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Abstract

Single-term Venezianc dual amplitudes with nou-degenerate Regge slopes

are examined in detail. Factorization of parent rescnance residues and the
equal spacing rule extracted from the universal slope case are used to
determine all the leading meson trajectory parameters in terms of that

of the f . Relations between non-degenerate slopes and SU(4) synmetry
breaking effects are discussed. The predicted meson mass spectra and the
partial decay widths into two pseudoscalars are shown to agree well with

data for the cases in which data exist.



I. Introduction

Investigations of the properties of charmed mesons ! in the duality scheme have
been carried cut by several authors, One framework used is the concise dual
Veneziano model 2 which has been successful in dealing with ordinary

particles. In order toc accomodate the new particles, a modification of

the Veneziano model is needed and this modification takes mainly two

forms: (a) incorporating the $U(4) structure in the original Veneziano

model with a universal Regge slope J; (b} modifying the original frame-

work to allow different slopes for different meson trajectories 4.

\_
o

Scheme (a) is supported by the mass quantizationm relation 3 (itff'“}) =
satisfied by the D -trajectory with the universal slope

gi;w = d} = é,{nﬁ —.nﬁj-{ This approach leads to the generalization
of the nonet mass formula to SU(4) including vector and pseudoscalar
mesons, but it has difficulty in accomodating the J/y particle., There
is evidence that the J/y trajectory possesses a smaller slope. If we
take ?tB.?) as its first daughter, then the slope is d;:: .25, while
taking qﬂ(3.7) as the second daughter gives d;:z 0.5. Another estimate

obtained by taking %{3550) as the A exchange degenerate partner of

Jly , gives d;:: 0.33, The last value of d; leads to WI(= 2.84 Cev,

1

. . . . s 5

if the Ademcllo-Veneziano-Weinberg mass quantization rule ~, dJ(rﬂ;‘): Vs
, - -+

iz used 6, where ﬁ% is the cc © state. In all these cases the slope

of the J/§ trajectory is much smaller than that of the /£ -trajectery,

de = 0,9 Cev

Scheme {(b) is motivated by the drastically different mass scales of the
charmed and ordinary mesons which 1s expected to give rise to appreciable
high order symmetry breaking effects. One of the possible consequences is
that coupling constants way significantly deviate from their (SU(4)) symmetry
values. This, in turn, will require that the universality of the trajectory
slope parameters be broken in Veneziano amplitudes, as slopes and coupling
constants are related there. The presence of high order symmetry breaking
effects in the charmed SU(3) sector of SU(4} can be seen from the poorly
satisfied charmed nonet mass formula, e.,g. mt +v“: :.;pntf which Is good

I

only to 20 7.

The Veneziano formula with nondegenerate slopes has a serious
problem. Tt leads an exponentially increasing scattering amplitude for large
fixed angle at high energy 7. A way out of this difficulty was proposed
recently by Igi 8, who sugpested that the phenomenon of non-degenerace slopes
that the
occurs at low energy andAat high energy, whereARegge asymptotic expamsion is
applied, all the slopes become universal. Although such a proposal is very
difficult to implement analytically, it provides an attractive phencmeno—

logical framework tailored to the resonance region and may be useful in the

description of certain aspects of the new particles,

Many interesting relations have been derived in terms of single term Veneziano

amplitudes in the case of degenerate slopes, such as the ponet mass relations

N . 2 . 9

involving vector (tensor) and pseudoscalar mesons ~, the equal spacing rule 7,
- . 5 . . -

the wass quantization rule 7, factorization of the parents and the first

daughters 10, etc. {They are not all independent,) Further, the couplings of



~ 4 -

two pseudoscalar mesons to all the particles cn a leading trajectory are
related to each other and these couplings of the particles of the same spin,
but lying on different trajectories satisfy SU(3} sysmetry. Undoubtly,
some of these results will no longer be true in the case of nondegenerate

slopes.

In this article, restricting ourselves essentially te the resonance region,
we study in detail the properties of the Venezianc model with nondegenerate
slopes. We examine the factorization property and propose a scheme to express
all the slopes of the leading meson trajectories in terms of, say, that of

. . . B!
the £ -trajectory, and thereby determine then unambiguously .

