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Abstract

We discuss the decays of high spin natural parity resonances L lying

on a leading Regge trajectory. We do this by studying the reaction

\J ?“"‘P'P in a dual resonance model with trajectories which are
nondegenerate in the resonance region. This allows for SU(4) symmetry
breaking in meson decay rates. We also discuss the constraints on the
asymptotic trajectory functions {they are degenerate) when nondegenerate

slopes are admitted in the resonance region,

Cwing to the factorization property of Pegge slopes, and the equal
spacing rule, we find rates which depend only on an overall ncrmalization

’
(and the low ¢ [4 trajectory slope ds Y. Agreement witl dura i good,



I. Introduction

It is well established by now that the nonrelativistie quark model gives
a good description of the low lying quark bound states (including charm).
Less clear is how the quark model can describe high angular momentum
excitations — particularly since these lie on Regge trajectories and
appear in amplitudes satisfying duality constraints, The most compact
and satisfactory description of these states on leading trajectories is
in terms of dual resonance models or, simpler, via a one-term Vemeziano
ansatz for the scattering amplitude. In some sense this represents an
extreme case cof the quark model still not fully accessible through the
standard bound state picture. It is well known that a single term Veneziamo
formula cannot be an adequate description of a scattering amplitude. We
do believe, however, that the simple Veneziano formulation will survive
as a procedure for calculating the couplings of high l_ qq excitations
on the leading Regge trajectories, In particular, it offers a way of
incorporating the symmetry breaking effects of unequal quark {or meson)

masses, It is for this purpose that we will employ the Veneziano model.

Experiment requires that we admit Regge trajectories which at low s {in

1 .
’2. This means that there

the resonance region) do not have common slopes
is no universal spacing of resovmances in (mass)z. The quark model has no
trouble with this, but the same cannct be said of dual resonance models.
If trajectory slopes are constant and are not degenerate, a well-known

disease occurs (noted by Mandelstam 3): scattering amplitudes diverge

at large s as |t] increases.

The trouble caused by non degenerate slopes in the Veneziano model

can be argued away, as done by Iéi ]. One simply assumes that in the
resconance regions the slopes are not degenerate, but that at sufficiently
large s all trajectories become parallel. No fundamental reason for this

is offered, nor can one give the s range whe;e the transition to a universal

slope occurs. We will adopt this idea and iwmploy it to discuss the decéys

of high L qq states,

s 2 . . . . S
In a previous @) article two of us examined the factorization properties

(4}

of the leading Veneziano amplitude for PP-» PP, (P a pseudoscalar in

an SU(4) Eg*-l plet). We found that nondegeneracy of slopes was related to
the breakdown of nonet-type mass formulas for e.g. € , D and J {or SU(4)
breaking of higher than first order). Despite this, the parameters of the
Regge trajectories were not arbitrary. We proposed equal spacing rules for
the trajectories. This and facterization of the trajectory slopes enabled
us to express all slopes (at low s) in terms of one parameter, We then
extracted the coupling constants of a meson of spin L. (on the leading
trajectory) to two pseudoscalars. The resulting predictions agree well with

existing data. {These predictions hold for mesons L. in the low s range

whetre the trajectories are nondegenerate but approximately linear).

In this article we extend the analysis to the case VP=# PP where V is
& vector meson lying on the leading trajectory. We do two things: first,
we study the constraints on the asymptotic trajectories due to the requirement
that correct Regpe behavior appear at very high s. Second, we show that a
simple quark line rule gives all L_\/P couplings in terms of only two

parameters - an overall normalization and the slope of the P -trajectory
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in the resonance regicn. Since we have nondegenerate siopes, SU(4) symmetyy

breaking effects are included.

Section 11 is devoted to the derivation of our rule for L\j? couplings
and the conditions on the asymptotic trajectories coming from Regge
behavior for VP =» PP. Decay widths are calculated in sec. III, and

our conclusions are in sec. LV. Some details are left to appendices.
Appendix A gives a derivation of the LV‘P coupling fromVF—» PP
Veneziano amplitudes. Appendix B contains the decay rate formula for

L=V + ( | has natural parity and arbitrary spin).
II. LVP Couplings

In this section we derive the LVP couplings from Venezianos parametrization

(4)

cf the process

Vie &) + ?,“ﬂl) - 'Pq_f'eiz) + 'Pg(f'f-’;) (2.1

and study the asymptotic comstraint on the Regge trajectory fer this
reaction (we are assuming that only asymptotically are trajectories
linear and of the same siope for all reactions). The vector particle
polarization ig € (momentum k ) and the pseudoscalar momenta are k]’ kz, k3.

