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7—n(n')2wv, 3wv and the WZW anomaly
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It is found that the branching ratio af— %' 27 v is two orders of magnitude smaller than thatref 727 v.
The branching ratio of— nmmrv is calculated. The theoretical result agrees with the data. It is the first time
that the anomalous Wess-Zumino-Witten vertgxa is tested. Ama, resonance is predicted in the final state
of the three pions. A prediction of the branching ratioref ' w7 mv is presented.S0556-282(98)00403-3
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All the hadrons produced in hadronic decays are mesons Zumino-Witten action is derived from the leading terms of
made of light quarks, therefore, themesonic decays pro- the imaginary part of the effective Lagrangigfl. In this
vide a test ground for all meson theories. Chiral symmetrypaper the Lagrangian of Rdl] is used to derive all vertices
plays an essential role in studyingmesonic decayil]. The needed. The expression of the axial-vector currérg=0)
Wess-Zumino-WitteWZW) anomalous actiof2] is gen-  of mesons presented in Rdb] is taken. The calculations
eral and model independent. It is an important part of thedone in this paper are at the tree level which is supported by
meson theory. A test of the WZW action is very significantthe argument of largél: expansion4]. It is necessary to
in the physics of strong interactions. Various anomalougoint out that in the studies of this paper there is no new
WZW vertices were used to calculate the decay widths oparameter.
mesong 3,4]. The 7 mesonic decays provide a comprehen- The anomalous vertices can be found in the WZW action
sive test ground for the WZW anomaly. The abnormal ver{2,3]. The formalism of the WZW action is model indepen-
tices npp and wpm derived from the WZW anomalous ac- dent. However, the meson fields in the WZW action need to
tion were studied5] in 7 mesonic decays. In Ref6] we  be normalized to physical fields by the normal part of the
studied more abnormal mesonic decays. It is pointed out in Lagrangian(see Refs[3,4]). In Ref.[4] a method is devel-
Ref.[7] that the» production inT decay is associated with oped to derive the anomalous vertices which are found to
an anomaly. Recently the CLEO Collaboration reported éhave the same expressions as the ones obtained from the
measurement of the branching ratioof: »(3h™) v [8]: WZW action. In this way the meson fields are normalized to

physical mesons. In this paper we use the method presented
B[ —v,(3h7)7]=(4.1+0.7+0.7) X 10 *. (1) in Ref.[4] to derive all anomalous vertices needed.
We first present the study af— #(7%')7mv which has
In Ref.[7] an abnormal axial-vector current gf and pions been studied by many authds]. As pointed out in Ref(5],
has been constructed to calculate the branching ratio dfoth the contact term and the anomalous verpx contrib-

7— n3mv. The theoretical prediction is ute to 7— parav. Using the Lagrangian of Ref4], these
vertices are determined without any new parameters. The
1.2x10°° anomalous WZW vertices derived in R¢#] are
which is less than the experimental value by more than two N
orders of magnitude. The decay- 3 mv is caused by the Lopp= > ghvaBy
axial-vector current and, as pointed out in Réf], by the 2mg°f,
anomalous meson vertex. The result of R&f.indicates that

resonances should be taken into account. As shown in the %
studies[1,5,6], resonances play an essential rolerime-

sonic decays. In this paper we are going to find all anoma-

lous WZW terms which contribute to this decay mode. In

2 1 A A
_ o . 1 1
\/;smm— ﬁcose) 9uPy9aP g

N
constructing the anomalous vertices, the resonaacesdp o= =5 C2 ghvaBy!
need to be taken into account. In doing so, an effective chiral 2meg°f,,
theory of mesons is required. 5 1
In Ref. [4] an effective chiral theory of three nonets of > \ﬁcosenL “sinlo o g @)
iall . 3 ,u.pv apB!
pseudoscalar, vector, and axial-vector mesons is proposed. J3

This theory has been used to study meson physics at low

energies. So far, it has been phenomenologically successfuthere §=—20° andf,=f,,=f_ are takeng is a universal
The chiral symmetry breaking scafe is determined to be coupling constant and is determined to be 0.39 in R&f.

