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Decay Z°— #%y reexamined
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The decayz’— 7%y is treated using a relativistic nonperturbative quark model for the pion. The model
assumes that the pion is made ofjq valence pair and of an effective neutral component representing the
nonelementary excitations of the quark-gluonic field responsible for the confinement. The decay width is
expressed in terms of the pion decay conskEpntnd of current quark masses. Its value calculated for 2 MeV
=m,<8 MeV, 5 MeV=my=<15 MeV is at least four orders of magnitude under the experimental upper bound
but in agreement with other theoretical models.

PACS numbgs): 13.38.Dg, 12.39.Ki, 13.40.Hq

It was recently showil,2] that the soft pion techniques In accordance with the above assumptions, thmeson
[3] are not applicable on the°— 7%y decay. First theoreti- State was writtef5]
cal estimation was then given by resorting to the standard m . m
theory of the electroweak interaction supplemented by arpwi(p)>=f d3pgd3q—d4Q<p(p,q;Q)u(p) ysv(Q)
effective wqq coupling which led to a quark triangle dia- €
gram[1,2] of the kind already known from the neutral pion
decay[4]. X 89 (p+ag+Q—P)x"™\iy@'(Q)a'(p)b'(q)|0),
A careful analysis of the elementary processes implied by 1)
this model shows that the existence ofrgq Hamiltonian - )
introduces, in addition to other quantum fluctuations, thevherea’, b’ are the creation operators of the valence quark

spontaneous creation and absorption from the vacuum of @nd S\_ntiquafk(supposeq totrk:e I]iree btare par_tic)l«:md u'll.’ ;
pion and of a quark-antiquark pair. This is questionable,are Irac spinors ensuring the Loreniz-covarant coupling o
the quark spinsy and ¢ are vectors in the space of flavors

since i_t is as if f[here were_in the same time elementary qu_arkgnd)\i is the Gell-Mann matrixb(Q) represents globally

and pions. This feature is hidden in the Lorentz covariang the other internal excitations of the quark gluonic field

form of perturbation theory, but it can be easily seen in th&yhich are far from being elementary. Their total momentum

noncovariant form, where the structure of the quantum ﬂUC'iS Q (P(p,q,Q) is the time_independent internal distribution

tuations participating to a certain process appears moref momenta corresponding to the equilibrium state.

clearly. For this reason we consider that in such processes Assuming, as usually, the independence of the strong,

involving quarks and hadrons, the effective quark-hadrorweak, and electromagnetic interaction, tiematrix element

coupling should be avoided and hadrons have to be treated @6the gauge boson decay in the lowest order of perturbation

systems of quarks. with respect to the weak and electromagnetic interaction is

Starting from this observation we proposed recently a

relativistic quark mode[5] where the hadrons are systems <7To’y|.§/120>:f d*xd*y(mry| TTHYe¥x)He™y)

made of valence quarks and some other, more complex ex-

citations of the quark gluonic field, which cannot be repre- X Ug(+00,—2)]Z%, 2

sented in terms of a few elementary excitations. The funda- . I . .

mental conjecture of the model is that a system of this kind i%/vher.e the W(—:ak and electromagnetic Hamiltonians involving

. L > . he fields of interest for our problem afé|

in a stable equilibrium state as long as it is not subjected to

an external interaction. Conversely, any interaction of a had- g _ ‘ .

ron with some other external field can be viewed as a per-H"*{x)= > coT _Zd i (%) Y*(9y = 9aYs) Gi(X)Z,,(X),

turbation of the equilibrium state. This conjecture will allow W= )

a separate treatment of the structure and interaction of the

hadrons. In this respect our model recalls the Furry represen- . _

tation in QED[6]. There, as in our model, the interaction of H m(X)Zei:EUd 9i0i(X) v, AiA*(X), 4

a bound electron with the electrostatic field of the nucleus is ’

introduced by means of the stationary internal wave functiorwith q,(x),qq(x) the up and down quark fieldgg the

and is treated separately from the interaction with the exterquark electric chargesyy, =tg (i) —29;Sifly, ga=ta. (i),

nal radiation field. As it will be soon clear, in some cases, aqndtg, is the weak isospin of the quarks.

for instance the present one, this separation introduces sub- In Eq. (2), U4(t,t’) is the time evolution operator which,

stantial simplifications. according to our dynamical conjecture, describes the evolu-
tion of a quark system perturbed by an external interaction.