In sec. 1I we review briefly scme of the results known in the case of
universal slopes. In particular, we put the factorization conditicns in a

form so that we can adopt them to the case of non—degenerate slopes. Sec, III
treats the non-degenerate slopes. In sec. IV, we present 2z discussion of the
symmetry breaking effects and calculate the meson mass spectra and the partial
widths of the leading 1 , 2+, 3 mesons decaying inte two pseudoscalar mesons.

* - . :
We also predict the mass of the F . Our conclusions are given in Sec. V.

I1. Factorization

To put things in perspective, let us recapitulate some of the known results
involving only the old mesons. Consider the following s—channel processes with

their single-term Venezianc amplitudes.

- S -
Almty — ey = W Vppl(s, 1) (2.1a)
Alsrm — kP ) = )T \{FK" (s. 1) (2.1b}

£
Akt — k) = %— { Vop(s,t) + \/¢w(<,.t)

(2.1c)
+ Vg (at) + \/w(s,’c)} ©

where

I (i-ogts)) (1= olpea)
P L= dats) - dytd))

Vab (S,H =

and dP B dw , O{k; and ,;.[¢ represent the exchange degenerate

P__f - w- A, K*- g*¥* and qﬁ-‘)(" trajectories.

We first fix the normalization constants >“IT . >\1rk and >‘K by considering
Regge expausions in the t-channel for large t and small fixed s. Following
Igi 8, we assume that when t —w oo , the sleopes of the trajectories con—
tributing to the t-channel reduce to a universal value. The P -trajectory

exchanged in the s—channel leads to
oy (%)
T L 4 L
b f‘(\-o{f,(sﬂ (= t) (14 o(t)) (2.28)

NS A
Tk l e}
» r(i_d_F(g)) (- clyst) (1+ 0l (2.2b)

- R 1o, ohy () I
L% b £ -t r )
3n MO (,(ss) ({ st (1+00%)) (2.2¢)



for the three processes respectively. Since dl‘; = D(K* = c(¢ in integer f ( 0 < 1 % J_) ; there is only one particle contributing.

the t-channel for t —w oo, factorization gives In Eq. (2.5c), there are two particles contributing to each value of £,

the one with I = 0 and the other with I = |, This gives rise to a factor
. . . +.,= +,,- e
)\T-" )\K = af AT )31 2.3 -%-to the resonance residues in the reaction K K —= K K . Writing Eqs. (2.5)

in terms of states with definite angular momenta, we have

If we further argue that the P residues take the SU(3)} symmetric values,

b | Flave QL(F(HIJ]I
we have LYG AR Rl TI'*TI") e { ad — {3
dy (s-5.) (L) (34, br) rlate) R

(Q°$: k:r)t'l P,_-c (‘3,_) +}

) (2.6)
a7 (rew)
I'tai)

K Tk L
A= AT 2 N A (2.4) + O,

We need only Eq. (2.3) in this and the next section. . - + - + - + -
To cbtain the expressions for A(F N =K K ) and A(K K ~—+K K ), we make

- . m ty % !
the substitution ( AT e h:r s a,r) —( fﬁ(’ dir b—wki() Gk ) and

Next we consider the factorization constraints at the s-chammel resonances, X ]
(A, D(g; kk ) ag) . The quantities h'r and kk are the c.m, momenta

where the slopes are not necessariiy egqual., For § — S, and d\,(sl_} =L _
of the T and KK systems, Zs is the cosine of the c.m. scattering angle, and

we obtain
\r | L e = L{ -4 - s + 24, (n2)]
Alrtr — 1" n-) - 7 (d ) +m) (2,5a)
4gs-g) T v F Ok = L {-,‘5 ~dd) fy + oy () + (M) - i'("{kl*‘%s(&-.!*!;)z (2.7
. A(v‘ - K* k_) TR 1 Oy = L["yz -0}(0)/2 + o}‘(M;)*dr‘(mE)'é(dg'dp’)(s‘_-ﬁm:\,)}.
T - —-