1.6 GeV[4]. Therefore, this theory is suitable for studying £,,, was used in Re{5]. Besides the verticel?), there are
mesonic decays. Our studies pimesonic decays based on other vertices which contribute to these two decay modes.
this effective theory are presented in Réf]. The theoretical Using the same method we used to derive E8s[4], we
results agree with the data reasonably well. The Wessabtain

0556-2821/97/58)/17904)/$15.00 57 1790 © 1997 The American Physical Society



57 T—n(n')27v, 37v AND THE WZW ANOMALY 1791

c ° \F i+ —cogd v
rr=—3—=| — \/ 3SiN6+ —=co
np wzgfi 3 \/5

1-—- —) s"“’“ﬁeijk 7]0"#piy5a7Tj ﬁﬁﬂ'k,

n
> w a E . > w a1, T (4
9 g (@) ®)
L 2 \F 9+ ! 0 '
Y =CO —sin
e Wzgf?T 3 \/§ >K_ a1, T P >K_ a; !
4c  2c? ’ "
(<) (d)

4c  2c?
X

©) FIG. 1. Diagrams of the decay— pmmmyv.
wherec=f2/2gm’ . Using vector meson dominan¢gMD), 1
the d|re<_:t couplings 0f7_7(77’_)mr7 are obtained from the + —cos Eijksﬂmﬁnaﬂpiﬁaﬂjﬁﬁwk, (6)
Lagrangiang3). As studied in Ref[9] long ago, the abnor- J3
mal Lagrangiang3) are from the box anomaly. Therefore,
the decaysr— npmmv provide a test ground for the box Nefa (2% 2 1
anomaly[9]. All the parameters in Eq$3) have been fixed. £,]a,,m,=—2( f_> - §sin0+ Tcosﬁ
In the final states of the decay— n(#»') wmv caused by the (4m)*\ T 3
vertices (2) the two pions have @-resonance structure, 10c 8c2
while for the decay amplitudes determined by E@.there 1% ( 1- =24 _) ehveBpg al g w29,
. A 3 342 Y a B
are nop resonances. Because of the cancellation in the factor g g

1—4c/g—2c?/g? the contributions of Eqs3) are smaller. )
This result has been obtained by Braaten, Oakes, anfb[.se

This is similar to the decay— mmm which is dominated by  wherea!, is thea,; meson field and ; '=g(1— 1/272g%) Y2
the VerIEprﬂ' and the contribution of the contact term The vertices related t@]’ meson are obtained by using the
wmm is small[3,4]. Using the VMD and Eqs(2),(3), the  substitution

decay branching ratios are calculated:

2 1 2 1
B(7— pmar)=1.9x10 3, - \ﬁsin6+ —Ccos —>( \/:COSG-I- —sind | n’
3 NE g 3 N
B(7— n' mmv)=0.44X10"°. 4
(7= mm) @ i Egs.(5-(7).
The calculation shows that 28% Bf r— n 7 mv) is from the The verticesC,,» andL,, ., are involved inT— 7 mv.
anomalous contact terng8). The data are They are presented in Refgl,6]:
B(r— pmmy)=(1.71+0.28 X 1073 [10], La pn=€ij{AQ, plHm*—Ba, plo" 7", ®
B(r— ' wmvr)<0.8x10* [8]. ° m ., Jc 3 2c
) ) A=f—gfa ?—m,ﬁp —+ > 2 1-—
Theoretical results agree with the data. ™ g°fa 9 4nvyg g

The decay process— parm v is more complicated than
the ones studied above. Only the axial-vector current contrib- 2
utes to these processes. The WZW anomalous interactions of q
mesons cause these decays. More vertices are involved. The
Feynman diagrams of these decays are shown in Fig. 1. 5 1 2¢
The derivation of these vertices is lengthy. As B=— f_gf _( 1— _> , (10)

done in Ref.[4] by calculating — (2i/f ,)mzn(¢ysy) and
—(2i/f )mp(yrgysyy), we derive all anomalous vertices

e . 2 o 2
contributing to these decays: D)m:_eijkaﬂJ Gk :
) g m?f2g
L fa pap ( \F g+ — sﬁ)a 5,4l 2
= et Pyl — \/5zSind+ —=co a,d.ag, 2c _ _
©)

