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The striking feature that D*D* production 1s greatly enhanced at energies just above threshold is explained. We
argue that higher excited vector mesons successively decouple from lower spin final states which mamfests 1tself in
an explicit decoupling scheme. This can be verified on quite general grounds. A quantitative analysis of charmed
meson production near threshold 1s given. Further evidence of the decoupling scheme coming from old data 1s dis-

cussed

The recently discovered charmed mesons [1] D and
D* add further evidence to the simple picture that
hadrons are bound states of quarks (and antiquarks)
which come in (at least) four different flavours.

In the cC channel three JZ= 17 states, ¥(3.1),
¥'(3.7) and ¢"(4.028), are established [e.g. 2], and
three is further structure around 4.4 GeV. In the stan-
dard charmontum picture ¥'(3.7) and ¥"(4.028) are
interpreted as radial excitations, and we expect many
more of them as we go up in energy [e.g. 3]. However,
they might be hard to detect in low multiplicity hadro-
nic exclusive channels as we shall aigue later on.

The analysis of charmed meson production mn ete™
annihilation furthermore has shown the striking feature
that D*D* production 1s greatly enhanced pear thresh-
hold. Atv/g? =4.028 GeV (i.e., at the peak of the re-
sonance where the charmed meson yield 1s high) the
measured cross sections 6(D°D®), ¢(D°D*° + D*°D°)
and o(D*°D*°) are in the ratios [4] 1:22.20. If
phase space is taken into account*! the true enhance-
ment factor 1s about 1.40 : 1400. Thus 1s to be com-
pared with the naive quark model ratios [5] 1.4 .7,

This fact has led several authors [6, 7] to the con-
jecture that the peak at 4.028 GeV corresponds to a
molecular D*D* state. We believe that this picture 1s

! Alexander von Humboldt Foundation Fellow.
*1 The available decay energies are 295 MeV, 155 MeV and
16 MeV respectively.
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very ill-founded. Such a state would strongly mix with
the c¢ bound states (apart when in an exotic configu-
ration). The actual calculation of the mass matrix [8],
including loop corrections, show that DD, DD* + D*D
and D*D* intermediate states have relatively little
effect** on the mass of the J® = 1~ resonances. More-
over, DD and D*D¥ intermediate states contribute
about equal so that the D*D* channel seems not to

be distingwished from the DD channel. Note also that
molecular D*D* states would predict a substantial
inclusive cross section which PLUTO [9] has failed to
observe.

We shall argue that, more hikely, a decoupling scheme
of excited states (higher vector mesons in this case)
from low lying resonances lies at the root of the puzzle.
Such scheme can be verified in various models as we
shall see. Thus is also a feature of a Bethe—Salpeter mo-
del of confined quarks [10]. The decoupling scheme
could already have been discussed in connection with
old data, e g., p"(1600) # 27. But there the situation
is not so spectacular.

The decoupling scheme says*3, e.g., that only the
first J{ +J, + 1 vector particles (ground state plus J, +
J, excitations/daughters) may couple to a pair of
leading spin-J; and spin-J, particles. This 1s understood

2 Though the effect increases with increasing energy
3 The supposition on which the decoupling rules hold will be
stated later on
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Fig 1. (a) Single current amplitude with four hadrons.
(b) Choice of variables for 6-point Veneziano amphtude.

to hold for all different Regge trajectories, e.g., p, w,
é, ¥, etc. separately. This predicts, e.g., p'(1250) + 27,
£"(1600) + 27 and p"(1600) + mew which seems to be
in excellent agreement with experiment [e.g. 11}%4.
As a further consequence ¥"(4.028) may not couple
to DD and DD* + D*D which we will discuss in con-
nection with the charm production data later on. The
decoupling scheme can in principle be extended to
arbitrary spin particles (1.e., beyond vector mesons).
This, however, will be hard to test for the time being.
There are further indications for the validity of the
decoupling scheme, though indirect. The pion form
factor shows a monopole behaviour and can be well
described by the p pole [e.g. 13]. The nucleon form
factor, on the other hand, behaves like a dipole and
its isovector part seems to be well accounted for [14]
by the p and p’. This is exactly what we expect from
the decoupling scheme. As a corollary of this the uni-
versality of the p coupling constant should be broken
which indeed can be inferred from ref. [14] for the
PNN coupling (using g%m/4ﬂ =2.84 20.06). Further
evidence comes from the w = 7y and 7° = yy decays.
The w — w7y decay can be well described by p and p’

*% The dominant decay mode of the p"(1600) seems to be
p(nm)f=g Note that the (ma)f=q system cannot be 1n a
J = 0 resonant state [12] so that there is no contradiction
to the decoupling scheme
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Fig. 2. Quark loop diagram

dominance according to our rule *$ [16]. The 7° = yy
decay, on the other hand, seems to require an infimty
of vector mesons [16] which is predicted by the de-
coupling scheme *.

