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Ratios of partial wave amplitudes in the decays of/ = 1 and J = 2 mesons
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We study the two-body decay of mesons using the covariant helicity formalism. We find that to explain the ratio of partial wave amplitudes
(PWAs) of the decay, the Lagrangian must include derivative interactions in addition to contact interactions. We estimate the ratios of the
coupling constants for the vector decays of the axial-vector, pseudovector and pseudotensor meson, and the tensor decays of the pseudoten
mesons by fitting the ratios of the PWAs to the available data and predict the ratios to some new decays.
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1. Introduction Jp, andJc are the spins of the states involved, ahid the

o __ relative angular momentum, then,
Meson spectroscopy has been dealt with in great detail, using

a multitude of techniques in the past decades. In the light me- . . ..

son sector, the quark models have been successful not only in Ja=Jp+Jc+L (1)
explaining the properties of the mesons, but also in F)re‘jiCt'Since all the decays that we have studied involve one pseu-
ing new states - both conventional and exotic, and their deca

Moscalar meson as a produ can be taken to bé.
schemes [1, 2]. Low energy hadronic effective field theoriesi_|ence the angular mgmentfﬁw can take the vallies

have been successful not only in studying the decays of the, Tsl,...,Ja + Jg. However, not all these values of
mesons but have also been used to study the electromagne; re aIIovC/ed.7The angular momehtum must also satisfy the
properties of baryons, [3, 4]. following relation

Often, the coupling constants of the meson-meson inter- '
actions are estimated using the partial widths of the respective (=1)P2 = (=) (-1)">, )

decays. To this end, most of the models employ Lagrangians .
y POy L-agrang here P4 and Pp are the parity quantum numbers of the

that involve the lowest order interactions. When a meson o .
§tatesA andB. The exponent + 1 is due to the angular mo-

spin J decays to a meson with the same spin and anothe wum? and th itv of th d | Thus. if
spinless meson, the lowest order interaction is the contact iffentumeand the parity ot the pseudoscaiar meson. fhus, 1

teraction. Such simple Lagrangian models are capable of eﬁbe statesd and B have thg same parity, then only odd vql—
plaining the width of the given decay. However, they do notUes of? are allowed and vice versa. In the next subsection

capture the complexity and the structure of the interactingive d|§cuss the cqnventlonal partial wave gnaly5|§ using the

states. pherical harmonics. In the subsequent discussions, we do
In this work (based on Ref. [5]) we show that even thoughnOt assume thalc = 0.

the lowest order interactions reproduce the decay widths, arg 4

not sufficient to explairll the properties of a decay process.

To this end, we analyse the partial wave structure of the detg expand the decay amplitude in terms of the spherical har-

cated by Chung [6-8]. We proceed to calculate the ratios ofrom the spin of the states involved. We note that the spin
the various partial wave amplitudes (PWAs) and use them t@f the decaying meson is given by,

estimate the ratios of the coupling constants.
This paper is organized into the following sections: in | Ja, Ma)=|S,ms) @ |, me), 3)

Sec. 2, we briefl_y discuss the partial wave z_inalysis_ (_)f tWO'vvhere|S, my) = |Jg, M) ® |Jo, Mc) is the spin of the

body of decays; in Sec. 3 we apply the covariant helicity for"two-body final state, antf, m) represents the relative an-

m_ahsm to the decays %(1260)’ b1(1,235)’ andm(1670). gular momentum carried by the decay products. The sym-

Finally we the summarize the paper in Sec. 4. bol ® represents the outer product between the correspond-
ing states. The addition of the spin and the relative angular

2. Partial wave analysis of two-body decay momentum is carried out using the rules of the addition of the
angular momenta. Accordingly, we get,

Partial wave expansion

The decay of a mesom] into two (massive) states3(and
() proceeds via the angular momentum channels accordinda. Ma)= Y |6, me, S,m) (L, me, S,mq|Ja, Ma), (4)
to the rules of the addition of the angular momentaJ Af MMy
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where the summation oven,(m,) runs from—S(—/¢) to