The scattering amplitude is

T = < k.fmgfes)t”'{')_ (2.2)

LI SN
where € abed» = erh‘ d_H b C A and s,t,u are Mandelstam's

o) ¥ ol
variables. The vector meson is f YW 4)) K ) D , F or J
and the pseudoscalars are any threefold combinaticn of ™, ¥, n, F
and V]‘ ; where V}t is the cc pseudoscalar (we will not discuss V] and
"]I here, as they are not pure quark states}. The amplitude t(s,t) in

(2.2) consists of one or more Beta functions of the form

T{1= o, t8) -
T{2-a, i - 10)

where Q(A(s) and b(% H) are the Regge trajectories contributing to
the s and t chamnels., There are four sorts of emplitudes, depending on

which external particles are present:

1) Amplitudes crossing symmetric in all variables s, t and u. This is

Veneziano's original reaction 44 —» TN . The amplitude v(s,t,u) is

MNF

(2.4
ﬂ_(s.h + F” (s,u) =+ F”ful.nj

2) Amplitudes crossing symmetric in two variables (s and u, say) with all
channels receiving contributions from definite Regge trajectories. This

class contains

Wi — T WD = D 3D ~4P

JE->nF ch—*Dm ‘F‘L_""F‘h

The amplitude involves two Beta functions. The first four amplitudes are



illustrated by k)K — TI'K, namely
}\z[FEr(Sr{) + F\??(u‘“ (2.5)
and the last two are
$|+ - - U {) ]
Ay stf.) FDI('

and

)xq{ FEJlS,{) - _Fi_;]lu*“ (2.6).

3) Amplitudes with contributions from two channels ( § and t, say) but with
two exchange degenerate trajectories ( f -f and W-MA3)}. The reactions

involved are

k¥ — k¥ . KD-KD

N g -
Ll
DD - 0b FF— FF
In parametrizing these reactions, we separate the r--‘ contribution from

™=
the o = A‘ contribution, For instance, K+ K"_, x*ris

. _(2.7)
)\5[ Fﬂls.*) * F”(s,{) FN_ ($:%) + ﬁwt’ 5:”)

~4) Finally, amplitudes with two contributing channels {s and t, say),

“each with a unique Regge trajectory. There is only one term in the amplitude;

- as an example {QK - D F o is given by

b AR ) 2.8
L_F\ZD

In equs. {2.4) — (2,8), the }\ 's are normalization constants. Remarkably,
there is only one independent constant. We now show how to reduce all
the )\i to multiples of & single \
the
In appendix A we give/LVP couplings, av + As they stand, the couplings
do not incorporate constraints relating them to one another. Two steps

are necessary in order to do this:

4) Consider four reactions with a fixed vector mesén in the initial state,
Each can be represented by a quark line diagram where the two quarks in
the vector meson are of fixed flavor. The others can be varied at will,
The diagrams are shown in fig. 1; Qys Gy -o- Yy label the quark lines
with qla3 the vector meson channel. Now notice that the same LVP coupling
enters in the s-channel of figs. (la) and (ib) and in figs. (l¢) and (1d).
The same is true in the t—channel of figs. (la) and (ic) and of figs. (ib)
and (1d). But since the same coupling enters in different reactions, all
four must be related to one another. Ther we find that the LVP couplings

can be expressed in the following form

D) a0 gL , 2.9)
— (o3 ) N
%12

-l
where NL ) 2L (L. -l)! » A is a common constant for a given
vector meson and % is an SU(4) Clebsch-Gordon coefficient. The slope
parameters are those of the trajectories having the quantum numbers of

q]az, qzaz, q3a3 , where qlaz is the L-chanmel, g &3 the vector meson



channel (held fixed) and qaaz the pseudcscalar channel.

