for @

The commutation relations among different components of F,, will still be given
by eq. (21), since these are easily seen to be invariant under the duality operation.

We come now to the general case (iii) in which we have a field ® bearing an
electrie charge ¢ and a monopole field ¥ with magnetic charge g. In this case we
see that a complete and coherent scheme is given by the path-dependence of the
two fields, specified by egs. (10) and (15), together with the equations of motion
(19) and (22), and the commutation relations (20), (207), (21) and (23).

It is easily seen that the consistence conditions expressed by eqs. (13) and (16)
are automatically satisfied if (and only if) the charges e and ¢ satisfy the Dirac
condition (eq. (1)).
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We will also assume that for equal times ().

(23) [¥(x, P), Dy, P)] = 0.

5 - In ﬂle theory presented here the parity is not conserved; in fact if #,, is
a tensor, @,F,, is an axial vector, while ¢, is a vector. This is not surprising, since
monopoles violate parity also in a classical theory: for instance in a magnetic field
a monopole accelerates in the direction of the magnetic field. Also O, the conju-
gation of the electric charge, is not conserved. We find however new symmetries
by combining the usual operations P and ¢ with the reflection of the magnetic
charge (1), M. Both ('=CM and P’'=PM are conserved. In processes in which
monopoles are not present as physical particles, P’ and ¢’ are equivalent to the
usual operations P and C, and no parity (or O) violation is expected. The existence
of monopoles is therefore not contraddicted by the observed parity conservation
(and invariance under charge conjugation) in ordinary electromagnetic processes.

* %k ok

We are indebted to Prof. E. AMaLDI who stimulated our interest in this subject,
and to Professors R. GarrTo, V. GLASER and L. VAN HovE for discussions.

(1) This commutation relation is not changed by displacing any of the two paths on a spacelike
surface [see footnote (°)] only if the Dirac condition (1) is satisfied.
(') N. F. RamseEY: Phys. Rev., 109, 225 (1958).
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Summary. — The possibility of achieving relatively high intensity anti-
proton beams has prompted some considerations on the rather rare
annihilation channels of the proton-antiproton system. We propose
i) to study the two-electron mode as a means of investigating the electro-
magunetic structure of the proton for time like momentum transfers;
ii) to study the two-muon mode and compare with the two-electron
mode to investigate whether the muon behaves like a heavy electron
for large time like momentum transfers; iii) to investigate the existence
of weak vector bosons by the modes p+-p—B+B and p+p—->B+m
Although no precise theoretical predictions can be made, crude estimates
indicate that the cross-section for these four channels could be roughly
of the same order of magnitude.

1. — The electromagnetic annihilation p +P—>e*-+e-, p--p—u +u*

One of the significant programmes in high-energy physics has been the
systematic study of the electromagnetic structure of nucleons carried out by
HorsTADTER (1) and co-workers, and by WiLsoN (*) and co-workers. The theo-

*) Now at Stanford Linear Accelerator Center, Stanford, Cal.

]
(*) For example: R. HorstaptEr and R. HErRMAN: Phys. Rev. Lett., 6, 293 (1961).
(3) R. M. Littaver, H. F. Scuopper and R. R. WiLsox: Phys. Rev. Lett., T, 141
(1961).
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retical explanation of these experiments has been one of the outstanding prob-
lems in the theory of strong interactions and has led to many new and inter-
esting ideas (}). These experiments measure the form factors of the nucleon
for spacelike momentum transfers where the form factors are real and ap-
parently decreasing with increasing momentum transfers up to highest values
thus far measured of order ¢ ~ 2(M)* (M = nucleon mass).

The advent of antiproton beams of relatively high intensity (~ 10* par-
ticles per pulse) allows the possibility of further investigation of the electro-
magnetic structure of the proton in a region thus far completely unexplored.
This is accomplished by the study of the reaction

(1) P+Dp—>e +e.

Reaction (1) is the inverse of proton-antiproton pair production from
electron-positron clashing beams (4).

Figures 1-a) and 1-b) show the diagrams for proton-electron scattering and
proton-antiproton annihilation into an electron pair, respectively, in the one-
photon channel.

et e

Irig. 1-a. Fig. 1-b.

For the proton-electron scattering experiment the four-momentum carried
by the photon is purely spacelike, i.e. ¢2> 0, whereas in the annihilation
the photon four-momentum is purely timelike, ¢*<- —4 M2 This is clearly
demonstrated in the c.m. of target and projectile, in which case the four-
momentum transfer has only space components for the scattering experiment
and only a time component for the annihilation.

The momentum transfer for process (1) is determined uniquely by the anti-
proton energy & in the laboratory system, ¢*=—2M(&-+ M). Beginning at
¢*=—4 M2, when the antiproton is at rest, the momentum transfer continues
to as negative a value of ¢* as can be achieved with the highest possible anti-
proton energy.

() 8. D. DreLL and F. ZACHARIASEN: FElectromagnetic Structure of Nucleons
(Oxford, 1961).
(Y) N. CaBBro and R. Gatro: Phys. Rev., 124, 1577 (1961).
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At the present time there exist no reliable theories for the behaviour of
the form factors for timelike momentum transfers. Nevertheless we would
like to propose the study of reaction (1). This programme will allow the in-
vestigation (just as in the spacelike experiments) of whether the proton has
a corelike structure for large momentum transfers, or whether it has a broad
and complex structure.

Whereas in the spacelike experiments the form factors are given the phys-
ical interpretation of the Fourier transforms of the spacial charge and mag-
netic structure of the proton, the timelike momentum transfers yield infor-
mation about the frequency structure of the proton. For ¢*< 0 the « cloud »
around the proton could have various kinds of resonance structure such as the
p and c® mesons. It would be of great interest to explore this region to see
if this kind of structure is simple, i.c. one or two resonances with a more or
less constant continuum, or whether more structure appears as the momentum
transfer continues to larger negative values.

It appears that with existing machines such as the P.S. at CERN an anti-
proton beam of 3 GeV/e can be readily achieved. With an antiproton beam
of this momentum it is possible to look at momentum transfers as negative as
(— 8.7 M?) which is much larger in absolute value than presently possible in
the spacelike experiments. An experimental investigation in these directions
is being undertaken at CERN (%).

There is also the process

2) P+p—>u +pt

which occurs with the same differential cross-section, in the one-photon channel,
as the electron pair, providing we neglect terms of order (M,/M)2, (M, M)?
and treat the muon simply as a heavy electron. An accurate measurement
of the ratio of muon pairs to electron pairs would give information on either
the muon or electrodynamics in a region which has never been explored by
any kind of muon experiment.

The general form for the matrix element of ome photon interacting with
a proton and an antiproton is written in the usual manner as

1

ﬂ‘ﬁ Fl))/1+

2

oM vaQv Uy y

where the form factors are functions of the momentum transfer ¢%, and where
G, =7, — 7, 2)/25 Fi(0)=e; Fy(0)=eu,; and ¢= P;+ P, [P = four-momen-

() M. Conxversy, L. p1 Lecra, F. J. M. Fartey, TH. MULLER and A. ZiCHICHI.
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tum]. In the timelike region both F, and F, can become -complex, whereas
they are real for spacelike momentum transfers. With the above expression
for the pp matrix element the differential cross-section for the two-electron
annihilation channel can be written in the one-photon exchange approxima-
tion in the following forms:

a) Center of mass system

do(pp —>ee) _moa?

M E @
‘ z fp— f i qin?
(3) d(cosh) — 8 EP | Fy+Fo|*(1 + coszf,)+ i — F, + MFQL sin®6.|,

E
where E = c.m. energy of p,

P = ¢.m. momentum of p,

and 6. = angle between e~ and P in c.m.

b) Laboratory system

5 do(pp — ee) o? N (& &
( aQ ( &6+ M))( )(?) M
2M

.{Q’Fl‘*‘lez‘}‘COtgg(O/Q){'F'2/2/(9@2__‘ (7,2 —| Fof?)

N oo’

’

(6 + M)
(5) do(pp >ee) [ o &, )
a4, Z;ﬂ’g) E+ M—2P 00500)

-Pmﬁmﬁ—@§Qﬁ<{tuanv<i;ﬂm%}

where &= antiproton laboratory energy, = antiproton laboratory momentum,

M
2 &, = - . = L
wnd .= electron energy 1 (% cos 00)j(& -+ M)
— .-
= éa—i_ M 1 :1: 1—.,,77_4,..4#]‘{_,,,,,7 —1,
2 (€ 4+ M)(1— cos 6)
0 — 2M(& + M) sin6, P A
90 = [€+M—2 cosh*”
e+
The angles 6, and 6 are shown in Fig. 2. Fig. 2.