L~
A (5-5.) ML) n:o( V*()“"") (2.5b)

Facterization at the parent level together with Eq. (2.3) gives 12

T
0{’, 0{¢ = o(;'* . (2.8)

WK 1 L
r ("Jgi“) t ”) (2.5¢)

-1
A — KT Kk) = ————
( ) “‘P(S—gﬂ F{LYy nzo

Factorization of the first daughter can be achieved in the case of the de-

In Eqs. (2.5a) and (2.5b), the even and odd spin parents and their daughters
generate slopes if the following conditions are satisfied,

contribute to the I = 0 and I = | ampiitudes respectively, Therefore at each

1 2 ks s 2 2 z
MY M= M M = Mg - ame v omg (2.9)
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which imply the nonet mass formula ™M LN h\; = 2 ml(* . They can

f

also be rewritten in terms of the trajectory parameters,

dp(mpy )= (M) = odg(am: - my)

(2.10)

or (2,11a)
d\f(ﬂ + d,ﬁ (6) = 2 odlpx(s)

or (2.11b)

oy () T g mp) = Qeler (mp)

The last two expressions are equivalent forms of equal spacing rules, Eq. (2.10)
gives the mass quantization tules 6 if it is set equal to i/2, It is clear
from Eq. (2.7) that factorization of the first or subsequent younger daughters
is impossible if the sleopes are different 13. The condition analogous to

Eg. (2.9) for the WM~ TT, THF = DD, and D —=DD scatterings leads to

M et = iy -mp = m;_gm§+ mE The last identity is satisfied
rather poorly, indicating that factorization of the first daughters cannot

be maintained in general even if the slopes are degenerate, when the charmed

meson channels are included in the consideration.

IIT. Trajecteries for non—degenerate slopes

Our strategy in this section is to consider the two relations derived in the
last section, the factorization of the trajectory slopes and the equal spacing
rules, as basic properties of the leading meson trajectories. These two re-
tations are, of course, not on egual footing., Factorization relations (see

Eq. (3.])) can be derived from the asymptotic symmetry like Fq. (2.4) and the

factorization of parent particles irrespective of the degeneracy or the
lack of the degeneracy of the slopes. The equal spacing rule, extracted
from the case of degenerate slopes, is however an assumption. As will be
seen in the next section, the good predictions which follow indicate the
validity of this assumption. From the above argument, we can write the

factorization conditions as,

£ dy = oy
;ef' of = ok (3.1
dy ol = dF':
and the equal spacing rules as,
dpto) + odg(a) = 2ols ()
(3.2)

o{pfﬂ) 1 oyle) = 2 ol ()

dyfe) +ozl0) = 2 olg (0)
which we generalized from Eq. (2.1la). The generalization of Eq. (Z.11b) is
1
d}a(M;') +d¢(r~1:) = ldK«-("‘x)

T oy 1
dp (my) oty (M) = Lolye (mg) (3.3)
oy (MY 4ol (mE) = 2opr (M)
g ¥ TVFS T UF L

Eqs. (3.2) and (3.3) are alternative equal spacing rules. They cannct hold
simultaneously, otherwise a commen slope will result for all the trajectories.
We do not propose to use the relations like (2,10), which gives directly ratiecs
of slopes. They are inconsistent with Eq. (3.1), unless nonet type of mass

formulae hold., The second and the third lines of Eq. (3.1) are derived from



the following sets of amplitudes, following a similar derivaticn as

outlined in Sec. IIL.

At — D 2°) = WP Ve (s,0)

(3.4a)
Al be "F) = XV ‘
— D '_f)): 2 P:(’{)*LJP(S-JC)
(3.40)
+ Vg Gsd) + ng(s,f)}
together with Eq. (2.1a) and )\tr (wa) , and
. - )\KD
+ [JE ] - 0
AR = B0 00 ) = 2 { Yalot) + Upon 58] 5
2
together with Eqs. (2.1c} and (3.4b) and )K )_b = (kKD) . 1f we
further assume asymptotic symmetry for the £ residue, we have )\D‘__ X"—D“ %.)."'
and )K:)\Dz)\KD_
. 14
Bgs, (3.1) and (3.2) give
o, * o, -k { |+ CmEmi St
A - mimg Sl ]
(3.6)