We will illustrate this procedure by deriving the consistency condition
for the s—channel couplings of figs. (la) and (1b)}. From Appendix A

equ. {8) we have

(M P { k] ) )l -
o -—1-’— s ML e O — _(M,L! _ NL
RORCAR) L
7 \-2 (R
w J (0(3:1) N\_ -k __L_ E.d_’.%—-)- ML
12 (0\' iy )L °{\’2 N'-Iv' Yy’

where we have used the factorization property of the slopes

' ] . B
N‘33 &Hj\.‘ = l d'&q )2 , ete. Since the two couplings are

identical we find

/
C!/ K‘-:f'\f = b /&qlvf

} J
and we can choose a = I>\ of and b = \A ol y , detivering the
Yy y'y

promised relation between the normalization of fig. (la) and {1b).

We can handle the normalizations of fig., {l¢) and (1d) the same way.
Applying this procedure to the pairs (la)-(lc) and (1b)-(1d}, the
normalization of all four reactions are fixed relative to one another
and equ. (2.9} follows. We have not assumed SU{4) symmetry for the

couplings in this. The Clebsch-Gordon coefficients follow from the LPP

couplings in our discussion of the LVP vertex in Appendix A, and by
the crossing properties of VP =p PP, For degenerate Regge slopes

both LPP couplings and LVP couplings are in fact SU(4) symmetric.

B) Still another constraint has to be satisfied by the couplings. Two
LVP couplings can be related by interchanging the quantum numbers of
L and V. In the notation of equ, (2.9) they are

L=
) N

4

!
¢ +
P —22 (a(“
%\2

and

/
. / L =1
3 o,
'3
Of course, for L = 1 the L meson is a vector mescn and the above two

couplings are identical. Then

¥z o3a

%12 Yy

]

/
If we use the factorization conditions ﬂ‘? & \}Q(‘: N;.! and

L 10)

/ =3 - b et d o
0{‘3 - 0(“ N33 (2.10) can be satisfied in a syvrmetrical fashion

by taking

N Magy M E Ay,
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Now we get the final form for the LVP couplings, depends on where 0(5 changes from its low to high 5 behavior, and on

] the slopes., For fixed t and § —m W Stirling's formula gives
2 2 _ ’ N L '
W=t =SNGy LMy ) N @10 <iTrlagy=1)
v Lv P Y N 1) =)
E\B(S'ﬂ - T (\-a(’![{)) e | ('&’S) (2. 13a)

where )\ is just an overall normalization constant, common tc all

reactions.

SO (2.13b)
- ) %
Equation (2.11) is easily interpreted using the quark line diagram of chl u '*) - \ (\- u%“")) L& 3 )

fig. 2. To show how symmetry breaking enters, write (2,11) as

(2.13¢)

Le Folsiuwy = 2w T{2-8 (16 - %ro))

S

o A
2 a Y4
4 = 5N | L -~ (04: yOON, e - - .

N ) o —im (5 - dtn) R ADEE- NS

£ P ¥ & {&'s)
' ’ i ) . 2

where 0{@ = %3 is the slope of the Regpge trajectory with the quark (z is the sum of the external particle (massi) ). For reactions of
content of the pseudoscalar in fig. 2 and qB’ 3> “3‘3 is the slope of class (3) and (4) only (2.13a) appears and good asymptotic behavior is
the trajectory with the quark content of the pair created in the vertex guaranteed.

of fig. 2. We will discuss yet another ferm for (2,12) later.
Nowever, for class (1) (i.e. WM = MM ) we need

Now that we have normalized the amplitudes, we turn to the asymptotic

behavior. Veneziano has pointed cut that Regge behavior for W)y -~ T T &g XY = 3 | = a: tey - ar (W) (2.14)
imposes a condition on the r trajectory.We find a somewhat different
condition in our case (where slopes are no longer universal in general). or
Let o(jlss - dj 10) + ﬂj' S for s in the resonance region, For large
positive s, qj - a‘s(s)i ajfc) - a's , where &' is the uglb) * ')_&3 fe) + &'E b (&3’ - dr) t =220
assumed universal slope at large s (we assume here that ©{ is approximately
. linear both fer small and large s.} A priori E’\-}H}) is arbitrary: it ' s0 as to guarantee good high energy behavior. Fer 0(; - a ’ the equal

sign gives



_]2_

! [
0(: - 7 (2.15)