Introducing the explicit chronological order, the matrix
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f d*xdy( 0y | TLH"H y ) HEM ) U o+ 0, — ) ]| Z0) 7 ®

_ f d4xd4yein_iky8’ZLo€;[<7T| Ue(+,¥0)j SMy)

X Ue(Yo axo)jn/eaiix)ue(xo ,—)[0)8(yo—Xo)
(T Ue(+2,%0) ] " (X) Uel(X0,Y0)i 5Y)
X Ug(Yo,—*)|0)8(Xo—Yo)]- (5

Matrix elements such &%) have been evaluated by using
either a perturbative expansion of the time evolution operator
U(t,t’) or some nonperturbative methods, such as, for in-
stance, the operator product expansion which considers the
modifications produced on the nonlocal product of currents
by gluon exchangg8,9]. Instead of this, we suggest preserv-
ing the free field form of the currents and looking at the
action of the time evolution operator on the quark systems
originating from the initial and final states. Then, because of
the specific dynamical conjecture of our model, the expres-
sion (5) can be essentially simplified in some particular
cases. Indeed, observing that the initial state contains no had-
rons and that the pion is the single one in the final state, one (b) time
concludes that there is no external interaction other than
those already treated perturbatively which can disturb the
initial and final state before and after, respectively, the inter- FIG. 1. Quark diagrams for the matrix elements in E5). The
acuon Of the quarks W|th a gauge boson |t fOIIOWS thereforénternal lines represent On.'maSS‘She-" quarkS and <’?1I’e |abe|ed bythe
that the time evolution operatorsUq(t,—=) and quark momenta. The vertices denoting Fhe quark interactions with
U(+%,t') wheret andt’ are the moments of the first and the gauge fields are drawn in chronological order.

second interaction with a gauge boson can be replaced yotion by emitting a photon and gives rise, together with the
unity. other quark, to the final pion.

It remains then to analyze only the effects of the time For the calculation of the decay width, it is important to
evolution operatotJ(t,t") on the quark system originating know what happens with the excitations of the quark-gluonic
from the first quantum fluctuation involving a gauge bosonfield appearing in the time interval between the creation mo-
and transforming into a pion as a result of a second quanturnment of theqq pair and the moment of the photon emission.
fluctuation implying a gauge boson. In fact, we have to de- Observing that the pion is the single particle in the final
scribe the modifications produced by the quark gluon interstate which could take in the excitations of the quark-gluonic
action in a free bargq pair in the time interval between two field, we conclude that these excitations must be found in the
interactions with gauge bosons. Globally, this can be seesffective componend of the pion and their total momentum
like a momentum transfer process from the quark pair to théras to be equal with that carried ldy. On the other side,
surrounding quark gluonic field. since® is a component of a pion moving with very large

Starting from this conjecture and using the analogy withvelocity, one can expect for its momentum to be large in the
the bremsstrahlung, we shall analyze further the effects opion direction.
the time translation operatddq(t,t’) and finally conclude However, in the kinematical situation of interest, because
that, in the given kinematical situation, it can also be re-of the symmetry in the quark-movement, the total momen-
placed by unity. For transparency of the physical argumentgum transferred to the quark-gluonic field, during the slowing
we shall work in the following with the explicit chronologi- down must have a rather small spatial component. One is
cal order of the quantum fluctuations, treating separately théhen forced to conclude that the excitations of the quark glu-
two terms appearing in E@5). onic field, created by slowing down the quarks, cannot be

The first term in the right-hand side of E(p) describes absorbed into the final pion. This means that in this case
the decay of the gauge bos@f into aqq pair, followed by there cannot exist any momentum transfer from the valence
the emission of the photon by one of the quarks and theuarks to the surrounding quark-gluonic field and hence the
formation of a pion[Fig. 1(a)]. In the rest frame oZ°, the  quark momenta do not change since the moment of their
first process gives rise to a quark and an antiquark moving icreation until the emission of the photon. Consequently, the
opposite directions with equal and very large energies. Aime evolution operatot)(yg,Xg), wWhich is supposed to
“QCD-inspired” argument says that the confinement of colorintroduce the modifications produced in the initial quark sys-
will force them to slow down by transferring a large part of tem by the interaction with the quark-gluon surrounding
their energy to the surrounding quark-gluonic field. After afield, can also be replaced by unity in the first term of Eq.
while, one of the quarks changes suddenly its direction of5).
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This term can be easily evaluated by introducing the ex-

pression of thed function

1 eirxo
0x0)= 57 | 47 e

the plane wave decomposition of the quark fields

e2

m.
SO(Z0— mOy)=—i(2m)* (K- P—k) —=ekoel, > fd?’p—'de‘q—
j=u,d

V2

X 5(Mzo—e(p)—e(Q)—ko)3¢(P,q;Q)<0|<1>(Q)|0>[Tf( Vs

e(p)yoty-p—m,
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(X)_—f d3 —[e ‘p'xa(p)u(p) eip~xb (p)v(p)]
¢' —(2 )3 pe
(6)

and the free field canonical commutation relations
[a" (p).a;(p )]+ =[b;" (p).b;(p")]+

e(p)

=(2m == 6,0 (p-p). (D)