Relations similar to (3.6) can be derived from Egs. (3.1) and (3,3} with

) 2 z 2
M: s mK...and Wlp, replaced by h’l; -m* m:* - r‘n: and mﬂ’ -
! z 2
in o(k* , and Mg, Pax and Wl; by m;- - m; ‘ m;* - M; and
2 ' .
m, -~ mE in & . Note that when the nonet mass relations,
3 D bt

. i 2 .
i.e. mF + m}d = RMK* and F + W- - QmD* , become exact, Eq. (3.6)

] r f
leads to degenerate slopes, o(f, B o(Kt = o(D; etc. Equations {3.1)
and (3.3) alsc give a universal slope if mass relations like

e 2 2 2
- :mr*—mx

P T = M

o* —M;' hold 5. The nonet mass relations
are assumed to hold with the presence of first order symmetry bresking
effects, suggesting that the non-degenerate siopes are due to symmetry break-
ing effects higher than the first order 16. We shall come back to this point
again in the next section. Taking 'MP = 0.768, YY\K+: 0.894, M¢=

mev = 2.01 and My~ 3.098, z1l in units of GeV 17, we obtain,

!
/ !
dee /4 = 6.324 dg /o] = 0.954
! t ' 3.7
dgt /oA = 0761 dy Jo = 0.5%1

ul;-* / df; = 0.703

Equations (3.1) and (3.3) give ratios of slopes about 3 % higher than the

above. This demonstrates the stability of the equal spacing rules.

IV. Symmetry breaking and decay width

Consider the elastic scattering of two pseudoscalar mesons, a + b —= a + b,

which is described by the following amplitude
(s, 83 + Pessible terms with different s—channel poles
!

A _ by __1_ (P(LH ‘21) PL ((4!9)
) R

ap L) {Qm) 5o mi ' (4.1



Only particles on the leading trajectory are considered. The decay width

of this particle L to a + b is given in the parrow resonance limit as

CLeaes = gLF_IQ_#_ {s-ml} . gd(ma) Piws) 4

iETTﬂMf Lim S—my

N iy thn (4.2)

oL / '
- o ol 2Lt R
bt ol ) {(:1%)(%) } (e mp?

s
where EL is the isospin factor. We normalize the width in terms of Oﬁ .

The factor in the curly bracket,

] d' L
(%f)(;i) (6.3)

gives rise to a symmetry breaking which can also be seen from the coupling

constants, For the vector and tensor meson couplings one has,

N
o = 2 (FHE
2 . J(" 2
grah = %?2 (S*E‘)(”;;) "5‘1

Eq. (4.3) predicts a large symmetry breaking effect for high spin rescnances

on the P- f - - Aﬂ_ trajectory decaying into KK or DD, A ready interpretation
of this symmetry breaking effect can be given in terms of quark diagrams.
Suppose that the decaying particle L is made of quarks 3a€;’ particle a, ?.i;

and partible b, g9 . We shall call g the initial quarks and 7 the
ERLE ' 9, .3?3

pair-created quarks. Then d; is the slope of the trajectory made of the
initial quarks, dé that made of the pair-created quarks. (See Fig. 1.)
Thus, d; is the slope of the trajectory on which the decaying particle
lies and d; can only be dl , Aé , Or c{; . Therefore the first factor

F
i
of Fg. {4.3}, de /dx gives rise, in general, te an cnhancement and the
' Sy b :
second factor, (ds /}% ) , to a suppression. The latter can be under—
stood intuitively as follows. The creation of a pair of heavy quarks from
the vacuum is less probable than that of a pair of light quarks. This type
of argument has been used in the literature in the discussion of couplings
of DD (and DD ) to the ordinary vecteor mesons and to 37@ and qJ*. The pre-

sence of the first factor U&Ais expected from the general formula of the

. . i8
width of a rescmance on a Regge trajectory .

