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ABSTRACT

The decay modes of the t lepton invol-
ving 1 particles in the final state are
analyzed. Some of thegse channels are
related to the non-Abelian chiral anoma-
1y of @Qcp. It is found that the
T~ > an”nn° mode dominates the inclu-
sive production of n mesons in T decay.
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The measured inclusive one-prong branching fraction of the ¢ lepton,
(86.8£0.3)%, is higher than the sum of the measured exclusive one-charged

1)

particle branching ratios™ ', (70+2)%Z (decays involving more than one neutral
megon are not included in the sum). This apparent discrepancy has motivated an
increasing interest in the study of decay modes with multiple neutral mesons in

the final state,

The experimental results reported during the last few months indicate that

these channels can in fact account for the previously unidentified branching

fraction, (h°=xn",n)

2)

B;—(Z"-—-—vuz'h"n"+ nlno’ ny4 ) - (42.0* 4.4 * 2.5) * (MARK I1°")

However, the available data also seem to show that a sizeable part of this rate

cannot come from the expected dominant pion medes.

For the three-pion final state, a branching ratio of about 6% has been

measured,

Br(z = o n none) ( 6.0% 3.0 2 4.8) (cELLo*’)

{ 6.2 0.6 ¢ 4.2) “/ (MARK 115))

* - - - — -— —
which is consistent ) with the branching fraction for the 1~ » v _n ntn mode

obtained by ARGUS6), (5.6+0.7)%, DELCO”, (5.0+1.0)%, MACB), (7.8+0.8)% and

MARK 119), (7.8%£0.9)%. These results are 1n agreement with thesoretical

. 10
estimates .

11)

Using the e*e™ » 2g%2x~ data, CGilman and Rhie predicted a 1% branching

ratio for the %~ »+ v _n~3n° decay. The experimental information on this mode is
T

still quite uncertain,

*) From chiral symmetry one expects B.(t"*v_m"7n°n®) = B .{t™»v_n"ntn"}.
ym ¥ P - T r T
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B)- (T = v oo ) = (3.0:2.2 24.5) e (CELLO ")

[ X3

.t 44 -
(00260 2 00 ) 7 (R 11°7)

In the CELLO analysis, modes with n particles were not considered, while the
MARK II result is obtained by allowing the © =~ vtnn_n° channel to be present in
the fit to the observed photon multiplicity spectrum, which then gives the
surprisingly large result

5))

Br{e a+<gnpnn") = (422%]t46) 7 (MARK I
I1f modes containing m's are assumed to be abseat, the same MARK II dataS) give a
(2.2+0.4)% branching ratio for the 17 » vtn'3n° decay, but the fit is then
worse .

The Crystal Ball collaborationIZ)’13)

has also reported evidence for the
T ¥ anX channel which could imply a somewhat large (a few per cent) t > vtn‘n°n
branching ratio. However, the analysis is still preliminary and awaits further

background studies and efficiency calculations.

pecay modes with 7 particles in the final state seem then to be more

important than previously expected. Moreover, evidence for the second-class

current channel t% > v n*n has been announced, with a branching ratio comparable
T

to the one of typical first-class decays
Br (2t — = nnt) = (54240 1.2 /. (HRSM))

These results must still be taken with some care in view of the difficulties
inherent to this kind of experiment where a large number of photons are produced.

4)

In fact, while it is claimed1 that the HRS data on inclusive production of n
mesons in t decay is not consistent with a final thﬂ+n° state, the other
experiments do not see the exotic ann+ mode. However, bearing in mind the
possibility of improved measurements whiech would clarify the situation, it is

worthwhile analyzing what can be expected theoretically for these channels.
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At low momentum transfer, the coupling of a state X of n pseudoscalar mesons
to the V-A current can be estimated in a very easy way by using the effective
chiral realization of QCD, which, to lowest order in derivatives and masses, is
given by (f“ = 93.3 MeV)

fc . _ o
) + t '
Lsromg = & Tn(u 2"UT) + v Te(Mu+~uM) (1)
. . . T . *)
The 3 x3 special unitary matrix U = exp(1k¢/fﬂ).1ncorporates the octet ° of
pseudoscalar mesons, which appear as Goldstonme co—ordinate fields §(x); M. denotes

the diagonal quark mass matrix, M = diag(mu,md,ms), and

1 2 1 1 it 1
v F‘H m."o l.“ mkﬁ ] [.1' m“vl ( )
=4 = = 2
Q—(m“’md) {(mn’msi 2 (m‘rm’]
In this realization, the left curreat is given by (& E'K;IJZ)
L= (V-A), =ifuau’
» = J e - L " Ya
., - V3 -
=V b, 2.d ¢ “‘§%'§)‘;f [$,(82.8)]+ ... (3)
N
When the momentum transfer involved is large, the amplitpdes
T fyert) = <X1 L, exp}ifd Ziug 21} Lo> (4)

obtained from Eqs. (1)-(3) must be continued from thresheld by suitable final
state interaction enhancements, which take into account the possible resonance
structures present in each channel in a phendmenological wayls). This can be done
by weighting the contribution of a given set of pseudoscalars, with definite
quantum numbers, with the appropriate resonance form factor. The requirement that
the chiral predictions must be recovered below the resonance region, fixes the
normalization of these form factors to be one at zero invariant mass, I take the

standard ansatz

Mg - & Mg T}
Fgesi = (s)

where MR(FR) denote the mass (width) of the resonance R.