20M} = M) - wy

(3,

i.e. Veneziano's result or the PCAC condition on 1ty " for a soft pien
: P ocs . / ’ VY]
Notice that (2.14) cannot be satisfied if a )0& and O(YfS) — O(f[S)
only at very high 5. On the other hand the condition can always be
satisfied for not too large |t\ provided & /¢ 0(:’
We still have class ¢ 2) reactions. For fixed t and & —s ®® there is no
problem, and good high energy behavior does not constrain the trajectories.

This is not so For fixed u and s =#we . Here we find that good asymptotic

behavior demands

Bty =1 2 1~ (s - & )

ie. {2.16)
”~ ~ / | /
- -7
U+ B ey 4 Sgte) + BT+ (o, - RDU-2 20
whete D(A contributes to the s and u chamel, and o(' Lo the t-channel.

For degenerate slopes, the equality holds in (2.16) for the reactions

LOK 7Y and wD_q'nD . 1eadiﬁg to

O(il: l avd . d‘c - !
2wy ~MI) ~mi 2(m} - My) - Wi

: (! ] :
and provided () M} - W\:’r e Mg = 'MK s WMp - M& this

and (2.15) are identical. For the remaining 4 reactions in this class

only the inequality holds in (2.16), For nondegenerate slopes we need
~ } ; . » < 4
X ¢ o, ¢ =1 D F
4 ' : (2.17)

~ 7 1]
for not too large Ju} . A sufficient condition is then o < o f_-"

Two consequences follow frem {2.17): the spacing of resonances on the
leading trajectory increases with the resonance spin; and the Regge
damping at large momentum transfer is less strong than near the forward
direction, Unfertunately, it is unlikely that there is any easy test of

this.
II1T, Decay Rates

In this section we present predictions for decay rates (including symmetry
breaking effects). In section II we derived our main result for the LVP

vertex (equ, 2.12); the symmetry breaking effects are contained in the factor

L=
y ( X; / o) (3.1a)

I'4 4
l_“c? /ol o

4
which we can rewrite yet again (using the factorization property of the
Regge slopes):
t ' ! ' 4 R ’ L=2
Wy / o, / o &l / 3.1h
Lag 705 Y Loy 2edg Mg /oy ) Ldg /3)) (3.15)
’ [
o(v is the vector meson slope trajectory, and dp is that of the decaying
: 4 ' / I 4 ,
neson L . Notice that da 3 Nf’dé or NJ , depending on the flavor
’ L2
of the created guark pair in the vertex of fig. 2. The factor (o{a /df’ )
clearly disfavors the creation of a heavy quark pair in fig., 2, inasmuch
/ ; .
as O(B < o(!' . The factor |/dh, always appears in the decay amplitude

—_— . . N
for a particle lying on a Regge trajectory of slope NA .
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It is imstructive to compare the LVP [3v) and the LPP couplings { a‘p )

derived in Ref. (2} and given in the appendix (equ. A.7}. We find

2 % “'?: : ‘Y ON

Because of the different spin structure of the.coupling, no dependence

'] ?
on n(v and ®  is present {see equ. 3.1h).

Substituting (2.12) into the decay rate expression {equ. B.4) we have

(3.2)

[ ) L-)
N L d-g) ey
Love o ar U £ *
2L-3
v 2 (L+1)] R+
2L+t (ZL)].
where k 1is the cm momentu.m of Vor P in the decay. The ratios of slopes
from ref. (2) are: Nii /Q’é =92y ‘ o{; /o(; =. 864
“;5 /o(;: 2.7, At /H," :. 703 amd wy /d.l" .57

) -
As in ref. (2) we use dr = 0,88 GeV 2. Then all rates are fixed by one
parameter )\ . We use the rate for Az—g r“_ (8) (which is the most

accurate) to get

©aw = 15.4 gev

with k = 4, In table 1 we list the calculated decay rates for the

_]5_

low spin mesons together with available experimental values. The E

coefficients (relative to that for Azgﬂ') are also listed.
IV. Conclusion

Our main result is that for L a meson of not too high spin on a leading
Regge trajectory, LVP ccuplings can be read off a dﬁark line diagram