¢} Total eross-section

. - 2\ [+ M\
® o eo= (U (G2 )

() w3 (om0 ]

where &= antiproton laboratory energy.
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In the above expression for the cross-section terms of the order (M,/ M) ~

2-10~7 have been neglected. For the .muon pair channel we give the exact
expression (not neglecting the muon mass) which in the c.m. system takes
the form (6)

do(pp —~pp)
d(cosB) SEP

(7) /3“ | F, + Fo2(2 — B2 sin20,) +

‘M E 2
+ lfFl_}_ﬂFZ% (1— p; cos20.)|,

where E and P are the c.m. energy and momentum of the antiproton and f,
is the velocity of the muon in the c.m. system (°). For 8, =1 (7) reduces
to (3).

The total cross-section from (7) is

o, (PP — i) = 36,3 — B;) 0,(pP — ee) .

We see from this equation that

il

and that no terms of order M’ appear in the total cross-section. We have
neglected in eqs. (7) and (8) the radiative corrections which could be appreciable
in this case because of the large momentum transfers involved.

By plotting the differential cross-section as a function of cot*6/2 we see
by eq. (4) that one does not determine the complex form factors F, and F,
separately but only the combinations

7 oM .
2R+RP  and [ FP e (BB

The fact that the form factors are complex introduces an azimuthal depend-
ence in the differential cross-section for polarized proton target or for po-
larized antiproton beam. If p is the polarization vector of the proton for
polarized target, or antiproton for polarized beam, and n a unit vector in the
direction p x e~ the differential cross-section takes the form in the c.m. system.

)oi

+ -
unpol M

do do
L

d(cosB.)  |d(cosf,)

<P) In(FFy) |sin 20, (pn)

(6) For a point proton with an anomalous magnetic moment egs. (3) and (7) reduce
to the cross-sections given by L. M. Browwn and M. PEsHKIN: Phys. Rev., 103, 756
(1956).
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where the upper sign is for polarized antiprotons and the lower sign for po-
larized target protons.

A numerical estimate of the cross-section depends very sensitively on the
values of the form faectors F, and F,. Since there exists no reliable theory of
these guantities in the timelike region, we can only give a very rough idea
of what the cross-section might be. For example, we might choose the value

i) point proton

Fi=¢, F,=1.79¢;

it} extrapolation of resonance fits of spacelike experiments to timelike
region (%)

1.18¢2 - 1.59¢%
Fl_(l_qWM)e’ F2_1.¢9(1~;1—2—m>6

In these examples we have assumed F, and F, real. Since the peak of the
pion resonance fits to the spacelike form factors occurs far from the region
of interest in this experiment, the imaginary parts in choice ii) give very small
contributions. On the other hand, it is not known whether there are other
resonances for larger timelike momentum transfers than the two-pion res-
onance, say, near ¢*=—6M?2 Should this be the case, there could be very
large contributions to the cross-section from both the real and the imaginary
parts of the form factors.

If the form factors decrease fairly rapidly in the timelike region, then,
just as in the spacelike region, it is possible that the two-photon exchange
might become important. However, if the form factors do not decrease rapidly
for timelike momentum transfer, then the one-photon exchange would be
dominant.

If the electron and the positron are detected in a manner which does not
distinguish charge and which is symmetric under the interchange of positron
and electron, then the interference term between the one and the two-photon
channel will not confribute to the differential cross-section (*). This sym-
metry between et and e~ can then be used either to eliminate or detect the
influence of the two-photon exchange on the nucleon electromagnetic structure.

Figure 3 shows how the total cross-section varies with antiproton energy
for the above two assumptions for the form factors.

We emphasize that this graph is not a theoretical prediction but a very

(") 8. FUuBINL: Proceedings of the .lix-en-Provence Intern. Conf. on Elemeniary
Particles {September, 1961).

(®) S. D. DRELL: Ann. Phys., 4, 75 (1958); J. D. BJorkEN, S. D. DrReLL and 8. C.
FravrscHI: Phys. Eev., 112, 1409 (1958); G. PurzoLu: Nuovo Cimento, 20, 542 (1961).
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crude guess for the cross-section which in fact could very well be ten times
bigger or ten times smaller than the estimate given here.
An experiment on the annihilation at rest would involve the branching
ratio for the electromagnetic modes to
O (D5 e*e) the total annihilation rate. In order
16- Trotal PP € 92 ) . .
in units of 0.75-107 ¢m to go from this experimental number
to the evaluation of the form factors
either the atomic physies of the capture
must be eliminated or a separate
experiment to determine the complex
s-wave phase shifts in pp elastic scat-
tering must be performed. Note that
2e (or 2u) annihilation through the
one-photon channel can only oceur, in
g/m general, from 28, and °D;. In view of
these difficulties it appears that the
Fig. 3. — In units of 0.75-10-% em?. results of the in-flight experiment can be
Upper curve (1) is for pointlike proton interpreted in a much more unam-
with u,=1.79, lower curve (2) is obtained  biguous manner.
by extrapolating the form factors of However, for the determination of
reference (7). the 2y to 2e ratio, and the consequent
exploration of the validity of electro-
dynamics, formula (8) also applies to annihilation at rest.

[ ] IR S N S R—
t 2 3 4 5 6 7 8 9 0

2. — The annihilation into intermediate vector bosons.

In this section we consider the possibility of detecting the intermediate
vector meson of weak interactions from proton-antiproton annihilation. Vector
mesons with semiweak coupling have been suggested as intermediate agents
of weak interactions (**). Production of such mesons from high-energy
neutrino beams (1), from pion beams (!2), from photon beams (%), and by

(*) R. P. FeysmMaN and M. GELL-MANN: Phys. Rev., 109, 193 (1958); also
S. GERSTEIN and J. ZELpovicH: Zurn. Eksp. Teor. Fiz., 29, 576 (1957).

(**) T. D. Lee and C. N. Yang: Phys. Rev., 119, 1410 (1960).

(1) B. PoNTECORVO: Proceedings of the 9th International Conference of high Energy
Physics, reported by MaRsHAK (Moscow, 1960), p. 296; T. D. LeE and C. N. YanG:
Phys. Rev. Lett., 4, 307 (1960).

(32) J. ZELDOVICH: Proceedings of the 9th International Conference of High Energy
Physics (Moscow, 1960), p. 296. N. DomBEY: Phys. Rev. Lett., 5, 307 (1960).

(13) M. BassErTi: Nuove Cimento, 20, 803 (1961).
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electromagnetic pair production (**) has been recently considered. Interme-
diate vector mesons will decay through their semi-weak coupling in a time
~10-17 8,

We shall first discuss the annihilation mode of a proton- g 8
antiproton system into a pair of such intermediate vector
mesons (that we denote by B) via the one photon inter-
mediate state

(10) P+P-—->B+B.

Figure 4 shows the diagram for (10) in the lowest order

of electromagnetic coupling. -
The most general form of the electromagnetic vertex,

for a spin-one boson is, on invariance grounds, Fig. 4.

(11) J,, = Gy(e18) P+ (G + pGy + e@) [(819)82,4 - (329)81”} +
+eGsmzP[(ge)) (ge2) — § ¢*(e182)] P>

where p is the difference of the final four-momenta of B and B, ¢, and ¢, are
the polarization vectors of B and B, my is the mass of B, u+e is a possible
anomalous magnetic moment of B and 2¢ a possible anomalous electric quadru-
pole moment. The form factors Gy, G, and G, depend on the squared momen-
tum transfer g¢2.

We also define the bilinear combinations

1 EV
R=;@+w®+amﬂaﬁ,

1 E 2 2

G+2<E),uG

The general expression for the cross-section of (10) is then given in c.m. by

do(pp — BB)  ax®

12 —§(cos ) — 2EP

3[B(A + B)+ SA + (§— R)(B— A) cos20],

(13) 0o (BB) = 7% 324 + B)©2R L ).

3EP

(") R. E. MarsHAK: Proceedings of the 9th International Conference of High Energy
Physics (Moscow, 1960), p. 295; 8. BLupmaw and J. A. Youna: Proc. of the 10th Rochester
COonference (1960), in Interscience Publishers.
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In (12) and (13) B, is the velocity of B, and

1
A =§‘F1+F2{2

2
3

1|\M B
and B:E.EFﬁ—ﬂ-Fz

are exactly the same combinations of the nucleon form factors that deter-

mine the angular distribution of

P+P-—>etf e,

Similarly, 2A+B in (6) also determines the total cross-section for p+p —
—>e*+e-. One thus finds for the ratio of BB annihilation to ete~ annihilation

(14)

for p=-1,€=0
. Efmg

A 15 2 25 3
(p+P —+B*+B")

(p+p —et+e)

for different choices of the anoma-

lous magnetic moment of the B
mesons, and constant form factors.

Fig. 5.~ Ratio

_ ox(pD — BB) _
6,(pP —eteT)

2R+ 9).

Equation (14) holds in the most general
case, and is still valid if the antiprotons are
at rest.

