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Resolution of the vi' vie m Puzzle

Results from current-algebra calculation
mass terms are shown not to be inconsiste
decay.

We first summarize the salient features of the
decay g'-gem that emerge from experiment. '
(i) The vm spectrum shows only a small deriva
tion from phase space. In terms of the Dalitz
variable y and the linear matrix elements M(1
+ oy), one has n = —0.08+ 0.03. This value is
considerably smaller than previous theoretical
predictions. (ii) The qm spectrum is consistent
with phase space with no indication of a 5(970)
resonance. (iii) Although the width of q' is not
measured, the branching ratio' for q'-qmm is
66.2 + 1.7% while for q'-2y it is 2.0 +0.3/p.
Based on the quark model, we can crudely es-
timate the decay rate I'(q' —2y) = &(m„,/rn, )'
x F(w'- 2y) = 7.0 keV. This estimate is also
consistent with the g -2y rate of 300 eV if one
allows for an g-g' mixing angle of 10 . The total
rate is thus expected to be approximately 350
keV, although this could easily be off by a factor
of 2.

We now review briefly the theoretical puzzle
in q'(p') -q(p)+ m(q, )+m(q, ) decay (1) The.Adler
theorem states that in the limit of one of the pion
momentum qy 0 the matrix element should
vanish. This effect should show up in the physi-
cal region if the "o" term is neglected. Since
the experimental 3m spectrum is consistent with
phase space, there is no evidence for Adler
zero. (2) Current algebra tells us that in the
limit q, -0 and q,'-0 the matrix element of
g -gwm is given by the "0" term. The magnitude
of this term depends on the nature of chiral-

s with symmetry breaking arising from quark-
nt with the experimental features of rj'—g«

symmetry breaking. In the usual quark model
with small u and d masses, this term is small
and can be estimated reliably. Previous calcu-
lations using only this contribution yield an ex-
tremely small width'4 I'(q' - pwca) c 3 keV. Be-
cause of the small value of the experimental
slope, it does not help to add a term which is
proportional to q, q, in the matrix element.

To resolve this puzzle various authors' have
suggested adding terms that transform according
to the (8, 8) representation of the chiral SU(3)

SU(3) group. This representation enhances the
value of the o term to bring it into agreement
with experiment. However, this is completely
inconsistent with the present ideas of strong
interactions based on quantum chromodynamics,
which require the symmetry-breaking terms to
transform like quark-mass terms, or the (3*,3)
representation of the chiral group. Thus the
resolution of this paradox is important to the
development of the theory of strong interactions.

The purpose of this note is to point out a very
special kinematical feature of this system that
completely accounts for all the features of the
decay. We first note that the gm system is known
to couple to 6(970) resonance. Assuming that 6

also couples to the q'm system with comparable
strength, as expected from the quark model, we
show that inclusion of this resonance leads to the
elimination of the Adler zero from the matrix
element, an enhancement of the decay rate,
while at the same time accounting for the flat
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gm distribution.
Using standard current-algebra technique and

partial conservation of axial-vector current, one
can show that the matrix element for off-shell
pions satisfies the constraints

T( q, = 0; q, '= m, ') = T(q, ' = m, '; q, —0)

where o„„,= (7l'~m„uu+ m~dd~g) and E,= m~.
This contribution can be estimated using SU(3)
and the standard Gell-Mann-Oakes-Renner mod-
el for chiral-symmetry breaking".

2o„„/E„' = —1.

=0,
T( q, = 0; q, ' = 0) = —2o „„i/F,',

Expanding the off-shell g'- g~m amplitude in1

(2)
~

powers of q, and q„we have

T(q„q,) =A+B(q, '+ q, ')+C(q, q, ) +D(q, p')(q, p)+E(q, p)(q, p'), (4)

where A= —2o«, /E, ' and B =-A/m, '. The parameters C, D, and E are functions of the invariants
s =(q, + q,)', t=(p+ q, )', and u=(P+q, )'. These are not determined by current algebra'; however,
their magnitude is constrained by the restriction on g7T and wm system. Although we could write dis-
persion relations for the functions C, D, and E with subtraction points fixed to yield correct current-
algebra restrictions, this procedure is cumbersome and adds no more insight than using an effective
Lagrangian which vanishes in the limit q, -0 or q, -0. We assume c and ~ dominance for m7T and gm

final states' and write

Z'=. g~~g7f~ ' ~~77~ g +gqg~6 8„7T~ g + g~~~r E'~~/~ g + gq~~E'~p778 7t.