- . n —— — - ek ke ks S o M . it

*) We neglect the n—n' mixing effects.




It is well known that the nn~ state, with quantum numbers JP? = ¢+,1" and
IG = 1*, has a & parity opposite to that of the vector current v12 and therefore
can only be produced in the standard model as an isospin violsiing effect. The
decay width is then suppressed by the -square of the u-d mass difference. The

coupling to the vector current occurs through the n-n° mixing, which gives

LY
\[” M-y M (n 3w (6
Mg+m, mi-ml

The 0% piece of this cufrent is enhanced by the presence of the ap{(980)
resonance and therefore dominates the 1 decay width into the nn~ channel. Using
the knowan) mass (M 983 MeV) and width (P = 54 MeV) of the ap(980) and the
valuel7) (md—m )f(;m+m ) = 0.28 for the quark mass ratio, one finds a width of
7.1%x10"17 gev (2.8><10‘lB GeV) for the T~ + va 1 decay in the 0% (17} channel.

This -gives a total (0%+17) branching ratio

Br(er—as<gnwn) ~ 3.3 40
well below the HRS reported value.

For this mode, ome can alternatively assume ag(980) dominance and use the ag

decay amplitude, i.e., T = v2 fa qu to evaluate the width with the result
0

T(o>v ag) ~ 3,1%x10" %7 Gev.(f_ /1 MeV)2, For the typical values of fao found in

ap .
18) 1.8 Mevlg), 1.340.2 Mevzg)), this gives a similar

the - 11terature {1.5 MeV
branching ratio. In fact, using the chiral realization plus the ay enhancement of

the divergence of the vector current, one can compute fau through the formula

i

2 Bt o~ ) ode A 2 zm b @
a, 1 ]

where ¢{t) is the two-point function constructed with the divergence of the

vector currant a”viz 21). In this way I find fao ~ 1.6 MeV, which agrees with the

values given before.
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As the HRS experiment cannot discriminate between charged pions and kaons,
its measurement is contaminated by the Cabibbo disfavoured (but normal, i.e., not
suppressed by light quark mass differences) decay <~ -+ anK'. The relevant vector

current is here

<
4
]
o
wi
=
+

(8)
which gives the branching ratio

Brn (2° = ~, " K ) =~ 4,2 40

Pathaps not so well known is the fact that the decay modes 7+ v n + nn's
T

"22), but in a different sanse. As the pion and the

with n » 2 are also "anomalous
n have a G-parity -1 and +1, respectively, G(n+nn's) = (-1)" and the n + nn's
system with n odd (even) can only couple, in the isospin conmserved limit, to the
axial {vector) current. However, because of an accidental s&mmetry of the
effective chiral Lagrangian, the axial (vector) current given in Eq. (3) only
couples to an odd (even) number of pseudoscalars. Therefore, the decays
T ovn ot an's break G-parity and should also be suppressed by the (md—mu)2

factor.

The above conclusion would be true if the chiral symmetries of the QCD
Lagrangian were preserved by the quantized theory. However, we know that the
naive Ward identities are affected by the non-Abelian chiral anomaly. In the low

energy world, this implies the existence of an additional piece in the strong

effective Lagrangian, the Wess-Zumino term23)’24), which in turn gives an
additional contribution to the left current
can,) tan,) . N v o, P
L]“‘ = (V-—A}f _-L—;;—-;’Tf-—‘— £f“‘“3 I- L L (9)
LY

The characteristic anomaly structure of this current (i.e., the presence of the

Levi-Civita pseudotansor) just reverses the parity argument:
. n.
Aian ) (V;é )) couples to an even (odd) number of pseudoscalars.
The decay modes T =+ v.n + on's (n»2) are therefore allowed without any

isospin suppression (note that this does not apply for v > vtnn‘ bacause L;an.)



only makes a contribution to systems with at 1least three mesons). Its mere
detection at a non-suppressed level provides an experimental signal of the
non-Abelian anomaly of QCD. Unfortunately, the presence of resonances at the high
Q2 values relevant for the 1~ decay spoils the possibility of making a clean
quantitative test of the anomaly predictions.