3 2
) 1___21 - \ﬁsina where p is the momentum of they meson andqg is the
3 momentum ofa;. These vertices have been used to calculate
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the decay widths o&,— pr, 37, the ratio ofd/s, the width  »— vy, p— 7y, 0o— 79y, ¢— v, and r— pmmv. How-
of p—arar, and the width ofr— 3w [4,6]. The theoretical ever, itis the first time that the anomalous WZW vertgy,
results agree with the data. has been tested.

The axial-vector current is needed to calculate the decay Using the vertice$5),(8),(11) and the axial-vector current
rates of r— NTTTY. In terms of chiral symmetry and dy- of Ref. [6] in th.e chiral limit the amplitude of the decay
namical chiral symmetry breaking, the expression of ther— 7pmv is derived as
axial-vector current of mesons is obtained in Héf. [Egs. A
(10),(23),(24),(25)]. We used this axial-vector current to cal- (n(P)p°(K) (1|77, 75¢10)

culate somer mesonic decay rates in Rg6]. Theoretical i £2 5 1
results agree with data. Using the axial-vector current and the S _a( - \/:sin0+ _Cosg)
vertices[Egs. (5)—(11)], the decay rate of— pmramv is V8ww'E 7 3 J3
calculated. In the subprocesses shown in Fig. 1 there are e 2 e-1 [ 5
anomalous vertices and normal vertices. The anomalous ver- gfam;—if, Vo2 5(0?)

tices are at the fourth order in onv energy expansion, hence q2—m§+i \/?Fa(qz)

the strengths of anomalous vertices are weaker. This argu-

ment is supported by the narrow decay widths of ghand 1

f,1(1280) mesons whose decays are a result of anomalous e T >

vertices[4]. Because the verticg$),(11) are normal and at A1 ma+|\/q—11“a(q1)

the second order in the low energy expansion, the strengths X{A(Q2) g+ Bkgkyte# g, 01 4%, (12)

of the verticeq8),(11) are stronger. Therefore, theand the

a; mesons have broader widths. Only the anomalous vertewhereq=p+k+k’, q;=q—p, andk, k', andp are momen-
L anmr cONtributes to the subprocess shown in Figa)l tum of the pionp and 7, respectively. The width of the,
therefore, the contribution of this process to the decay igneson is derived from the verté®)

small. For the subproce$Eig. 1(b)] there are normal verti- K 2

ces and anomalous ones. For the anomalous vetigx.. T.(g%)= a 3+ 2 A2(q?)

(6), because of the cancellation in the factor—4c/g 127 \Jq2m, m’

—2c?/g?), the anomalous verteX,, .. (6) is very weak. 5 ,

The contribution of this subprocess is small. In the third 2 L L

subproces$Fig. 1(c)] there is ap resonance. The minimum —2A(g%)B(q +mp)ﬁ+kaFB (13
4 14

of g2 of this p is m,+m,=1.32 GeV which is much greater
thanm, . This effect suppresses the contribution of this subwherek=(1/49%)(g?+m>—m?2)2—m?. Making the substi-
process. Numerical calculation supports these argumenttution g°—q? in Eq. (13), theT'4(q3) is obtained.
The contribution of these subprocesses is less than 10% This matrix element has the strength of the verI@l(m,.
which is ignored in this paper. Finally, only the fourth sub- | the matrix element13) there is a second, resonance,
procesq Fig. 1(d)] survives. There is no cancellation in the
anomalous verteX,,, and the strength of the normal vertex 1
La,- is strong. Therefore, we expect that the diagram Fig. 2_ 2. 2y
1((5)) is the major contributor of the decay— nwwav. G~ ma ! \/E%Fa(ql)