(fig. 2). Symmetry breaking enters thrcugh nondegenerate slcpes for certain
aq trajectories. We have given rates for decays of L te a vectﬁr plus
pseudoscalar meson. Large symuetry breaking effects crccur in the scuplings
of non-strange and uncharmed mesons L inte strange and/or charced particles,
Except when the final state involvés Wc or F or requires rhat ar ss o1 ce

pair be created frem the vacuum, we find little suppression @ cnarsed mesen

decays due to symmetry breaking.

Another result is that the requirewment of proper Regpe behavior at large s
and fixed small t gives an asvmptetic slope of the leading trajectories

. s ] . .
which is smaller than that of the I at low s, the Jowest nondiagenal leading

trajectory,
We close with some specific remarks:

{1) Our rate predicticns compare well with the {scanty!’ data., we remark thar
from A‘ -— ?'l'( we predict that I(1695) (whic<h has 2 wideh of 150 b4
decays principally to g“’ ( 148 MeV). A measurement of this decay vouig be

welcome.
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an )
(2) Our predicted ¥ —m W W widch is about 1 1/2 standard contribution of L to T is

deviations away from the experimental result (which has a rather large

error; see table 1). An accurate measurement of this width checks this -—\-\ | [ % kr\ Y’ i\”) A‘? A‘;L .3 v
. el e — LR
: " - e k4 ! L
and any other medel relating A‘_—; ?TT and K' =5 L) {¢ and incorporating ) S ML " @

SU(3) breaking.

*(_3\/1\"’\”\. [‘n Avt' &Vlh] <7 G‘R‘h|>

" .
(3) From its K"T and K T, ? K modes, we predict that KN(IBOO)

has a width ¥ 120 MeV. . : where rs{’ = h‘ - 'b., ) IB'L = k - k” -‘kﬁl""‘*\-lvl) is the
i polarization tensor of L for polarization state ¥y . The terms in the first

(4) 8ince charmed meson decay rates are little affected by symmetry breaking, and second bracket of (A.2) are the LPP coupling (gP) and the LVP coupling

. e . . _~
the real tests of the scheme 11_5:7 1-!.1 the relations between L PP and (gv). How we use

L -5 VP rates.

b Lt T e
R R o VL WVETE. N
We believe that Veneziano amplitudes with nondegenerate trajectories offer . N L JPIERII:A‘ l H‘ b (a.3)
a useful phenomenclogical description of the decays of moderately high. L qa- VitV
states on leading Reggé trajectories: This contrast with“the nonrelafivistic
quark model, which we believe better suited to describe states of low L. ' + terms proportional to K = kl + k-= kzr + k3
Appendix A: The LVP Coupling ' and note that from the helicity amplitude that T of M'“e PL {cos8)
( SM®  comes from ¢ € ,R] *‘, ‘h,} and ‘P:. is the first derivative of
Let the reaction (2.1} be descrAl'.Ei.ed-by a one term Veneziano amplitude the Lth Legendre polynomial) . Only the first term in (A.3) contributes to

(the generalization to more than one term is straightforward): the highest power of (o8& LCO 18 )L-,

and we can thus read off the

coefficient of PL ’

s TU- out8) YT (1~ olglt))
(A1)

: . ey 2
Ti2 - ®p18) = olg!®)) T — ¢ hihhyd - 4 4, h)‘ ‘ 9 2 (LY

blady = AF sk e
v L 20y TS

The resonance L of mass m and spin L contributes to the s—channel. The

\
P tweey)