We shall now give several heurnistic derivations of
the decoupling rules. Whenever necessary we assume
that hadrons are made out of spin-zero quarks. We
believe, however, that this assumption is not crucial.
We shall also restrict curselves to bosons. Apart from
the nucleon and, perhaps, the A very little can be said
about baryons.

(i) We find that the most decreasing electromagne-
tic form factor coupling a spin-J; boson to a spin-J,
boson behaves asymptotically like (within logarithms)
((12)"11“12_1 . This follows from a shight extension of
ref. [17] to arbitrary spin particles and canonical form
factor behaviour [18], 1.e., ¢4 for scalar constituents
corresponding to ,, coupling for spin-1/2 constituents.
We believe this behaviour to be symptomatic of
asymptotic freedom*". For this form factor let us
wrtte down the dispersion relation

1 p . . ImF(g2
Fghy=1 [ ag2 ), 1)
43 q9°—q

which, considering only a single two-body or quasi
two-body intermediate state for the moment, has the
solution*# (1.e., the inverse D matrix)

5 Single p dominance does not agree with experiment [15].
For the coupling of two excited vector mesons see later on

*7 For #3, which differs from the canonical form factor beha-
viour by one power of g2, see also ref. [19]

*8 Our attitude 15 to adopt the maximal analyticity principle
and so we assume that there are no CDD poles. For leading
spin-Jy and spin-J, particles this 1s the standard assump-
tion and seems not to contradict any sacred principle. For
degenerate daughter states (e.g , yy— p'm) this might, how-
ever, not be tenable 1n general by arguments of selfconsis-
tency of the decoupling scheme.
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Fig. 3. Fit to the total cross section. The non-charmed contri-
bution 1s assumed to be R = 2. Also shown are the single
channel contributions. The DD (FF) cross section contributes
about 0.05 (0.004) to R around \/;1_2_ = 4.3 GeV. Not included
is the heavy lepton which contributes about 0.6 at \/z;7 =43
GeV. Data are taken from ref. [31].

F(q2)=exp{ fd 2 860 ] 5(a9)=0, @)

'2_

except for a normalization constant. In principle eq.
(2) could be muitiplied by a polynomial *° in'g?. All
dispersion calculations are afflicted with similar ambi-
guities. Such polynomial can, however, be excluded
for reasons of analyticity in our case. Analyticity of
FinJ; and J, says that the polynomial must be of the
same order for all J,,J, which means that it can only
be of order zero given the asymptotic behaviour of F.
Levinson’s theorem then tells us that the asymptotic
behaviour of eq. (2) is

F(@¥)~(@*»™V, 3)

where NV is the number of resonances that the phase

2 we distinguish between “dynamical” and “kinematical”
ambiguities.

108

PHYSICS LETTERS

12 September 1977

shift 8 1s passing through, 1.e., the number of resonances
coupling to F. this can be generahzed as to include
bound states (again assuming that there are no CDD
poles) which gives the same result but N being now the
number of bound states plus resonances coupling to F.
If we combine this with the asymptotic form factor
behaviour obtained from an underlying quark struc-
ture (asymptotic freedom), we find N=J; +J,+1.

Thas result can be extended to the case of a coupled
channel dispersion relation [20] allowing for absorp-
tion. Our result N=J, +J; + 1 is exactly the decoupling
scheme. In principle we could employ the same method
for the baryons 1f the asymptotic behaviour of the
form factors would be known. This, however, involves
a good deal of model dependence due to the three-
quark nature of the baryons. The trouble starts already
with the nucleon. Brodsky and Farrar [21] obtain
Fy~(q?)~3. Other models *'°® give F, ~ (¢2)~2. 1t
seems to be certain that two resonances couple to the
nucleon (e.g., the p and p'). But 1t cannot be excluded
that even a third (e.g., the p") will couple [24]. Note
that this derivation, in general, does not allow any con-
clusions on the nature of these resonances, e.g., if they
are the lowest lying excitations, etc.