The amplitude T which obeys current-algebra restrictions can be easily written as'

T = ","'- [- 1+ ( q, '+ q, ')/m, ']
Er'

(P'P)(q, q.)-
C&7Jm 8&7)q

(5)

(p'q, )(p q,), (p'q. )(p q, )-g~~ gmgqzm pf/~ Q )meal g mg t
(6)

Now although the last term of Eq. (6) satisfies current-algebra restrictions by vanishing in the limit

q, -0 or q, -0, there are large contributions in the physical region. 1n the rest system of g', we have

4(P ' q, )(p .q, ) 2m„E,(m„.' —m„' —2m„.E,)
m~ -u —vn~F~ A~+ 2m„iE, —am~I'~

(7)

where 6,'=mz' —m„' —m, '. Now both 4' and mzI & are very much smaller than 2m„E,. Thus the am-
plitude is, to a very good approximation,

2o», , (m„.'+ m„' —s) 2 PT = "," ,g,„„,g—„—„(s—2m,'), " --,g„,~,g„~,(m„, —m„—s).2 6TJT/ Pl~ —S

We see that the effect of 6 resonance is to re-
move the Adler zero from the physical ampli-
tude. At the same time we see that there is no
structure in the t and u variables either. We
can now estimate the coupling constants from
the known 6-qr decay and with use of U(3) sym-
metry for the coupling constants. This procedure
should yield a crude estimate of the amplitude.
We find, assuming 10 mixing angle for g-g',

2g„~g,„„,=1.16g„ig,g„a,=1.16g

Using I'(& —7lm) = 50 MeV, we find g~„,'/4m = (5.6

&&10 ')m, '. The matrix element is best written
in terms of the Dalitz variable

y =[(m„+ 2m, )/m, ]T„/Q —1,

where T„ is the kinetic energy of q and Q = m„,
—m„—2m, . The relation between s and y is given
by s = [6.77 —2.4y] m, '. Substituting the values of
6(970) and e(700) we find for T =M(1+ oy) the
values

(9)
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The partial width is then given by'

r(n'- Ws) = 3IMI'[l+ 0.24m+ 0.27a']
= 210 keV. (10)

Vfe thus find a width enhanced by almost a factor
of 70 from the naive current-algebra result.
The dominant contribution to the decay rate
arises from 6 while the e term yields the cor-
rect slope. To summarize our results, the in-
clusion of 6 and c resonances satisfactorily ac-
counts for the slope parameter and the decay
rate for g'-gmn. The reason for no deviation
from background in the gn distribution and the
absence of Adler zero are understood from the
accidental cancellation of the zero with the 6

pole term.
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We present a set of rotationally invariant observables which characterizes the "shapes"
of events, and is calculable in quantum-chromodynamics perturbation theory for final
states consisting of quarks and gluons (G). We include the effects of fragmentation to
hadrons in comparing the shapes of events from the processes e+e qq, e+e qf G, and
e+e heavy resonance —GGG, and from heavy-quark and lepton production. We indicate
how our analysis may be extended to deep-elastic lepton-hadron interactions and hadron-
hadron collisions involving large transverse momenta.

Experiments' have shown that at high center- Instead, one may use observables which directly
of-mass energies (vs) the final states in e'e characterize the "shape" of each event. Since-hadrons usually consist predominantly of two there is no natural axis defined in the final state
jets of hadrons presumably resulting from the of e'e annihilation, it is convenient to consider
process e'e -qq. Quantum chromodynamics rotationally invariant observables. A set of such
(QCD) explains this basic two-let structure, ' but observables is given by [ F, (Q) are the usual
predicts that one of the outgoing quarks should spherical harmonics and P, (cosy) the Legendre
sometimes emit a gluon (G), tending to lead to polynomials]
three-jet final states.

Previous attempts' to discriminate between two- H, = 21 Q Q &, (0&)—
and three-jet events concentrated on finding a
"jet axis" by minimization, and then measuring
the collimation of particles with respect to it.
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