A ———

Li2L)  s-wl
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where k; and k, are initial and final CM momenta. Doing the same thing for

the Veneziano amplitude we find f 1
P né for § -a ML , NA“) -3 L

T — (¢ %,ﬁ,{a‘>[ - ?l‘L (4 & '24 )L-tmé)l.-n 2_.£_....Ll> .
*n 2Lyl A,

i
Poteossy
Ltzey! S-mi

Comparing (A.4) and (A.5) we have

N, Pl =)
(& .
» B ) NL , NLI -Ll__’ (A.ﬁ)
A 27 (LY

3\13\;"

where, from ref. 2,

T e Y
I RO

oo . /
{ QB.- is in general different from *‘ }. Equation (A.7) has a quark

diagram interpretation: if L is composed of g (—12 the two pseudoscalars are

1
ql;iS and qaaz with o(;a; e 8, ™ . From (A.6) and (A.7) we extract our

th

final result,

) 2L'2
31 A {dg ) N

|
’ L (A.8)
NA (N;/ )

whgre \A = \"' /)‘

_19_

Appendix B: Decay Rates

The derivation uses the unitarity relation for \l ‘ha Ie“_) + p (ﬁb)

— Nk, 6 + Pley)

. .
and momenta ate as indicated. Qur coordinates are

. Polarization vectors

R, (E,, 0,0, k] ,‘ah.':(Eb,o‘o‘-b)

Re® (€, kemp, 0, Rrose)  Ry* (€, -kein®, 0, - keese) .y

€ 1) =\lr; lo, 21,-1,0) €t = .\\ﬁ(a, 3Cesd, 2l 25uB)

For a natural parity meson L coupling to VP, the only independent helicity

amplitude is easily seen to be '-r“, 'T" ' (Too = 0). Labelling initial

and final hejicities of the vector meson by ’1' R V]& we have as 5 —b ruL‘,
- i

33 : v) v
T 1"' [ v
Y - Q'V-\: E [1\.“'"_ Vi U)) A{’ A" (Y G; l‘lr} h,ha\]r
(8.2)
M2 M
LR RS ARRP NNy

where ki = ka—kb, kf = kc—kd' As in Appendix A we extract the highest
power of ¢gyP and find

i LT 1S 3= e -1y! L I8

l” = Sv W T2 (Lt te-)) 4,00 (8.3)

(20)! S-wp
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and the decay rate is given by

\

T . o Qo So\cose 'T"L c\:fe)

L—=VE % My gawmd
] 2}L-3 ) )
Q.AL A (L=-D+1)! 1QZL“ -
AT 2L¥) t2Ly!

- 21 =
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Table 1 - Partial rates

+
Tensor meson JP = 2 decays

theory (MeV) exp. (MeV)
A—>ET 4 72.3 % 4.0
K 3/2 28.5 1 1.7 33.4 % 3.8
— $ K 3/2 6.7 % 0.4 7.1% 2.0
— WI¢ 1/2 1.9 %01 497 1.9
§'_;\(*E+\_Z‘K 4 12.1 % 0.8
D - o 3/2 4.6
3¥ = 37 decay
g - wrw 2 53.4 % 32 large 4 T mode
e 2 3.4 % 0.2 small
W LILI5)~> 8T 6 168.3 T 8.7 seen
+

—'-K'E*?K 2 2.6 - 0,2

Ky 1860) = Ko 32 46.7 % 2.8
- tX 3/2 29.3 % 1.8
- WK 1/2 8.9 T 0.5
- 9K 1 0.2

D“‘"“‘ D"!? 3/2 11.7

F""““ Dl K 2 8.3

-

(a) s is obtained frem ? by combining different isospin channels.

(b) The mass wvalues used for p™" ete. are derived in Ref. 2, mnu*' = 2.35,
Tpuw = 2.49, T Awe = 2,65, mw = 2.80. Their partial widths are just sample
calculations to show the order of magnitude.

{c) The decays F‘l-—b D*K, D"‘—a wo, F"’—'b KD etc. are either
below the threshold or very close to the threshold. We do not attempt

to calculate them,
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Figure caption

Fig, 1.

Fig. 2.

Quark line diagrams of two reactions VP-4 PP involving
the same vector mesons but different pseudcscalar mesons,
Qs ps vee and Gy label the quarks; q, EB is the vector

meson channel the cothers are pseudoscalar channels.

Quark diagram interpretation of the symmetry breaking effect
of Eq. (2.12}; q 53 and 3 52 are respectively the vector

meson and pseudoscalar meson chamnels,
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