S(¢), and (£,me, S, ms|Ja, Ma) represents the Clebsch-

Gordan coefficient that relates the stafla, M4) with the Z liMa_pc|? = Z G412 9
stateg¢, my, S, ms). Thus, we can write the amplitude as [9], spin ¢

For the decays we have studied, the PWAs derived using the
0,¢; Ma)= ZZ Z G (0, me, S,mi|Ja, Ma) covariant helicity formalism are related to the ones derived

oot using the conventional partial wave expansion through the re-
x Ykmg (07 ¢)7 (5) |ati0n,
whereYzw (0, ¢) are the spherical harmonics, and the coef- GsH yp= o o
ficients (G7H) of the spherical harmonics are proportional to =\ s (10)

the amplitudes of the corresponding partial waves.

For the frame of reference where the decay producté” a theoretical study, since we are deriving the decay ampli-
move along the:-axis, § = 0 = ¢. The Eq. ) takes the tude from the corresponding Lagrangian, helicity amplitudes
form, ) would automatically be derived from the polarization tensors

and hence, be Lorentz invariant. This is evident from the fact
that the helicity amplitudes are dependent only on the ratio
E/m (or, equivalentlyk /m), whereE andm are the energy
and mass of the decay product. Thus, it would be logical to
20+ 1 use the covariant helicity formalism in a theoretical study of
x 4 Om,0; (6) the partial wave structure of the decays. In the next section,
where we have used the relations,,(0,0) = we apply the covariant helicity formalism to the decays of the
axial-vector, pseudovector, and pseudotensor mesons. In the
V(204 1) /470pm,0. ) :
subsequent discussions, weuse the notatiprio represent
the PWASG//2 .

iM(0,0; My) = ZZG (0, myg, Sy myg|Ja, Ma)

V4 myp=——

2.2. Covariant helicity formalism

Alternatively, one can extract the PWAs from the decay am-
plitudes using the covariant helicity formalism [6—8]. To do
so, we write the amplitude for the decay process as In this section, we apply the covariant helicity formalism to
) ) _ * . +,1*t=, and2=" mesons. We
iMa_pc(0,¢;Ma) = DIa* . (¢,6,0) Fla (7) the strong decays of thet+, 17—, an
Matls Ms Me restrict the discussion to the decays of the isovector mesons.

3. Application to meson decays

where Dy .. (¢,0,0) is the Wigner D-matrix, and
AMB
FJ{;* .. are the helicity amplitudes. The helicity amplitude 3.1. J=1

is related to the PWAs through the relation
The Lagrangian describing thig (1235) — wn decay is

20+1 ;
J J
Fiipo = ;S: Gis\ o1 given by,

L =1ig% (b ") 4+ ig% (b1 W), 11

X (6,0, 5, Mg — M| Ja, M — M) 9501, ) +igg (b1, ) (11)
here and are the coupling constantd =
x (Jg, Mg, Jo,—Mc|S, Mg — M, g W 95 9% pling "y
(T3, M, Jo | B e ®) Oub1,, — 0, blﬂ, wh” = grWY — 9¥wH, and( ) represents

WhererJé“ is the/S—coupling amplitude. It should be noted trace over the isospin. The first term in the Lagrangian rep-
that the PWAs derived using the covariant helicity formalismresents the (local) contact interactions. The second term rep-
follow the relation resents the (nonlocal) derivative interactions. The amplitude

| for this decay can be written as,

iM = ig% €,(0, Ma)e" (B, Mp) +i2g% (ko ey (0, Ma)el (kr, M)

. . 9% +29% M, E,, My = Mp = +1
i o (0, Ma)ey (k3 M) ) = —i a2
(g5 + 29% My E,, — 29% M, k) Ms = Mp =0

wherey = /1 — 32 = V1 —k2/M2, M, andE,, are respectively the mass and energy ofihandk is the 3-momentum
of thew. The PWAs can be extracted using Ed. énd B8). We note here that the contact interaction alone can produce
higher partial waves. From Eql2), we see that fol/, = Mp = 0, the contact interaction gives a factor-of When the
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3-momentum is smaller than the mass of the mesen,1 — k?/(2M?2) +. ... The presence of higher powers of 3-momentum
implies the presence of the higher partial waves.