(i1) The dual model for currents constitutes our next
example. Following Ademollo and Del Giudice [25]
the amplitude for one vector current and four scalar
particles (fig. 1a) reads

1 11
T#=fdu u=8-1(1—u)~o-1 ffdulduzuf"‘“_l
0 00

X (1=—up) " uz®3 7 (1 —uy) =11 (1 —up ) 02wt
X (1= utty) " 2137 (1 —yy  u, )~ @231 H13%024
X I:(l—u) (A—uuy(py+pr3trs—p1),

(=) (1—uuy)(1—u,) (

u(l+uy~ ujuy) —uu,)

P3tP4— Py —pZ)“:](;t)

The notation is explained in fig. 1b. The matrix ele-
ment of the vector current coupling to a spin-J; and
spin-J, particle is obtained by factorizing eq. (4) at the
poles &5 =J}, a34 =J,. Note that the first factor in

the squared bracket in eq. (4) vanishes at these poles. .

10 E.g., the gauge nvariant vector model {22] or if the spec-

tator quarks form a mesonic bound system [e.g. 23].
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For the most decreasing form factor we find [26]
1
Fg?)= [ duu=o@)(1—u)= =2
0

=By(—1—8+J+J;, 1 —a(q?)). (%)

The constant § has the meaning of a trajectory in an
exotic channel (fig. 1b) so that § = lim,_, __a(¢). D1-
mensional counting [18,21] then gives*'! § = —2
for which eq. (5) becomes asymptotically

F(g?) ~ (g2) vl (6)

1.e., the farmiliar result * 2. A simple exercise now shows
that F (eq. (5)) has exactly J; +J, + 1 poles correspond-
ing to the leading vector meson and the first J; +J,
spin-1 daughters i the photon channel, whereas the
(J; +J,+ s, (J1+J,+2)nd, etc. daughters decouple.
Thus verifies our decoupling rules once again. The me-
chanism which makes the higher daughters decouple

is the same as that causing the Odorico zeroes [27] in
the strong Veneziano amplitudes. In the strong
Veneziano amplitudes low multiplicity states must

also decouple from high mass resonances as has been
remarked by Gliozzi [28]. There, the decoupling
scheme has, however, not been developed that far.

If one or both of the spin-J; , spin-J; particles are
nonleading, 1.e. daughter states themselves, the general
analysis [26] tells us that daughters count like their
leading ancestors 1n the decoupling scheme.

(1i1) Our final example rests on a class of bound
state models of confined quarks. Here the vector me-
son to spin-J; and spin-J, coupling proceeds via the
quark loop diagram as shown in fig. 2. We will base
our discussion on the model presented in ref. [10],
but believe it to be more general. The model has been
solved in Euclidian space where it exhibits O(4) sym-
metry as a matter of quark confinement. The mesonic
bound states lie on linear Regge trajectories which
follow the familiar O(4) classification. At Euclidian
(external) momenta fig. 2 can be expressed by an inte-
gral over Euclidian internal momenta. This leaves us

*11 por a different argument see also ref. [25].

*12 This is not surprising since § = —2 reflects the same dyna-
mics underlying our earlier results. We could have also left
5 a free parameter to be fitted to the canonical pion form
factor behaviour which, however, would lead us to the
same conclusions.
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with an integral over O(4) spherical harmonucs and
reduced wave functions. We define the coupling con-
stant at the (symmetric) point where all external mo-
menta are zero. It is clear that this will lead to de-
coupling rules due to O(4) Clebsch—Gordan coeffi-
ctents entering 1n fig. 2. In order to calculate the
coupling constant (in general there are many) from
the helicity amplitudes we have to factor out the
mvariants [e.g. 19] before going to the limit of zero
momenta since many of them vanish in this limit. To
give an example let us consider J; = J,. The (leading)
spin-J; particles contribute a spherical harmonic

Y 70, €ach. The vector meson contributes *> Y 15
where n=1,2, . . Here n=1 denotes the parent
particle, n =2 the first daughter, etc. After factorization*'%,
the vertex with the highest number of daughters pos-
sible 1s proportional to the O(4) Clebsch—Gordan
coefficient

17 il in-1n-1
22 22 2 2
, , (7
LN L] 000
which leads to the selection rule
n=1,2,., 2J;+1, (®)

in accordance with the decoupling scheme. This can
be generalized to arbitrary J; , J, giving back the general
decoupling rules. We have not made any attempt to
calculate the coupling constant away from zero mo-
menta. It should, however, not depend on the external
momenta since 1ts only dependence could be an entire
function in the external momenta due to quark confine-
ment which is not tolerable.