If B has no anomalous moments and
constant form factors, b is simply b= g3[$+-
+(#/my)?]. In Fig. 5 this branching ratio
is reported wvs. Ejm,. Of course E must
always be larger than the nucleon mass. One
sees that annihilation into a pair of inter-
mediate mesons is favored with respect to
annijhilation into ete~ or utp— already for c.m.
energy larger than 1.5mg, provided B has no
anomalous electromagnetic properties. In
Fig. 5 we have also reported b for u=-+1
and x =—1, e =0 and constant form factors.

Once B is produced according to (10) it
will decay rapidly (in about 10-17s) into its
disintegration products (2=, 3w, n+K, p+v,
e+v, ete.). The annihilation events will
exhibit definite angular correlations and in
some cases they will be of the kind

P+P—>B"+B = (u+v)+ (m+m)

> () + (e +v)
— (KO + ) + (n~ + )

— ete. ,
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which should allow the identification of B. Branching ratios among the various
decay modes of B have recently been discussed by BERNSTEIN and FEIN-
BERG (%%).

We conclude this section with the observation that vector mesons can also
be produced by the reactions

(15) p+p—>B"+n, B +r, B +nt, B'4K, ete
(16) P+n—>B +7, B +n, B +K, ete.

These reactions occur through the semi-weak coupling of the vector meson
and on dimensional grounds should have a cross-section

(17) 0~ G~0.4-10"% em?,
where G is the weak-coupling constant. A more refined estimate than (17)
would involve the complications of strong interactions at rather high energies.

If the vector weak current is conserved (°) the vector part of the amplitudes
for pp — Br and pn — Bx are related to the isovector amplitudes for

P+p—>7n+v,
p+n—>n+vy,

with the y off-mass-shell in the form

o(pp —>Bw) _ ov(pP—>Bw) _ Gmg Py
o(pp —~yn) = o(®P >yw)  4mv2a P,

P 2
(18) - 0.77-10—4}53(1”.‘?) z,

v \ My

where o, i8 the contribution from the weak vector current (this does not inter-
fere with the axial contribution in the rate) and # is a number that differs
from unity for two reasons: because the correspondence holds only with the v
off-shell, and also it holds only for the iso-vector electromagnetic amplitude.
From angular momentum, parity, and charge conjugation one can show that
P+ P — B4 n° from S-states goes only through vector coupling, so that the >
in (18) becomes an equality sign in this case. Furthermore in the schizon’s
theory of Lee and Yang () ¢(pp — Btn-)>a(Pp — Bonv).

In conclusion we would like to stress the fact that even though the study
of these rare annihilation modes are very difficult experiments, definitive re-

(1%) J. BERNSTEIN and G. FEINBERG: Report at the Conference on Elementary Par-
ticles (Aix-en-Provence, 1961).
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sults would be of great importance in the understanding of strong, electro-
magnetic and weak interactions.

We would like to thank Prof. S. D. DrRELL for informative discussions.

RIASSUNTO (%

La possibilith di ottenere fasci di antiprotoni di intensitd relativamente alta ha
suggerito alcune considerazioni sui canali di annichilazione del sistema protone anti-
protone, che sono alquanto rari. Ci proponiamo: i) di studiare il modo a due elettroni
come mezzo per investigare la struttura elettromagnetica del protone per trasferimenti
di impulso di tipo temporale; ii) di studiare il modo a due muoni e confrontarlo con il
modo a due elettroni per vedere se il muone si comporta come un elettrone pesante per
grandi trasferimenti di impulsi di tipo temporale; iii) ricercare l'esistenza di bosoni vet-
toriali deboli con i modi p+Pp—+ B+B e p+P—> B+r. Sebbene non si possano fare
precise predizioni teoriche, stime grossolane indicano che la sezione d’urto per questi
quattro canali dovrebbe essere approssimativamente dello stesso ordine di grandezza.

(*) Traduzione a cura della Redazione.
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Formulas (4) and (5) contain some errors and should be substituted by:

do  d(cos0,) »£4E2 ] 2M |
- 2F_11‘2 VF 2 — o TR,
(4) 40 " A(cos ) 4P(& = M) FE P ety 21" &+ o 15 J
do &2 & 2M ]
s — = 4 Fzr - — 2 __ el
®) a0, 4P(& v M) \2” RS 7 9(6){ P u‘F"}l

We thank Dr. K. J. Bagr~es for pointing' out these errors to us.

Dynamical Equations and Angular Momentum.

V. Dr Avrraro, T. Recce and C. RoSSETTI

Istituto di Fisica dell’ Universita - Torino
Istituto Nazionale di Fisica Nucleare - Sezione di Torino

(Yuovo Cimento, 26, 1029 (1962))

The authors of the paper Dynamical equations and angular momentum would like
to point out that, since the note added in proof at the bottom of p. 1045 refers to
Appendix A only and not to the whole paper, it should be placed at the end of that
appendix.
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The location of the curve on the 6 axis can be
shifted to larger angles by increasing V, and R
(thus maintaining the well-known VR ambiguity
in the optical model) and to smaller angles by in-
creasing V, and |nl, the energy difference between
entrance and exit channels, which is determined
experimentally and not treated as a parameter.
The effect of varying V, is much larger than that
of varying V,, since V, determines two optical-
model wave functions, V, only determines one.

It was found that a large difference between V,
and V, was necessary to locate the curves proper-
ly. The values quoted are not unique.

The over-all width is determined almost exclu-
sively by R;. Increasing R decreases the over-
all width and increases the magnitude of the cross
section at the center of the curve. It is found that
when the best value of Ry is used in each state,
the relative magnitudes are automatically fitted
well.

The effects of increasing W,, W,, and q are
small. Increasing W, and W, decreases the mag-
nitude of both curves slightly. In fitting the p-
state curve, ¥V, and V, have opposite effects on
the ratio of peak heights. Increasing V, increases
the ratio. Increasing both ¥V, and V, reduces the
depth of the minimum by a very small amount.

The physical conclusions which we tentatively
draw from this calculation are rather significant.
For finite potentials there cannot be significant
differences between single-particle wave functions
whose principal quantum number, angular momen-
tum, binding energy, and rms radius are given.
Hence it seems that a distorted-wave analysis of
(p, 2p) experiments determines the single-particle

wave functions very well.

The rms radius of the charge distribution in C'?
given by our empirical values of Ry is 2.5 F. The
experimental value obtained from electron scat-
tering is 2.4 F. The rms radius for s-state pro-
tons is 1.7 F, which is the experimental value
for the o particle. Whether this is true for s
states in other light nuclei is, at present, being
investigated by a systematic study of the available
data. Finer points concerning curve fitting are
also being investigated.
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UNITARY SYMMETRY AND LEPTONIC DECAYS

Nicola Cabibbo
CERN, Geneva, Switzerland
(Received 29 April 1963)

We present here an analysis of leptonic decays
based on the unitary symmetry for strong inter-
actions, in the version known as “eightfold way,’”
and the V-A theory for weak interactions.®? Qur
basic assumptions on J,,; the weak current of
strong interacting particles, are as follows:

(l)i]u transforms according to the eightfold
representation of SU,. This means that we neg-
lect currents with AS=-AQ, or Al=3/2, which
should belong to other representations. This
limits the scope of the analysis, and we are not

able to treat the complex of K° leptonic decays,
or Z*~n +e* +v in which AS = -AQ currents play
a role. For the other processes we make the
hypothesis that the main contributions come from
that part of Jﬂ which is in the eightfold represen-
tation.

(2) The vector part of J,, is in the same octet as
the electromagnetic current. The vector contri-

bution can then be deduced from the electromag-
netic properties of strong interacting particles,
For AS =0, this assumption is equivalent to vector-
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current conservation. ?

Together with the octet of vector currents, j“,
we assume an octet of axial currents, g,. In
each of these octets we have a current with AS
=0, AQ=1, ju“”, and g, , and a current with
as=aQ=1, j,%, andg, @ Their isospin selec-
tion rules are, respectively,al=1 and A7=1/2.

From our first assumption we then get

J =alj @rg @) ib(j Weg W) )
(j g, ) (]u g,

0 i

A restriction @ =b=1 would not ensure univer-
sality in the usual sense (equal coupling for all
currents), because if J,, [as given in Eq. (1)]
is coupled, we can build a current, b(jum’ +g“(°))
—a(j#“’wkg“ @), which is not coupled. We want,
however, to keep a weaker form of universality,
by requiring the following:

(3)5_1# has “unit length,” i.e., a®+b%=1.

We then rewrite J ast

J =cost(j P+g D+sing(j YV+g Y) (2)
. (JM £, 7,0+8,%)

where tanf=5b/a. Since Jw as well as the baryons
and the pseudoscalar mesons, belongs to the oc-
tet representation of SU,, we have relations (in
which ¢ enters as a parameter) between process-
es with AS=0 and processes with AS=1.