The experimental value of the ratio of the PWA8i877 4+ 0.027 [11]. Using this value, we obtain the ratio of the coupling
constants to bg% /g% = —0.687 GeV~2. This value is in close agreement with the value obtained in Ref. [9]. In the absence
of the derivative interactions, the ratio of the PWAs is independent of the coupling constant, and takes theDval8e
This value is much lower than the experimental value indicating that the derivative interactions are essential to describe the

b1(1235) — wm decay. Further, we observe t#gg/g% ~ 1/M; indicating that the derivative interactions are as dominant
as the contact interactions and the two interfere destructively during the decay.

An interesting deviation from this behavior is that of thg1260) — pm decay. The Lagrangian describing this decay is
similar to the Lagrangian given in Eqll). The masses of the mesons involved in both these decays and the 3-momentum
carried by the decay products are nearly identical. Thus, one would expect the two decays to haversiftilaratios.
However, the corresponding experimental value fordh@ 260) — pm decay isGs/Goy = —0.062 £ 0.020 [11]. This value
can be obtained without using the derivative interactions. If we include the derivative interactions and analyse the decay, we
find that the ratio of the coupling constantsyi$/g2 = —0.082 which is much smaller thain/MZ . This indicates that the
derivative interactions are less significant in thé1260) — px decay.

3.2. J=2

In this subsection, we study the(1670) — for (tensor mode) and,(1670) — pm (vector mode) decays. To study the
tensor mode we use the Lagrangian,

Ly = cosOp (957 (M, f577) + gbr (M2,am §5" 7)) | (13)

wherems o = 0am2uw — OuTt2an, fo!' = 0% f4" — 0M f$¥, andfr(= 5.7°) is the angle of mixing between the"+
iso-singlets [12]. The decay amplitudes are given by,

1M=i cos 3 (gnge,LV(G, M )e™* (k, Mp)+2g%,

x [ko k1€, {0, Moy * {ky, M} —ko kY €, {0, Ma}e® ™ {1, MB}] ) (14)
(M3 +2E%) M,
g%T%T%fQ—’_Qg%TMiJ;Eh MA:MBZO
J2 2
=1 cos (B Ey, g Mz, 5 (15)
¢ +g (k* +2M3?)  My=Mp==+1
PT MfQ PT Mf2 I
9pr +29p7Mr, Ep, My =Mp = +2

The PWAs for this decay can be extracted similar to the case of the decay.bithemesons. The PDG list82 /Gy =
—0.18 + 0.06 for the tensor mode [11]. Using this value, we find that the ratio of the coupling constap{s;itg%, =
—0.209 GeV 2. In addition to theS—wave and theD—wave, the tensor decay mode also involves the 4(G) wave.
However, the amplitude of th&—wave is very small compared to thfe-wave. We obtain the ratio of the ratio of the
corresponding PWAs as,

G4 _ 0.0042 + 0.0014, (16)
Go
Also, theG —waves have the same phase as$havaves. Using the values of the coupling constants obtained, we can derive
the ratios of the PWAs for the,(1670) — fi7 decay. We get the values,
G G
22 = 0.0093 +0.0031, —=* = —(7.49£2.7) x 1075, (a7)
Go Go
The very small values for the ratios is due to the fact that the 3-momentum carried by the decay products is very small.
We now move on to the vector mode of the decay£(fl670). We use the Lagrangian given by,