A straightforward calculation then gives

mp 4 3) _
e(p) e Q0 PFATQP)
(p+m) e(@yoty-g+m, (d—mj))

o m; 1 1 (p+my)
e(q) 2e(q)— Mo s 2m, Yu
wherek=e(k) y°— y-k,

2(1 2 . :
S=-3 ——§S|n20W /(sinBycoshy),

1/1 1 .
Sd:§(z—§sm20\,v) /(sin6ycoshyy).

g—m)| m; 1
(q mj)) m; }, ®)

2m; Yy 2m; | e(p) 2e(p)—Mzo

We pass now to the second term in E§). The first
fluctuation here is the creation from the vacuum of a photon
and of aqq pair. The second fluctuation is the absorption of
the gauge bosorz® at rest by one of the quarkFig.
1(b)]. Noticing that in this case the amplitude &
absorption is proportional  with e“u(v)(p) y,u(v)(p)
=gh-p,u(v)(p)u(v)(p), it follows that a pseudoscalar,
such as that in Eq10), required byCP invariance, must be

Using a relation obtained in the case of the leptonic decay ofP'med from the polarization vector of the photon ahdee

the pion[5],

w

8(Q),
©)

3 Q(0l(Q)0)=i ——
#(P.q; Q0| (Q0) =i T e s

where F_o is the pion decay

notation, one finally has
SN2~ 70y =—i(2m)*6D(K-P—k)

X sf‘zo)sz’wewaﬁP“Kﬁ.ﬁD(Zoﬁ w%y),

(10
where
16ma2F oM
.7“)(20—> 7TO'y)= \/_ 5
(Mypy+mgpg)M7
Mﬂ.+ 2p]
Xj;u:,d Sjmjln 2—|'T\J (11

with the fine structure constamat~1/137.

constant and

p;= 3 M, 1-4m’/M?, performing the trace and the inte-
gration over the quark momenta, and introducing a covariant

momenta. This leads to a vanishing final result since there
are onlytwo independent external momenta. Therefore the
amplitude(11) is the total amplitude of the decay process

and the decay width is

I'(Z2°—7%)
327Ta2F1270|\/|fT M.+ 2p; 2
B M zo(myp,+Mgpg)* i:zU,d Simyin 2m;
(12

For a comparison of the decay width2) with the experi-
mental data and other theoretical results, we represent it in
function of my with m, parameter in the domain of current
guark masse§7], 2 MeV=m,<8 MeV, 5 MeV=my<15
MeV, for F_o~93 MeV, sirfé,~0.23 (Fig. 2.

One sees in Fig. 2 that the partial decay width obtained in
our model is at least four orders of magnitude under the
experimental upper bound which is 1370 2 MeV. Our
results are of the same order of magnitude with other theo-
retical estimation$1,2,9,1Q, giving a partial width of about
10"8 MeV. Comparing their methods with ours, it can be
seen that the difference comes mainly from the treatment of
the wqq coupling. Indeed, the introduction of thug pair by
means of an effectiverqq interaction Lagrangian leads
through Wick’s theorem to the Lorentz-invariant quark tri-
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FIG. 2. The decay widtti12) represented as function of tlte
quark mass withm,-like parameter. The graphs,B,C,D corre-
spond tom,=2,4,6,8 MeV, respectively. The gragh represents
the experimental upper bound.

grams in Fig. 1 are just two of these six diagrams, one con-
cludes that our model rejects the quark diagrams where the
quark and/or the antiquark in the pion coexists with the pion

itself. This is explicitly the result of the definitiofl) of the

pion state.

The remarkable fact that various approaches, such as op-
erator product expansid®], constituent quark model4,2],
current algebra, and axial anomaly0] give small values of
the branching ratio can be explained by the overall presence
of the factor 1M§ in the decay amplitude coming from a
far-off shell quark. In our model this factor is because of a
guantum fluctuation whose energy is far under the energy of
the initial statg Eq. (8)], which is mainly the same thing as
above.

One could finally ask if it is possible to immediately
transpose the result(12) to the W*—a*y and
Z°—W* 7" decays. The answer is negative, because in
these cases one has additional contributions from a parity-
violating term in the decay amplitude, analogous of the axial
form factor in 7= —1* vy decay. The first term in Eq5)
can be calculated by taking into account the additional con-
tributions and by following the same arguments as above but
the second term cannot be so easily rejected because the

angle diagram with propagators for the internal quark linesargument used iZ°— 7%y does not hold in these cases.

One must recall, however, that this diagram is nothing else The evaluation of theW*— 7= and Z°—W= decay

but a sum of six quark diagrams corresponding to the sixvidths would require more detailed information about the
different chronological arrangements of the vertices, wherénternal wave function of the pion and the mechanism of
the internal quark lines represent projectors on the positive anomentum transfer between the bare quarks and the sur-
negative energy states. Remarking now that the quark diaeunding quark-gluonic field.
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