Th order to determine all the trajectories and the widths given in Eq. (4.2),
we use %; and the decay width f} 3% inputs. The latter involves the
least error of all the vector meson decay widths and the former has been
repeatedly determined in the space-like region. We shall use %::: 0.88 GeV—2
which comes from the following information: {(a) The P—-f ~ - A, trajectory
goes rhrough h(2.04) 17 for oi/,(m;) = 4. {b) A recent fit of the T K
charge exchange reacticn 20 glves c#(o) = 0,48 which leads to %; = 0,88 Ge‘\I_2

when it is extrapolate to the time-like region and required to pass through

the £ .

Let us restrict ourselves in the following discussien to the equel spacing
rule Eq. {3.2)., In Table 1, we list the resulting slope parameters and the

predicted mass values together with the experimental masses if they exist.



b e

Input masses are underlined. The values of the slopes are close to thoge
L b .

used by Igi . We note the followings: (2) The resonance at J = 3 on the

¥k

K -X trajectory with the predicted mass 1.805 GeV, can be identified

with K (1.8) °!

. (b} The predicted mass 3.677 on the dJ with dI =3

agrees well with that of (P’{3.684), which can be identified as the second

daughter of 3}4p. (c) The Fi-maSS is predicted to be 2,14 GeV which is

higher than the prediction of 2.06 GeV in the charmonium model 22. We

observe, however, that the prediction of the charmonium model of the masses

of D, D-* and Ac(2.25) are in general lower by 20 30 MeV compared with

the experimental values I. (d) The mass quantization rules, which are not part

of our inputs, are satisfied reasonably well for the known pseudoscalar mesons.

Using the £ , K*, D*, v ¥ and Iy trajectories in oy oty '/2 where iy
P k

is the corresponding pseudoscalar masses, we obtain the first three rela-

tions ‘rom the Adler-PCAC consistency condition but the last two cannot

be derived this way. Solving these relations,we cohtain W= 0,147, M= 0,43,

'rnD= 1.82, ﬂlF= 1.94 and Hﬂ,qc= 2,94, all in units in GeV,

The verious decay widths into two pseudoscalars are alse given in Table 1.

Except for the f—w-lﬂ'width which is used as an input to fix )v , all the

other widths listed are predictions. Experimental values of masses are used

in the calculation if available. We also give the isospin factor ;L (see

Eq. (4.2)) and the experimental widths. For the D*l the width listed is

for D*%— Do , which is barely above the threshold and has been

observed 23. To indicate the symmetry breaking effects, we alsc list the

widths in terms of the slopes. All the predicted widths suffer aﬁ error of

'

the order of 4 7, mainly due to the ambiguity of the value of #ﬂ and the

agsumption of the exact exchanpe degeneracy.

. . 4+ L .
To conclude this section, a remark on [ — If{nols in order. It is
very clese to the threshold; therefere, the caleculated width, strongly
suppressed by the limited phase space, is sensitive to the mass values

the

*o and DY used. (We usedAvalues given in Ref, 22.) Although the

of D
predicted width is of the order of keV 23, the predicted coupling constant

for "ﬁ*uﬂscﬂ' is larger than the SU(4) symmetry value by the factor

‘ ;o Y2
(d,n /db‘) .

V. Coneclusions

We emphasized that relatioms, such as the nonet mass formula, the equal
spacing rule and the gquantization rule, are related to the factorization
requirement at the first daughter level in the case of the universal slope.
Ther we proposed that the factorization relation and equal spacing rule,
which relate the parameters of different trajectories, hold even when the

trajectory slopes are different and thereby we determined the parameters

of all the leading meson trajectories in terms of the slope of the £ trajectory.