Lyx = igpp(ma upt0”m) + ighr (72,0 POV M) (18)
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to study this decay. Here;}, and gl are the coupling constants for the vector and tensor iteractions respectively and
ptv = ot p¥ — 0¥ p”. The decay amplitude is given by,

iM = —gpp € (0, Ma)e™ (K1, Mp)k§ — gbr
X |:2k0 . k16uV(67 ]\/[A)€H*(k—i7 MB)kg - 21607;; ?ﬁay(ﬁ, Z\/[A)€#*(k_i7MB)k‘5 ) (19)

(9pr + 29pr M, E)) My = Mp = *£1

=5 2 (FE (20)
\/i ﬁ <]\4l;g}]3T + ZQ%TMWQMP) MA = ]\/[B =0
For this decay, the PDG lists the ratio of the PWA&g83$G; = —0.72+0.16 [11]. This is a rather high value indicating that the
¢ = 3 (F)wave is nearly as strong as the-= 1 (P) wave. The ratio of the coupling constantg/s; /g%, = —0.255 GeV 2.
We see that the ratios of the coupling constants for tensor mode as well as the vector mode of the deeaydftteare of
the order ofL /M2, . Using this ratio of the coupling constants, we estimate the ratio of the PWAs fap {h670) — K*K
decay as,
Gy = —0.447 £ 0.099. (21)
G1
The decays of the,(1670) also exhibit properties similar to those for the decay,@1235), viz. the lower order interactions
are insufficient to reproduce the experimental values of the ratios of PWAs, and the higher order interactions play equally
important role in the decay process.

4. Summary and Outlook

o ) ) 'if the meson is a broad state.g., a1 (1260), hy(1170),
Summarizing, we have studied the partial wave structure of¢, (1400), etc). An alternative is to study the decays of
some of the decays of the axial-vector, pseudovector, anghese jsoscalars. Since the non-strange components of the
pseudotensor mesons. We find that higher order (nonlocalygscalars decay predominantly to isovector states and the
interactions are necessary in order to explain the experimengyange component to the kaonic states, the ratio of the par-

tal data on the partial wave structure of the two-body deyjg) widths of these two decay channels will be proportional
cays of these mesons. The lower order interactions and thg fnctions of the mixing angle. The angle of mixing be-
higher order interactions interfere destructively as indicateqyyeen the isoscalars of the+. 1+— and2—+ nonets have

by the relative minus sign between the coupling constants,een studied by incorporating the higher order interactions

The higher order interactions contribute as much as the lowgp, Ref. [5]. This can be extended further to the study of the
order interactions to the decays. Also, the contributions ofsoscalars of the other nonets.

the higher partial waves decrease as the 3-momentum carried Tpe decays of other nonets can also be studied using this

by the decay product decreases. formalism. For example, the PDG lists the'S—ratio for the
The formalism described in this paper can be extendeg|ecay of the exotier; (1600) to b1 (1235)7 [21]. The rather

to the decays of the kaons and the isoscalars of the nonefgiqh, vajue of this ratio indicates that derivative interactions

The mixing between the isoscalars due to the axial anomaly e needed to fully explain the properties of this state. The

is an interesting topic in itself [13-17]. The behavior_ of the 4ti0 of PWAS for the decays of the highémesons can also

meson nonets under th/(3), x SU(3)g transformations  pe| in constraining the parameters of their interactions and
seems to be related to the extent of the mixing between thgecays [22, 23], Similar data exist in the baryon sector also.
isoscalars necessitated by the axial anomaly [18]. The MO, in depth study of the partial wave structure of the decays

common theoretical approach to derive the mixing angle ig¢ hadrons in general can reveal vital information about their
to use the Gell-Mann-Okubo (GMO) mass relations. HOW-potire and interactions.

ever, this leads to situations where the isoscalar mixing an-

gles become dependent on the corresponding kaonic mixing

angles, as in the case of the* and1*~ isoscalars [19]. In  Acknowledgements

the absence of precise information on the kaonic mixing an-

gle [20], the isoscalar mixing angles extracted from the GMOThe work reported in Ref. [5] was done in collaboration with

relations become unreliable. Further, the GMO relations igEnrico Trotti and Francesco Giacosa. This work was sup-
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