From what has been said above it is clear that the
decoupling scheme holds separately for any Regge
trajectory (e.g., any type of quark) as there are p, w,

#13 Note that the odd daughters have charge conjugation parity
plus in contrast to the Veneziano model. This shortcoming
1s due to scalar quarks and can be cured in the case of spin-
1/2 quarks without changing our results. Here, we may have
the wave functions (v4)" Uy, a, (va)? y $3Y n—100 ctc.
as can be mferred from ref. [10] extended to spin-1/2
quarks. Note also that the interpretation of y', ¢", etc. 1s

1 quite different from the charmonium picture here.

*14 Here, 1t 1s sufficient to factor out ( =Py from Y,
(1.€., the relative momentum kM —-5(p —p')” and keeping
(p —p’)“, for the kinematics see fig. 2). The rest of the
helicity amplitude stays finite 1n the limit of zero momenta
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¢, y, etc. This 1s to say that, e.g., ¥, ¥ and " as well
as p, p' and p" may couple tc D*D*. As for approach
(i) this means that the D matrnix becomes a sum over
various Regge trajectories. From approach (ui) we
expect further trajectories associated with hyperradially
excited states [10] starting at 5 — 6 GeV.

If we turn to the more realistic case of spin-1/2
quarks we notice the possibility of a further degene-
racy according to a (dynamical) decoupling of the
381 - 3D1 system. This seems to be given in the char-
monium picture and be realized in nature. The recently
reported resonance ¥ at 3.77 GeV may be understood
to be the 3D1 cc state in agreement with charmonium
estimates. Hence, we expect a doubling of the vector
meson spectrum, i.e., two Regge trajectories for each
famuly of quarks, at least for the new quarks. In prac-
tice this means that on top of ¥, ¢ and y" we also
expect (3D;), (3D;) and (3D)" cC states coupling to
D*D* and similarly for any other final state.

Let us now come back to the charmed meson pro-
duction. The cross section for DD, DD* + D*D and
D*D* production is given by (n=gq2/(m+m")?)

3
do 8« azpcm 3

_om om0 osn2 2
doosb 3 (g2 a" O1GEl”, ©
do _8r %*Pim 3
dco(;e 37{( 2)?/“2 s(1+°0520)4”'GM'2 (10)
q
and
2,3
do 87 &°P
Teosd =?ﬂ( 2;;72 B (1+cos20) 47|Gy 12
q
+3sin20 BIGg 2 +§ n?1Go 1M1, (1)

respectively ¥'¢. In terms of invariant form factors
the multipole form factors read

Gp=F, (12)
Gl =3(m+m)F*, (13)
and

S Feldman, L. Galtier1 and M. Perl, SLAC telegram (May
26,1977

16 Using degenerate masses eqs (9)—(11) can be seen to lead
to the quark model cross section ratios 1 .4 7 close to
threshold (n = 1) 1if the quark results Gg = Gy = G+
and GQ =0 are used.
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Gp=Fi+in[F+2(1-mF;],
Gy=FitF;, (14)

respectively (in terms of the form factors of ref. [29])
we have F; = FO), Fy = —F D+ F® and F3 = F ),

We now expect one vector meson coupling to ¥
and two vector mesons coupling to F*. Furthermore,
we expect ¥!7 three vector mesons coupling to F3 and
two vector mesons coupling to 'y and F) each. The
form factors are written as a product of poles
n,(1- qzlmlz) (and Breit—Wigners for ") as argued
in the first part of this paper. The contribution of
p, w, ¢ and ¥ type vector mesons and their recurrences
are considered separately. For the p, w and ¢ recur-
rences we assume (&' )~ =1GeV2. The D and D*
masses are taken to be mpo = 1.867 GeV, mp+=1.871
GeV and mpxo = 2.006 GeV, mpyx.e = 2.013 GeV [4].