The '"anomalous™ channel with lowest meson multiplicity is the rnx~ %" one,

which 1s produced by the vector piece

. wer -
yoman b Emese 2" Tim 2% (10)
> = 4 g w? fw

This mode is enhanced by the presence of the nan p(770) and the nan p(1600)
resonances*). The three-derivative coupling tends to peak the invariant mass
distribution in the high Q2 region where the p(1600) enhancement is present. This
makes the numerical estimate of the rate very sensitive to the exact values of

. . 16
the resonance parameters, Taking the particle data group central values )

(Mp(1600) :*1.59 GaVv, Fp(lﬁOO) ~ 0.26 GaV), one gets a 1% branching ratio for
this decay . However, if the p(l600) is a much broader resonance as suggested
25)

by the e*e”™ » 4q data
10)

, the decay rate is smaller. I take T
26)

o(1600) ~ %-> eV,

which is also favoured by the ete™ » mutn~ results . This gives

Br(2 = <« 1N %) ~ 03 %

*) A possible p(1250

?ance in the mnmn channel 1is excluded by the e%*2™ »
nrtn” measurements

M\./
(=)
vd
Mo
~I5

*%) This result disagrees with the estimate made in Ref. 22), which gives a very
low branching ratio (Br ~ 4x107"%)}, In this calculation, an nnun p(770)
regonance which interferes destructively with the mnnn p(1600) one is

considered. Morsover, by introducing an additional small coupling g .nﬂ/g '
the authors of Ref. 22) completely kill the p(i1600) contribution. “As ‘shbwn
before with the f estimate, the chiral parametrization already contains

information about gquantities like f, . Therefore, additional narrow width
couplings should not be introduced. 0



The next "anomalous'" modes in order of meson multiplicity are the one-prong
7 > ann‘n°n° and the three-prong 1~ =+ ann‘w+n‘, which are generated by the

axial current

tan. 43 Euuep o -
A)" STT#‘;T 91 2L MO me ‘Bgﬂ'l + nt (1\[‘.’3‘ 1) A I (1)
Y

and therefore the width is predicted to be the same for both channels. The
presence of the mmn 2;(1270) resonance cannot overcome the big phase space

suppression which amounts to a very small branching ratio

Br(t'—ou=1h’ﬂ°‘n°) = Breezragpunntul 2 42 107"

The non-"anomalous" mode nnn~ is also peculiar because, in the chiral limit,
it is not generated by the axial current. This can be understood by noticing from
Eq. (3) that the three-meson axial current is in fact constructed from the two-
meson vector one, (35 @), which obviously cannot give any nn (antisymmetry) or nm
(G-parity) contribution. When masses are turned on, this decay occurs through the

divergence of the axial current

O L M P (12)
FooT s by
but, of course, at a very low rate
Br (2 = «, 177 %] =~ 44 0™"

There are only four additiomal modes, with meson multiplicity three, which
contain 1 particles in the final state: nK°K™, nn—E°, ni"K” and nnK~. As these
channels contain kacons which have no definite G-parity quantum number, they get
contributions from beth the normal ani an%malous currents, except for the mnk~

an.

final state which does not couple to ‘VI.1 because the twe etas cannot be in an

antisymmetric state.

Tha Cabibbo favoured nE°K™ mode is very suppressed because of the small

phase space available, It has a total branching ratio of



P |

By(z-= « M kK" ) o 3.4 40

About 44% of the nK°K~ decay width corresponds to the anomaly contribution. The
same phase space suppression completely kills the already Cabibbo disfavoured

MK~ mode

Brez-as 2y 1181 =~ 4.6 a0™"

The remaining Cabibbo suppressed modes nn"K° and nn’K~, have a bigger phase
space and, moreover, contain resonant K¥* contributions which enhance them

slightly, giving the branching ratios

Br t2-» ut"Lﬁ'l-("’: ~ 2.2 4o

Br(e ey nn k1 ~ 6.8 {0

In conclusion, the inclusive production of n mesons in the 71 decay is
dominated by the purely "anomalous" channel 17 + ann'u°. This provides a nice
qualitative signal of the non-Abelian chiral anomaly of QCD. The quantitative
estimate of this decay mode is quite uncertain because of the not very well known
nun p{1600) resonance. Although a branching ratio as large as 1% can be obtained

by using a "narrow" p(1600) width of T ~ 0.26 GeV, a more moderate result

p(1600)
of about 0,3% is obtained for a broader p(1600) (Pp(lGOO) ~ 0.5 GeV), as
suggested by the e*e™ + 471 and e*e”™ + mmn measurements.
Note added
- - o 28)
An estimate of the 1~ -» v onmon decay rate has recently been done by

relating it, through an isospin rotation, to the experimental data on
ete~ » mutn~. In this way a branching ratio of about 0.2% has been found. I thank

J. Ellis for making me aware of this reference,
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