To determine 6, let us compare the rates for
Kt—=u*+vand v -t +u; we find

TKY ~ ) /0 = )
= tanzeMKu - MMZ/MKZ)Z/MU(I - Muz/Mﬂz)z. (3)

From the experimental data, we then get5,®
8=0.257. (4)

For an independent determination of 4, let us con-
sider K* -~ +e*+y. The matrix element for

this process can be connected to that for 77~ 7°
+eT +y, known from the conserved vector-cur-
rent hypothesis (2nd assumption). From the rate®
for K¥ ~1%+et +v, we get

§=0,26. (5)

The two determinations coincide within experi-
mental errors; in the following we use 6=0. 26,
We go now to the leptonic decays of the baryons,
of the type A - B+e +v. The matrix element of
any member of an octet of currents among two
baryon states (also members of octets) can be
expressed in terms of two reduced matrix ele-
ments”
G @ .
<AUIi 8, IB)=if (6)

ALY
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the /’s and d’s are coefficients defined in Gell-
Mann’s paper.'»? It is sufficient to consider only
allowed contributions and write

+HO’E

O,E
Yy Y e

O ,E =F &)
[

From the connection with the electromagnetic

current we get the vector coefficients: FO =1,

FE =0; from neutron decay we get

1O sn 1.5, (8)

We remain with one parameter which can be de-
termined from the rate for T~ ~A+e~ +v. The
relevant matrix element for this is

9 Z_‘ [()] (D)‘A
cos ( 7 4 >
=cosé /E = / COsS6H Y Yee 9
(!) (!) 5 ( )

Taking the branching ratio for this mode to be
0.9x1074.% we get

HE =x0, 95,

The negative solution can be discarded because
it produces a large branching ratio for Z~ —-n
+e” +v, of the order of 1%. The positive solu-
tion (HE =0.95, HO=0.30) is good, because it
produces a cancellation of the axial contribution
to this process. This explains the experimental
result that this mode is more depressed than the
A~p+e” +v in respect to the predictions of
Feynman and Gell-Mann.? In Table I we give a
summary of our predictions for the electron
modes with AS=1. The branching ratios for
A-p+e”+vand T~ —n+e” +v are in good agree-
ment with experimental data.®

As a final remark, the vector-coupling constant
for 8 decay is not G, but Gcosf. This gives a
correction of 6.6% to the ff value of Fermi tran-
sitions, in the right direction to eliminate the
discrepancy between O'¢ and muon lifetimes.

(10)

Table I. Predictions for the leptonic decays of hy~
perons.
Branching ratio
From Present Type of
Decay reference 2 work interaction
A—~pte~+7 1.4 % 0.75%x107%  Vv-0.724
2T ~nte +7 51 % 1.9 x1073  V+0.654
ET—~A+e T+ 1.4 % 0.35x107%  v+0.024
E—x04eT+p 0.14%  0.07x107% V-1.254
Bl e rtiem+T 0.28%  0.26x107% Vv-1.264
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The correction is, however, too large, leaving
about 2% to be explained.®

IM. Gell-Mann, California Institute of Technology
Report CTSL-20, 1961 (unpublished); Y. Ne’eman,
Nucl. Phys. 26, 222 (1961).

ZR. P. Feynman and M. Geil-Mann, Phys. Rev.
109, 193 (1958).

3R, E. Marshak and E. C. G. Sudarshan, Proceed-
ings of the Padua-Venice Conference on Mesons and
Recently Discovered Particles, September, 1957
(Societd Italiana di Fisica, Padua-Venice, 1958);
Phys. Rev. 109, 1860 (1958).

4similar considerations are forwarded in M. Gell-
Mann and M. Lévy, Nuovo Cimento 16, 705 (1958).

5The lifetimes from W, H. Barkas and A. H. Rosen-
feld, Proceedings of the Tenth Annual International
Rochester Conference on High-Energy Physics, 1960
(Interscience Publishers, Inc., New York, 1960), p.
878. The branching ratio for K*—u* + v is taken as
57.4%. W. Becker, M. Goldberg, E. Hart, J. Leit-
ner, and S, Lichtman (to be published).

$B. P. Roe, D. Sinclair, J. L. Brown, D. A. Glaser,
J. A, Kadyk, and G. H. Trilling, Phys. Rev. Letters
7, 346 (1961). These authors give the branching ratio
for K*—p*+ v as 64%, from which 6=0.269. Also this
value agrees with that from K* — 1%+ et + 1y within ex-
perimental errors.

'™N, Cabibbo and R. Gatto, Nuovo Cimento 21, 872
(1961). Our notation for the currents is different from
the one used in this reference and by Gell-Mann; the
connection is j ‘°)=j 1+ij“2, ju(”: j ‘+ijy5.

Sw. willis et al. reported at the «/ashmgton meeting
of the American Physical Society, 1963 [W. Willis et
al., Bull. Am. Phys. Soc. 8, 349 (1963] this branch-
ing ratio as (o.9f3;§) x1074, If it is allowed to vary be-
tween these limits, our predictions for the =~ —ne 7
varies between 0.8 x10™% and 4 x1073, and that for A®
—pe~V between 1,05 x107% and 0.56 x107%, T am grate-
ful to the members of this group for prepublication
communication of their results.

°R. P. Ely, G. Gidal, L, Oswald, W. Singleton,

W. M. Powell, F. W. Bullock, G. E. Kalmus,

C. Henderson, and R. F. Stannard |Proceedings of
the International Conference on High-Energy Nuclear
Physics, Geneva, 1962 (CERN Scientific Information
Service, Geneva, Switzerland, 1962), p. 445] give
the branching ratio for A—+p+e~+ 7 as (0.85+0.3)
x107%, while that for 2~ —~n+e” +7 is given (see pre-
ceding reference) as (1.9+0.9) x1073,

9%, p. Feynman, Proceedings of the Tenth Annual
International Rochester Conference on High~Energy
Physics, 1960 (Interscience Publishers, Inc., New
York, 1960), p. 501. Recent measurements of the
muon lifetime have slightly increased the discrepancy.
We think that more information will be needed to de-
cide whether our 3rd assumption can be maintained.

EXPERIMENTAL EVIDENCE ON 7 - 7 SCATTERING NEAR THE p AND f° RESONANCES,
FROM 7~ +p —7+7 +NUCLEON, AT 3 BeV/cT

V. Hagopian and W. Selove
University of Pennsylvania, Philadelphia, Pennsylvania
(Received 22 April 1963)

This note reports some preliminary results on
7 -7 scattering, near the 770-MeV p and 1250-
MeV f° resonances. The experiment is the one
reported earlier!; with more data measured (now
about 75% of the two-prong events), we have ex-
amined the data to see to what extent they seem
analyzable in terms of 7 - 7 scattering. We give
a brief summary of the results, and then a few
details. A more detailed report will be available
later.

(1) There is evidence of a major contribution
from the one-pion-exchange mechanism (“pe-
ripheral collision”), for low nucleon recoil mo-
mentum. We take the region of A%< A, +10
to be interpretable in terms of 7 - 7 scattering.
(A? is the square of the four-momentum transfer
to the nucleon, in units of the pion mass squared;
Ain? is the lower kinematic limit, which is a
function of the 7 - 7 “mass” and the incident en-
ergy )
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(2) We then consider these “peripheral” (i.e.,
peripheral-collision) events to be representative
of the angular distribution of 7 -7 scattering. Two
obvious points of caution must be mentioned here:
(a) Interference effects arise from nucleon iscbar
production, and (b) the effective 7 - 7 scattering
is off the energy shell. From detailed examina-
tion of the data, we believe neither of these ef-
fects is so severe as to grossly affect the further
conclusions below. A third possible complicat-
ing effect is interference from two-pion decay of
the w, into 7 7~; the possible magnitude of this
effect is at present difficult for us to estimate.

(3) The spin of the f° is greater than zero, as
reported earlier by Veillet et al.? We believe
it is difficult to draw any conclusion from these
data as to whether the spin is 2 or greater than
2. (Isospin arguments, and the data directly,
exclude spin 1.)

(4) The 7~ - n° scattering in the p region is con-
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Possible Vanishing of Strong Interaction Cross-Section at Infinite Energies.