The discussion above leads to that the proeesszp7v  The minimum ofq? is (m,+m;) which is less thamm,.
is dominant the decay— nwwav. The Feynman diagram, Therefore, the matrix element is enhanced by the seegnd
Fig. 1(d), shows that there are two subprocesses in this deesonance. These two factors make the subprd&égsl(d)]
cay: 7— ma,v anda;— pw. As mentioned above, the former the main contributor of the decay— nmm#v. The term
is caused by the anomalous vertgy,, (5) which has never ngamﬁ comes from dynamical chiral symmetry breaking
been tested before and the latter is a result of the véBex which is the origin of the mass difference of thgand thep
which has been tested. It is necessary to point out that thmesong6]. Using the matrix element, in the chiral limit the
anomalous vertice£,,, (v=p,w,¢) have been tested by decay rate ofr— npmrv is found to be

G? 1
- 0 — \_ " 2_ 2
di'(7"—nyp 7 v) (277)5b0§661152m3q2(mT q

2 _
(s 2q0) | 12 ) migf+ £ 27T 3(q?)

7
(q>—m?)2+q°T3(q?)

e

1 [ (9-p)? 1 1
X 3A%(g? 2 a2 V= ZA(a2)B(d-D)2—T(a2—a2.)3
(q%_m§)2+qirg(q%)l (ql qz (Qmax qmln) 6 (ql) (q p) q4[(q qmln)

— (92— 0220 ° 1+ [A2(q3) — 2A(q%)Bk- k' + B?(k-k')?]

(9-p)?
12mg*

X [(qz—qﬁm)S—(qz—QﬁqaxF]] do’dq?, (14)
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where B(r~ — np°7 v)=2.93x10 “. (15)
1 Theoretical result agrees with the data reasonably well. This
2 _ 20 T a2 42 2.2 theory predicts @ resonance structure in the two pion state
=m‘+ yme+1e+1), - i
Amax= M, \/q—i(q an(Nm; ) and aa, resonance in the three pion state of the decay
T— NTTTY.
L Because of the value o, the decayr— »'pmv is for-
bidden. Only the diagrams, Figs(al and Xb), contribute to
2 _ 20 T 2 2\ [ 212
Omin= M, \/?(q qp)(vm,+17=1), the decay. Because of kinematic reasonghesonance am-
! plitude in the amplitude derived from the vertéx, , .. pro-
A ) vides a very strong suppression. The contribution of this dia-
where  I=(1/2Jgd)(qi-m?) and a,=—\2/3si  gram is completely negligible. The decay rate derived from

+(1/4/3)co®. The branching ratio is computed to be

_ GP’cos9  p?
92162)" 48m3q*

Al (r =g’ wta 7 v)

X

2N¢ ( 2 )4 \F 1
F= - 5COsH+
(477)2 fﬂ' 3

whereg®=(p,—p,)? andp®=(q—p,)?,

1
2 2 2\2_ 2
2t &My —pYmm,,

the anomalous vertek s 5 is

F2(m2—g?)%(m3+20)[ (q*+p?—m? ) >~ 49%p°]*

4 Al 212/ ~2
[(q%+p?—m?,)2—qg?p?] Mg TataTa(d) oy
! (q%—m3)2+q2T'3(q?)
(16)
_ 0)(1 10c 8 c2> a7
—=SINn - —t=—],

B(7— n' wwrmr)=0.64x10 8.

To conclude, it is predicted that the decay rateref »' w7v is two orders of magnitude smaller thans n7mv. The
decay moder— npmmamv provides the first test on the anomalous vertgy,. Theoretical results agree with data.a}
resonance structure in the final stateref nrrrv is predicted. A small decay rate fer— ' v is predicted too. The
formulas of the anomalous vertices presented in this paper are model independent. The coupling constants in these vertices are
determined by fitting to other experiments. The verégxr is derived from the effective theofyt] and has been tested in
many physical processé$,6].
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