The predicted decay widths of vector mesons, tensor mesons etc. into two
pseudoscalars agree well with the data whenever a comparison can be made,
The non-degenerate slopes improve the prediction of the corresponding
degenerate slopes. This can be seen in e.g., rk*k8905_1 KT which is
independent of the absolute value of d; . The predicted partial width
agrees with the data within the experimental error, while the degenerate

slopes, giving rise to exact SU(3) (SU(&)} symmetric couplings, predict a



value which is three standard deviations too small in comparison with

the data. Another interesting case is 'b*o—* % w°  in which the
predicted width is larger than the SU(4) symmetric value by 30 Z. Note
that the D*ﬁﬁ‘coupling constant is dimensionless; therefore, it is not
clear how to introduce a mass scale into the effective Lagrangian which
can account for symmetry breaking effects, In the present approach the
scales are provided by the slope parameters. An accurate measurement of
this and the K*(IAZO) —~ KT} and f — KK widths could serve as additional
tests of the present scheme. Strong suppressicn witl occur in the KX

and DD mode of high spin particles lying on the pP-F-w- AL trajectory,
due to the factors (q'K‘*/df:)L and (d];* /%’)L . An experimental

check of these factors is possible for the former but remote for the latter.

There are other schemes beside ours, which discuss nondegenerate slopes.
2 . .
One cof them, propesed by Close et al, ¢ assumes the f[cllowing relation

4 . .
between the slope dv , of a leading trajectory and the lowest vector meson

’ -
; . _ 3 !
mass on it, M, o, = + M,

the factorization condition (3.1). Another scheme, proposed by Finkelstein

These slope parameters do not satisfy

i i
and Tuan 4, in which df o o{n* , etc. are assumed, leads to degenerate

slopes when the factorization of the resonance residues is assumed.

As a concluding remark, beyoend the present phenomenclogical level, a more
precise formulation of the dual resonance model with non-degenerate slopes
is necessary. In this formulation, it is necessary to define, among other
things, the energy range cutside of which the slopes bacome universal.

This range was left unspecified in the present phenomenological treatment.

- 17 =
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Figure Caption

Fig., |, Quark diagram interpretation of the symmetry breaking

effect of Eq. (4.3},

Table Caption

Table |, Predicted mass spectra and partial widths into two pseudoscalar

mesons.
(i) The underlined wvector mescn masses, dff = 0.88 Gev_z, and

the f - 27 width are input.

(ii) The decay, D‘*o'-- D& ., is very close to the threshold;
therefore, the calculated width is extremely sensitive to the masses
of P*° and D° used. See Ref. 22.

(iii) Rab = da /d}
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Table 1
, -9 mass {GeV) partial width {MeV)
d (GeV ") Y theor. exp. theor. exp.
T mode
g1 0,88 1 - 768 15253
F * i ! +
2 2 1314 127 177 4p 155.8  145.8-18
3 3 " 11690 1690 65.3,% 50,6 43,42 9
A4t “ 22000 h(2060) 103 dp3 70.2  scen
KK mode
2
£ 2 0.88 L1314 1271 4.76 Rgpds 3.06 4.6851.62
+
Ay 2 " "O136 1310 6.49Rge o 6,16 4.79%0.15
w3 1690 1675 T.46Rgpalt 3.6
3 3 " "U690 1680 8.06 I?;,cot/’,* 3.9 small
+
4 4 " Y2000 h{2040) 69.%12;Pdl;3 25.1 seen
p 0.752 2 - 1020 3.07 Rpé 3.6 3.720%0.34
+ s
£ 2 " "153% 1516 41.8Repelp  43.3  4o0T10
¢ 3 " " 71923 57.7 }Wd/jz 41,1
KT mode
k¥ . 0.813  3/2 - 0.894 44,1 Rpx* 47.7  49.651.8
+*
g* 2* " " 425 1421 50.1 RFK*UL;, 48.5  60.6%8.4
Rk -
K 3 " " 1805 K _(1800) 44.4 Rop*o’? .
N( ) Rex dp?  33.9
BT mode
D* 1 0.67  3/2 - 2.01 5,86 Rpp* 7.69 keV seen
p** 2 " " 2.352 2.58 RepFdy 2,98
£ 3.4 -
p® 3 " n 2.65 3.65 m*#i 3.71
DR mode
F* 1 0.689 2 2.14 probably below threshold
LA A " 2,49 0.8 Rpprely 1.1
X% -
F¥ 3 " " 2.80 b-IZRPF*ol;’“ 4,5
DD mode
T 0.519 2 3.10 below threshold
% 2+ " n 3.49 t
2 3— " n 1.68 "

Fig-t