N. CaBiBBo and J. J. J. KOKKEDEE
CERN - Geneva

L. Horwrrz (*)

Institut de Physique Théorigue, Université de Genéve - Genéve

Y. NE'EMAN (™)
Tel Aviv University - Tel Awviv
Institut de Physique Théorigue, Université de Genéve - Genéve
CEEN - (eneva

(ricevuto il 31 Luglio 1966)

It has been proposed (') that high-energy scattering can be described in terms
of two nonets of algebraic operators coupled to Regge trajectories. In this way, one
obtained very satisfactory relations among total cross-sections, some of which had
been previously obtained in the composite model (***), in particular the asymptotic
relation

. O 2
(1 =3

Oup v

A careful investigation, however, of the energy-dependence of cross-sections within
the model of I shows that a good fit to the entire experimental data cannot be
obtained- —without altering the algebraic structure—with the assumption that all
total cross-sections approach nonzero asymptotic limits. Moreover, an excellent
fit is obtained if one takes the value of 0.925-4 0.008 for the intercept of the

(*) supporied in part by the Swiss National Fund.
**) Sponsored in part by the Air Force Office of Scientific mesearch under Grant A¥ KOAR 66-39
through the Europcan Office of Aerospace Fesearch (OAR) United States Air Forces,
(1 N. Canreuo, L. HorwiTz and Y, NE'EMaAN: CERN preprint TH. 680, to be published in
Phys. Letl. Hercafter referred to as I,
{***) See I for reforences.
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Pomeranchuk trajectory. This implies the vanishing of all total cross-sections (*) as

@) o ~ g—0.07510.008 ,

where s is the square of the c.m. energy.

Although this conclusion runs against the presently held theoretical beliefs, the
existing data, including cosmic ray results (**), are not - sufficient to distinguish
between a constant cross-section and one which vanishes as slowly as suggested by (2).

This vanishing of the cross-sections has of course far reaching implications of a
general nature, in particular, as far as dispersion relations and sum rules are concerned.

Furthermore, the fact that the Pomeranchuk trajectory has an intercept dif-
ferent from unity also implies that for all elastic amplitudes T,

. Re T [
(3) Im 7 :=o‘:‘? S s T}

where «(0) is the intercept of the Pomeranchuk trajectory. For «i0)=0.925,
this ratio becomes — 0.118,

We begin by writing the results of I for the averaged total cross-sections. From
the Table given in I, we have

{4a) Sy = 615+ 312,
(4b) S = 483+ 265,
(4c) Sg = 45— ¢,
where

(5a) Sy = (@EP+pN+pp+pN),
(5b) 8z = (xtp-t+rp),

(5¢) Sk = HE*p+Kp+EN+K-N),

and #; and ¢ are the reduced absorptive parts for the unitary singlet and octet
eighth-component even signature trajectories. AB represents the total cross-section
for scattering of hadrons A and B. If we assume ¢ to be a constant (which cor-
responds to «i{0)=1), egs. (4) would imply that Sy approaches its asymptotic

(*) Note that the value of the exponent approximates the Bond factor 0.07, a fact which may
have important though obscure implications (2).

(%) I. FLeMING: for insbance, In Her Majesty’s Secref Service (London, 1963), The relevance of
the Bond factor in guantum electrodynamics has been previously noted by B, TouscHEK (private
communication).

(**) Cosmic ray data on proton-nucleus total cross-sections exist up to wvery high energy (%)
indicating constant « geometric » cross-sections. G. CoccoxN1 pointed out that this result does not
imply a constancy of the p-nucleus cross-section, which can well decrease by a factor ~2 in
108 GeV, as suggested by eq. (2). The reason is that the nucleus would still behave as an essentially
opaque sphere and the cross-section wonld remain ~ zR? Jn fact a slowly decreasing p-nucleon
cross-section could even correspond, in a large energy range. to an increasing p-nucleus cross-sections
due to the shrinking of the diffraction peak. '

(*) D. PERKINS: Berkeley High-Tnergy Physics Study, UCRL 10022 {1962).
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limit from below, while Sy and S, approach their limits from above. Experimentally,
all cross-sections are known to be decreasing funetions of the energy, so that egs. (4)
would not fit the data. ’

In order to obtain a better result, one may introduce the following modifications:

a) it was pointed out in I that an admixture of D-type octet coupling in the
baryon vertex strengths should be expected to occur, and is in faet necessary to
achieve a fit to the data at any given energy. This in itself, however, does not sup-
ply a good fit at all energies if we assume constant ¢, since it multiplies #§ in both S,
and 8g by the same factor. We cannot therefore get both S, and Sx decreasing pro-
perly with a D/F correction alone.

4} a mixing between #2 and £ analogous to ¢/w mixing. This represents SU,
breaking and introduces differences between the asymptotic og, and or,.

Using both @) and b), formulae (4a)-(4e) become:

(6a) Sp= (a6 + BAV3BYE + (Bv6—adv/3)21L,
(6) Se = 2av2+ B)(«V2 + BA)t5+ 2BVE— ) (BvE— k)i,
(6¢) Sp = (20v2—B) (a2 + BA)EE + 22 + a (v 2— ad)is,

where A4 describes the F/D mixing,

1
7 A=F—-D,
{7 3

and « and g represent the #§, 12 mixture, with mixing angle ¢:

{8) % = oS @, g=sing.

We tried to fit eqs. (6) to the experimental data of GALBRAITE ¢f al. (). No
acceptable fit was achieved for constant #3; we observe that trying to obtain the
correct decreasing behaviour for S)s, 8. and Sy destroys the fit as far as the ratio
of 8,/Sg at all energies is concerned.

The only available alternative appears to consist in abandoning the idea that #2
represents the contribution of a single pole with intercept «j(0)=1. One such pos-
sibility would be to adjoin to the Pomeranchuk pole an additional ST, singlet sealar
trajectory. This has been known to give a good fit to the data (), but it would imply
some extension of our algebraic approach. In fact, at least one of the two singlets,
or a linear combination thereof would be outside the algebra of [Ugs® Usgls.
Considering that there is no natural prescription for the matrix structure of the
additional operator, we would lose the asymptotic prediction of eq. (1) which appears
experimentally validated (*).

(*) W, GarLBraITH, el al.: Phys. Rev., 138, B 913 (1965).

(®) V. BARGER and M. Ousson: University of Madison preprint.

(*) If a second even signature singlet were necessary, it would seem more natural to propose a
complete doubling of the whole family of trajectories, the new family being also coupled to members
of & Uy, U, algebra. In this way one could preserve the prediction of eq. (1). It is simpler—and
seems to us more natural—to assnme a gingle family of trajectories.
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We wish, however, to remain in the framework of the model of I, and we therefore
consider the possibility that £ corresponds to a single pole with intercept «3(0) << 1;
for momentum transfer {=0, we write

(9 5(v) = t(1)p 5@,

(10) 13(y) = t5(1)p4e @1,

with »=s—m} —mb.
We substitute eqs. (9) and (10) into egs. (6a)-(6¢) and get an excellent fit to the
GALBRAITH et al. data, with the following parameters

i5(1) = 743 4 0.56, t5(1) = 2.08 - 0.26,
(11) %5(0)= 09251 0.008,  ag(0)=0.76 | 0.04,
tgp = —0.066+ 0.048, A = 2.44 -+ 0.09.

The y? for the fit is 5.8, to be compared with 14 (the number of degrees of freedom).
The above results remain essentially un- )
changed when we take ¢ = 0.

From eqs. (6) and the above values 60+
of the parameters, we find for s— oo’
~ 50t
Sy S, & i\I\LLI
(12) —/—= 139, — = 0.93. e s
Sn Sk S &0+ x
Q
If there were no mixing, one would obtain E 30 V20t e
for 8,/8. the value given by eq. (1), and 2 T S,
8,/Sr would reduce to unity. Note, how- & 5l x_,,m_z__x_z_x\
ever, that substituting (11) into egs. (6), s T
one finds Sn> Sk up to momenta of ol 4 TS TV N T B B Y B
105 GeV/e, after which they cross, and the 10! : 10°
asymptotic limit of eq. (12) is approached p, (Gev/c) ‘
at extremely high energies. Fig. 1. — Comparison between the data of
The Figure displays the comparison  Gansrarte ef al. (%) for Syp.S;,Sp and
between the GALBRAITH ef al. (1) data for #lpp + pN’] and our fit.

8> S8ny Sk and our fit.

We note that at high energy, the i contribution still dominates each cross-
section, so that in a (log o, log ») plot, they approach a straight line asymptotically.
A cross-section which approaches this asymptote from below may appear to be
constant throughout a large energy region. This explains the behaviour of K *-nucleon
and p-nucleon ecross-sections above 5GeVjc. Moreover, all elastic amplitudes in
the forward direction go asymptotically to the form

(0

o E

3 (0
(13) T, 0y — X Lm0,
sin zo3(0)

s0 that the ratio of real to imaginary part approaches the negative limit of eq. (3).
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We have extended ounr fit to include individual cross-sections at all energies.
This is done by using the total cross-sections Table of I, with the above-mentioned
modifications for the t; and ¢;. The four contributions ¢, &5, #f, t; are proportional
to differences of cross-sections, so that they cannot be determined accurately. For

the I==0 poles, we find
v —0.65
tolv) = 0.65 (24) ,

. y \—0-56
t = 0.65 { — .
s(¥) (24)

No 9-o mixing was required by the data, and we also assume no D/F admixture in
the vector contributions. The combination §(pp-+pJV), e.g., is expressed as:

1 (pp+pN) = 8y — 65— 3t .