In case of DD* + D*D production we need to spe-
afy GI’J[(O) and the relative contribution of p, w, ¢
and ¥ type vector mesons. For the latter we call upon
the charmonum picture which tells us that the ¢ and
 contributions have to be weighted by factors m  /m
and m,/m, respectively '8 . The normalization 1s then
given by the w — my decay rate (g,,,, = 2.56 GeV~ 1
which leads to FD**—»D" =1.64 keV and Ip*o_po,
=24 .7keV.

In case of D*D* production we totally rely on the
quark model since the magnetic moments of even the
old vector mesons are unknown. The naive quark model
predicts for the cc sector GD“/’[(O) =2mpx*/3m and re-
lative weighting by the quark masses as before. Little
is known about the electric quadrupole moment except
that it should be small since it arises from the d-wave
admixture 1n the D* wave function. The relative weight,
however, can be calculated and turns out to be given
by the square of the quark mass ratios [30]. We shall
normalize F ;‘ (0) to the peak of the DORIS total cross
section data [31] correspondmg tom,»=4.034 GeV.
This gives F¥(0)=—%-0.78 and a comparatlvely small
ratio Go(0)/Gy (0) ~ 0 24. For the ¢" (into D*OD*0)
w1§th we obtain I',» = 7.5 MeV which finally leads to
rgs ~0.1keV.

GQ=_

*17 gee, e.g., tef. [26] generalized to vector currents (essentially

eq. (4)) and ref. [19] scaled to the canonical form factor
behaviour.
18 We have assumed m,, = 0 32 GeV and m.=16GeV.
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The fit to the total cross section 1s shown in fig. 3.
Due to the p-wave threshold factor entering in the
Breit—Wigner width, the resonance curve 1s quite dis-
torted. Note that the resonance would have been
broadened towards higher energies even further had
we included D**D*™ final states. Also shown are the
contributions of the various final states separately (the
cross section for DD production 1s too small to be in-
cluded 1n the figure). On the peak the cross sections
o(DODY), ¢(DOD*0 + D*ODO) and o(D*OD*0) are
found in the ratios*'° 146 . 201. The relative amount
of D*D* changes quite rapidly 1n the peak area and
only stabilizes outside the resonance. If the theoreti-
cally predicted cross section 1s binned in intervals of,
say, 20 MeV we obtain about the SPEAR value for
the ratio o(DOD*0+ D*OD0) . g(D*0D*0) 1n the re-
gion covering the peak. On the peak the D*OD*0 cross
section arses almost entirely from " coupling to F3
which predicts a purely longitudinal (1.e., 1 —cos28)
distribution 1n this region. We have not attempted a
precision fit to the total cross section allowing for
further energy dependence of the width (as, e.g.,
suggested by the effective range approximation). So
our width is strongly limited from above by the shape
of the total cross section.

In fig. 3 we have also drawn our predictions for
F*F*~+ F*F~ and F**F*~ production using mp =
1.975 GeV and mp+ = 2.061 GeV [32] (agan, the
F*F~ cross section is too small to be included in the
figure). The cross sections are small as compared to
D and D* production which might explain why the
F and F* have not yet been seen.

Our decoupling rules are of great impact for future
e*e” phenomenology. We expect the y'"' (mass 4.4
GeV?) not to decay into a single D*D* pair and any
lower spin configuration, 1.e., DD, DD* + B*D, ete.
But the (3D;) and (3D,)" (if established) may couple
to D*D* and the (3D, )’ also to DD*+ D*D. This
might help to sort out the structure of the total cross
section in the 4—4.5 GeV region. At higher energies
we expect a(D*D*) (and o of any lower spin configu-
ration) to be smooth. This should manifest itself also
in the K% and /e inclusive cross section. Remember,

*19 The ratio o(DD*0+ D*0p0) | o(B*0D*0) 5 quite de-
pendent on the mput assumption of the fit. If one, e.g.,
takes the nawve quark model value F*Y (0) =2/3m; we
obtam ¢(D°D*%+ D*°D%) : ¢(D*°D*%) = 1 - 3 5 rather
than 1.4.4.
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however, that there 1s the possibility that trajectories
of hyperradially excited states show up at higher
energies.
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