This is also compared to experimental points in the Figure, showing excellent agree-
ment. In going to individual cross-sections, cne needs also ¢ and #;. These can be
determined again from meson-nucleon cross-sections. Their intercepts are found to
be consistent with those determined from the analysis of wp—>nJV (¥) and
7 p—> =N (). Using the results to compute individual nucleon-nucleon cross-
sections gives again a fair agreement—albeit a very unenlightening one, given the
large experimental errors in the differences pp-pNN° and Pp-pN.

Finally, we used all of our numbers to compute Re T/Im T for ntp, n—p, pp and Pp;
we list a.few values in the following Table:

TasLe L. — Batio of real to imaginary parts of elastic ampliludes in the forward direction.

| P (GeV/o) PP | PP ©p np
1 —0.434 —0.119 —0.244 —0.125
12 —0.385 —0.133 ~0.231 —0.129
14 —0.372 — 0135 —0.227 —0.129
16 0362 . —0.140 —0.226 0132
.18 —0.349 0140 - —0219 ~0.130

The vanishing of all total cross-sections as »— co is seen to be strongly sug-
gested by our algebraic interpretation of the Regge pole model; it is interesting that
existing experimental data do not contradict the relinquishing of the constant
asymptotie cross-section hypothesis. We thus feel that it would be extremely impor-

(®) R. J. N. PairLLips and W. RARITA: Phys. Rev. Left., 15, 807, 942 (1966).
(") G. HOHLER ef al.: Phys. Letf., 20, 79 (1968).
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tant to obtain accurate measurements of cross-sections at higher energies than now
available; such as could be obtained by the use of an intersecting storage ring (ISR),
or cosmic ray experiments on hydrogen. An accurate measurement of the pp cross-
sections in the 30 to 70 GeV/c range—available at the new Serpukhov accel-
erator—would also be relevant since our fit predicts a drop of ~ 3 mb in this range
(see the Figure).

Although the conclusion that the Pomeranchuk trajectory has an intercept ag<< 1
may seem at first sight shocking, we find it rather pleaging: x =1 is known to be an
upper limit to acceptable intercepts, and therefore, in a certain semse, a point of
high singularity, such that a pole with «(0)=1 would be entirely set apart from
other poles with «(0)< 1. Since we assume the s, trajectory to be a member of a
nonet, we find it natural that its properties should be quantitatively—not quali-
tatively—different from those of other poles of even signature (*).

EE S 3

We wish to thank Prof. G. Coccoxt and Prof. L. Van Hove for helpful
discussions.

One of the authors (Y. N.) would like to thank the Convention Intercantonale
pour I’Enseignement du 3éme Cycle de la Physique en Suisse Romande for inviting
him to work in Geneva.

(*) After this work had been completed, a paper by GOLDBERGER and JONES { Phys. Rev. Lelt.,
17,105 (1966) ) came to our attention in which it was shown that the existence of a pole with a(0) =1
may lead to an inconsistency between the requircments of the Mandelstamn representation and
analyticity in the !-plane.
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Hadron Production in ete— Collisions (*}.

N. CaBiBBO

Istituto di Fisica dell’ Universitd - Eoma
Istituto Nazionale di Fisica Nucleare - Sezione di Roma

G. Parisi and M. TEsTA
Istituto di Flisica dell’ Universita - Eoma

(ricevuto il 30 Maggio 1970)

1. — The simple properties of deep inelastic electron-proton scattering has sug-
gested models where these processes arise as interactions of virtual photons with an
« elementary » component of the proton. These as yet unspecified elementary compo-
nents of the proton have been given the name of « partons» by FEYNMAN (). The
model has been studied by BJorkeEN and Pascmos (2) and successively by DRELL,
LEvy and TuNe Mow YaX (3) who gave a field-theoretical treatment of the parton
model, and were able to recover some of the experimentally observed properties of this
process. In this letter we wish to extend the method of ref. (3) to the study of the total
cross-gsection of electron-positron annihilation into hadrons.

This treatment leads to an asymptotic (very high cross-section c.m. energy, 2E)
of the form

ol .
) a»ﬁ;[z(@i>+4z<@>],

spin 0 spin }

where @, is the charge of the i-th parton in units of e. This is simply the sum of the
contributions of the single partons considered as pointlike (#). Each parton contributes
a different kind of events to the total cross-section. The typical high-energy event
should consist in the production of a pair of virtual partons, each of which develops
into a jet of physical hadrons.

(*) This research has been sponsored in part by the Air Force Office of Scientific Research,
through the European Office of Aerospace Research OAR, United States Air Force, under contract
1 61 05267 C 0084.

(1) R. P. FEYNMAN: unpublished.

(M J. D. BJoRgEN and E. A. PAScHOS: Phys. Rev., 185, 1976 (1969).

() 8. D. DRELL, D. J. LEVY and TUNG Mow YAN: Phys. Rev. Lett., 22, 744 (1969); Phys. Rev.,
187, 2159 (1969).

(*) Equation (1) extends the well-known result obtained by J. D. BJORKEN: Phys. Rev., 148, 1467
(1966) in the case of spin-% partons.
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The guantum nwnbers of cach jet (total charge, total isospin. ete.) coineide with
that of the parton from which it originates. This suggests the possibility of nsing high-
energy e”-¢~ collizions to identify the gquantum numbers of the « elementary » particles.
At lower ¢ncergies (presumably the eritical energy should be conuected with the parton
mass) the two jets can interact with cach other, and exchange energy. In this region
one would expect either a vesonant behaviour, or a «statistical » behaviour (3), or a
mixture of the two.

Preliminary results of the initial operation of the Frascati electron-positron ving
ADONXE indicate the possihility of an abundant production of hadrous in the range
of (1.6 =2) GeV e7e™ e energy (%), In particular the production of meson pairs seems
to be higher than what is predicted on the hasis of the dominance of o, o and ¢ (7).

We discuss the possibility that in this energy range the deseription in terms of jets
is relevant. This would require the pion and possibly the kaon to be partons, i.e. to be
treated as elementary particles. STy SU;-type arguments would then suggest that
all 18 the members of the (3. 3) & (3. 3) representation of sealar and pseudoscalar mesons
are to be treated as elementary. If a deseription in terms of ¢ w-jets» and « K-jets »
is refevaut for part of the observed events at (1.6 =2) GeV, the production of «jets»
with the quantum numbers of the 37(962) and »(1100) should be an important feature
of the processes at higher energies (possibly in the 3 GeV range). The production a pair
of « 3-jets » should give rise among others to an high-multiplicity final state 2xzw*=".

Another consequence of this picture would be the ahsence of nrn =’ and K+K-r=°
final states (and in general of states with an odd number of pions) which cannot arise
from a pair of charge-conjugate «jets». This wonld allow a critieal test of the jet hy-
pothesis. since a suppression of three-particle final states would not be expected if
other mechanisms. such as resonant production. are operative.

2. — The total eross-section for hadron production is proportional () to the absorp-
tive part of the two-point correlation funetion of the e.m. current

24
(2) - -[1{4E?),
where
(3) THEN Gty — € Op) = (27 3 0Py — ) <OLL (0> | L (0)]03

n

Following the method of ref. (3) we employ the noncovariant perturbation expansion
in the P—co frame. This Huiit is obtained by sending |g|—oo at fixed ¢2. (The
features of this limit, originated by Furrint and FUrLAN, have been clearly spelled out
by WEINBERG (°).)

) J, D. ByorkeN and <. .J. BroDsky: SLAC preprint, have considered the alternative between
a jet model and a statistical model, but have limited their discussion to the latter.

(*y Wo are grateful to the members of the experimental groups working at ADONE for private
communications of the preliminary rvesults of the work now in progress.

(") We thank the members of the Bologna-Frascati Group. and in particular A. ZicHicir, for a
private communication on this point.

(®) N. CABIBBO and R. GATTO: Phys, fter,, 124, 1577 (1961).

(*) €. FuBINt and (5. FURLAN: Physics, 1, 229 (1066); S, WRINBERG: Phys. Rev., 150, 1313 (1966).

760



HADRON PRODUCTION IN ete™ COLLISIONS 37

The first step is to re-express I7(q?) in terms of free currents (using only the « good »
eomponent J;):

@) 2 <O0M[n> <nlJ,]0> 64(p,— q) =

= 3 <UOj|Un>{Unljy| U0 64pp—q) 455> 2 <Olis| Und><Unljs|0)> 64(p —q) -

The latter equality follows from the fact that in the limit |[q|—> co states in <0|T1,
different from the vacuum itself, whieh could contribute to the sum, are killed by
factors of order |g|.

As in ref. (3) the basic assumption needed to derive our results is that there is a
definite cut-off in the transverse momenta of the particles which appear in intermediate
states (1%). This assumption is of course
artificial in a field-theoretic model, but
it is suggested by existing information
on high-energy processes, and it led to
good theoretical predictions in the case
of deep inelastic scattering. Under this
hypothesis it follows that, in the region
where ¢? is very large compared with
the mass of produced particles and the
transverse cut-off, we need only consider,
for the amplitude <0[j, U|n>, graphs of
the kind of Fig. 1, where the final state
is divided into two jets. The relative mo-
mentum transfer between these jets is of Fig. 1.
the order of ¢2, while the transverse mo-
menta within each jet are assumed to be < ¢2. The two jets are then well separated in
phase space and there is no overlap between them. In these conditions one can see,
by the argument of ref. (%), that the energy of the state Ujn) is equal to that of the
state |n> up to terms of order M2/|q| and (k,)?/|q|, which can be neglected with respect
to the main terms which are of order |q| and ¢/|q|. This allows us to replace in the
d-function p, by py, and by use of translational invariance and completeness of physical
states to rewrite this equation as

(5)

e f A1 exp [igw] <OJjy(x) j5(0)|0) -

Since j, is now the free current of the partons, this leads directly to eq. (1).

3. — We have shown that under a restrictive hypothesis on transverse momenta,
for very high ¢? the final state is expected to be composed of two jets which, in the
center-of-mass frame, move in opposite directions. We note that:

i) There is one such contribution to the total eross-section for each individual
charged parton. The study of these jets at very high c.m. energy would allow the iden-
tification of these « elementary » components of the hadrons.

(*) See R. P. FEYNMAN: Phys. Rev. Lelt., 23, 1415 (1969).
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ii) The differential cross-section for the production of two jets of mass m; and m,
is asymptotically given by:

a) spinless parton of charge @

(6) do T oo . 2) xin® 0
= o o m2) sin® § ;
dmidm;dcosf 16 elmy) gty st

b) spin-} parton
N do T 2207
(7) I o(mf) o(m)(1 + cos?f) .

dmidmidcos6 8 E* °

We have assumed spin-§ partons to have no bare anomalous magnetic moment. and
we have not considered the possibility of charged partons of spin greater than §: either
of these would lead to eross-sections which do not even deerease as E-2 and to unrenor-
malizability of quantum clectrodynamics. In eqs. (6) and (7). ¢ is the spectral funetion
of the parton propagater (). It the parton field corresponds to a single-partiele state
of mass J[. we have

(8) o(m?) = Zo(m?>— M?) 4 o(m?) .

By integrating eqs. (6). (7) and using the sum rule J’Q(/lg)d/lz:l one recovers
cq. (1). In particular for the produetion of a parton-antiparton pair egs. (6). (7) coinecide
with the usual perturbative expression (8) with the form factor equal to the renormaliza-
tion counstant of the parton. This is a well-known result (*3).

4. — We wish now to speculate about the possibility that the mechanism discussed
above is already operative in the range of (1.6--2) GeV in the c.m. energy explored
by ADONE. This is possible if the pion itself is one of the partons and its spectral
funection is rapidly converging.

We note some consequences of this assumption:

a} A rapid convergence of the pion speetral funetion would imnply a relatively
large value for the renormalization constant and therefore a substantial cross-section

for the production of = =~ pairs which may be in agreement with experimental
indications (7).

by From SU,; syvmmetry we expect all the pseudoscalar octet to be elementary
if the pions is. In this way one would expeet the production of K+K- pairs and related
jets to be comparable with that of =*=~ and « pion jets ».

¢) The assignment of the pion to a (3, 3) @ (3, 3) representation of SU;O ST,
would suggest the elementarity of two charged sealar bosons. These are usually iden-
tified with the §(962) and the »*(1100). Theoretical models based on this assign-
meni (**) are in good agreement with the hypothesis of equal renormalization constants

(**) In the case of spin-} parton the propagator contains two spectral functions: o(u?) and 2(n?),
which multiply respectively ;-p and s#. Assuming a suitable convergence property. only o(u?) ig relevant
at very high gz,

(12) M. GELL-MaxN and F. 1., Low: Phys. IPev., 95, 1300 (1954).

() 5. L. Grasgow and 3. WEINBERG: Phys. Rev. Lett., 20, 224 (1968); M. GELL-MAXN, R. J. OAKES
and B. RENNER: Phys. Rev., 175, 2195 (1969); G. Parist and M. TESTA: Nuovo Cimento, 87 A, 13 (1970).
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for all these particles. A test of this prediction would require an higher e.m. energy
because of their higher masses.

A critical test of the hypothesis that the main mechanism of hadron production
above 1.5 GeV is the one just discussed would be given by the absence of the processes
ete~ > ntnn® and ete”— K+*K-n®. These processes cannot arise from two «jets»
whose quantum numbers are charge conjugate of each other. In Table I we list the

TaBrLE 1.
Parton Particles in jet Branching ratio
o+ ot _
t 2nt +n~, 2n04-nt (4:1) (")
K+ K+ _
K+ K*ntn~, K*tnono, Kortno (2:1:0) (*
S+ et KoKo _
w* K+no, Kox+ (1:2)
x+ K+ —
(*) Indicative only: computed assuming S-wave emission in the center of mass of the jet,
with no correction for phase space.

simplest set of particles associated with each of the four kinds of partons we have
discussed. From this Table it is easy to find the various processes allowed by our picture.
All the possibilities listed in the Table give rise to final states containing an even number
of pseudoscalar mesons.

Final states with an odd number of pseudosealar mesons could arise from more
complicated fragmentations, or decays of the v or of the K° mesons. The prohibition
of 3-meson final states cannot be escaped.

* % %

We thank M. ConNvERsi, M. GriLLi, G. SALVINI, V. SILVESTRINI, B. TOUSCHEK
and A. Zicuicsr for many interesting discussions.
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A. VERGANELAKIS

Nuclear Research Center « Democritos» - Athens

(ricevuto il 20 Giugno 1970)

1. — The results of inelastic-electron-scattering experiments have suggested the
existence of pointlike constituents of the hadrons which have been named « partons »
by FEYNMAN (1). Two alterhatives are possible:

1) Partons are identified with quarks or other mythical components of the hadron.
2) Partons are associated with some of the usual hadrons.

The second possibility has been adopted in the field-theoretical model of DRELL,
Levy and Yax (3). We have recently analised the consequences of this hypothesis
for the electron-positron annihilation (3). In particular we have discussed the possi-
bility that pseudoscalar (and possibly scalar) mesons are partons.

In this paper we show that in the second alternative one can obtain a simple descrip-
tion of the behaviour of the two structure functions W; and »W, in the limit of very
large o = —2Mpw/q?, where v is the energy loss of the electron and ¢* is the invariant
momentum transfer. In particular W, reaches a constant for large values of w in agree-
ment with the experimental results. Also the ratio of longitudinal to the transverse
cross-sections approaches a constant value. The simple hypothesis of considering the

(*) This research has been sponsored in part by the Air Force Office of Scientific Research, through
the European Office of Aerospace Research, OAR, United States Air Force, under contract
F 61 05267 C 0084,

(1) R. P. FEYNMAN: unpublighed.

(*) 8. D. DRerL, D. J. LEVY and TUuNG Mow YAN: Phys. Rev. Lett., 22, 744 (1969); Phys. Rev.,
187, 2159 (1969).

(* N. CABIBBO, G. PaRisI and M. TESTA: Letf. Nuovo Cimento, 4, 35 (1970),
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octet of 37 barvons and the pseudosealar octet as partons leads t0 0y44,/00n =~ 0.15 0.2,
If also the scalar octet is included the ratio is increased to 0.3--0.4. Either of these
possibilifics seems in agreement with the seanty experimental information {*).

2. — Under the hypothesis that partons are assoeiated with normal hadrons. the
one-parton exchange diagrams of Fig. 1 are expected to give the dominant mechanism

Fig. 1.

of deep inelastic electron scattering. Arguments
to this effeet have been clearly stated in ref. (2).
The virtual photon of momentum ¢ creates a
pair of bare partons: the first one of timelike
momentum Py dresses up into a jet of physical
hadrons. the ether one of spacelike momentum
r interacts with the target of momentum p
and mass M and produces a group of par-
ticles X,. The kinematics of this composite
process is such that we cannot consider the
second parton as ejected from the proton, but
rather as a bare particle produced by the
photon, and interacting with the target.

If thiz model were correct, deep inelastic

scattering would not really investigate the electromagnetic strueture of the proton,

but that of the vacuum.

We will cousider both the cases where the parton is a spinless boson or a spin-}
fermion; for simplicity we will give details of the boson case only. The fermion case
is carried on along similar lines and only the results will be given.

The contribution of Fig. 1 to the correlation funection 1, (%) is

. 1
(1) W= 2 drr(2q + 1y (2q + 700 + ) ellg + DR E rp) .

where o is the spectral funetion of the unrenormalized parton propagater, and

(2) JG2 - p) Efexl) [— arr] < p|[ale). (O] [p> diz,

a(x) being the parton field.

Equation (1) can be rewritten as

(3) W, :fdcr2 dg2dr f(ged 1) o(e®) H,

where

1
4 Hyy=— [d%2r+ ¢

27 #

(2r 4+ q),0(qg + r) 0 [(g + r2—o*] 80— ) o(r-p—1) .

(*) E. D. Buooy, D, H, Cowarp, H. DE STAEBLER, J. DREES, G, MILLER, L. W. Mo, R. E. Tay,
M. BREIDENBACH, J. [. FRIEDMAN. . C'. HARTMANN and H. W. KENDALL: Phys. Rev. Lett., 23, 930 (1969);
R. TAYLOR: SLAC Report No. SLAC-PUB-677 (1969) (to be publighed).

(%) For conveniecnce we adopt the notation of J. D. BJORKEN: Phys. Rev., 179, 1547 (1969).
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We are interested in computing eq. (3) in the deep inelastic region where |g?|— oo
at fixed w =—2Mp/¢®.. In this region we can neglect ¢ and M2 with respect to g2
In this limit H,, is independent of ¢® and the integral over ¢? is simply performed by
use of the Lehmann sum rule

o

(5) f o(of)dot=1.

0

Integrating eq. (4) one finds that the integral over u? and t is to be performed over the
shaded region in Fig. 2. This region is enclosed by the straight line a of equation (%)

(6) T=1u
and the hyperbola b of equation

4 4 4 .
) pit SR C7 3 Grt T 2gP - 21gf) o+ 5 T+ = 0.

In order to obtain a scaling behaviour we A
must assume that f(u?, 7) is a rapidly de-
creaging function of w? in the integra-

tion region so that the relevant values /
of u* are much smaller than ¢ in the
Bjorken limit (5). With this hypothesis
we can simplify the lower bound of the
integration region substituting it by the

straight line b’ (see Fig. 2) of equation b a //
/
2 M2/p? /
(8) = P+ Mo . /
2
/
. . . /b
We note that the integration region over /
7 (the negative of laboratory energy of ' /

the exchanged parton) increases linearly
with . Since f is related to the absorp-
tive part of proton-parton scattering the
large-w limit of eq. (3) can then be evaluated by keeping only the Pomeron contribu-
tion in f.

For simplicity: let us assume that the parton field n(z) corresponds to a set of discrete
states |ny> of mass my. We can define renormalization constants for each of these
states by

Fig. 2.

9 0fu(0) g = — e
@ OOl V(2np2P®

(®) Equation (6) is valid ip the case where the lowest state of the group N, is a gingle nucleon. The
corrections for higher or lower thresholds are easily done, but are irrelevant in the limit of large @ in
which we are interested.
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In this approximation eq. (5) bhecomes
(10) SZ=1.

5

On the other hand one can write f in the following form:

Fu®)

V22 T A
(11) f=> BT

o (20703 (02— m2)(pe? *3)1_7{)

where A, is the amplitude of the forward scattering =p—7,p and we have intro-
duced a factor F(s2) which should eontrol the hehaviour of f as a funection of u? far
from the poles (). We will assume that:

1) 4, ean be approximated by the exchange of a universally coupled Pomeron;

2) the coupling of the Pomeron isx essentially diagonal (%).

Under these hypotheses. keeping in mind eq. (10). we will approximace | as

(12 y 1 F(®) ot
:-') = - T 5 a2 -*
(220 M (i — miv)2
. . . . 2

where ¢ is the asymptotic value of the toral proton-parton cross-seetion and mj, is some
average mass of the 7y states. We would obviously arrive at the same expression even
if the states associated with the field =(r) belong to a continuuni.

We can now perform the integration in eq. (3) obtaining

‘ i hoson o= 0
(1‘;) (I,n'\ 7 Uli
. 2/boson @3>0 g(ffr)a |
where
(14) TR
(17— m )"

The same argument can be earrvied on for a spin-} parton and leads to

o) A2
(15) (T (a 7

2)fermion S l)ierm‘mn = o3t
o 4(27)

2

where .17 is defined by an equation similar to (14).

() The need for « cut-off » on the exchanged momenta is a general feature of peripheral models
(E. FERRARI and F. SELLERL: Suppl. Nwave Cimento, 24, 433 (1862): =. D, DrrrL and A, C. MFEARN:
High-Energy Physics, vol, 2. edited by BurHor (London. 1967)).

(*y This is born out, ¢.g., by the small cross-section of diffractive production in pp interactions:
E. W, AXDERSON, E. J. BLESER, (i, B. Coruixs, T. For. J, Mexes, F. TCREOT, R. A. CARRIGAN ir.,
R. M. Epersteiy, N, ¢, Miex, T.J. McMadoN and I. NADELHAFT: [hys. Rev. Leti., 16, 855 (1966).
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8. — Given our ignorance about the cut-off function F(u?) and about the exact
value of m2,, we can only draw semi-quantitative conclusions:

av?

1) We obtain a scaling behaviour for the structure functions W, and »W,.
Although we have given formulae valid only in the limit of large «, this is true quite
in general for the present model.

2) The contribution of a single bosonic or fermionic part to v W, tends to a constant
as o tends to infinity in good agreement with the observed behaviour ().

3) The ratio of longitudinal to transversal cross-section would depend (for
large )} upon the nature and number of bosonic and fermionic parton contributions:

a) One could assume that the pseudoscalar octet and the 3 barion octet behave
as partons. In this case one would have 8 fermion contributions (p, =*, Z-, &~ and
their antiparticles) of the form of eq. (15) where we would identify ¢ as the asymptotic pp
cross-section. There would also be 4 boson contributions (=, n—, K*, K~) of the form
of eq. (13) where 6 =0, Assuming AZ~ A} one would find

b) If also a O* octet is included, which may be suggested by SU,Q SU,
arguments (3), the simplest guess on total cross-sections would lead to

Olong

1
~3c

Gtt&n

Either of these numbers can be in agreement with the experimental data (4).

The possibilities a) and b) are purely indicative and other schemes can be simply
analised on the bagis of eqs. (13) and (15).

4) The experimental data on »W, suggest a A% (counting 8 fermion contributions)
of the order 20m%, which is quite reasonable.

We note that apart from these results which are in good agreement with the experi-
mental facts, the low value of A2, as well as the fact that normal masses are involved,
is consistent with the observed onset of the scaling behaviour at relatively low values
of ¢* and v.

Although in the present paper we have discussed the large-o region, it would be
relatively simple to perform a complete catculation to study the behaviour of the con-
tribution of Fig. 1 for smaller values of w, always in the Bjorken limit. Such a compu-
tation would become sensitive to the behaviour of f in the finite-v region and, although
indicative, would not be as reliable. We note that our computation does not lead to
a « quagi-elastic peak » (%). The reason for this is that our « partons » cannot be thought
of as components of the proton, but rather as the elementary hadronic constituents
of the vacuum.

Another consequence of this model is in the predieted structure of the final states:
these states should inelude a jet of particles highly collimated in the direction of ¢

(*) J. D. BJORKEN: in Proceedings S.I.F., Course XLI, edited by J. STEINBERGER (New York, 1969),
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having the quantum numbers of one of the contributing partons. If these belong to ST,
octets. a large fraction of events should be associated with jets of nonzero strangeness,
a point which could be tested in coincidence experiments. Since this model is derived
from that of ref. (). the correlations among produced hadrons should.have the simple
properties discussed by DRELL and Yax (1°).

Alternative parton models are based on quarks (or other heavy baryons) as partons.
In such models it seems diffienlt to obtain the results we have discussed, although it
is not excluded that such a quark model could lead to the experimentally observed
features. In a quark model. however. we would not expect a jet structure and the
final states should appear as the decay products of an excited proton. Contrary to the
model diseusses here, we would not expect. in a quark model. an abundant production
of strange particles.

The idea of treating deep inelastie scattering as a peripheral process is also discussed
in a reeent paper of WesT (1), which we noticed after completing this work. Our results
scem however different from his. especially because of our diseusszion of the large-o
Iimit and of the ratio 6,,,/0y .,

We wish to thank Prof. I.. Ma1axt for discussions in the course of this work.
One of us (A.V.) is grateful to Prof. R. QuErzoL1 for the hospitality extended to
him at the Frascati National Laboratories during the completion of this work.

. D. DrReELL and Tuxe Mow YAN: Phys. IRev. Lett., 24, 855 (1970).
. B. WEsT: Phys. Rev. Lett., 24, 1206 (1970).
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