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'ABSTRACT

Production of charmed meson pairs of 3£ =0
and 17 is examined near the threshold. Production
cross sections are parametrized by a quark model of
a broken SU(8) symmetry. The charmed hadron produc- -
tion is dominated by (0 ,1 ) pairs, and p'D
production comes out to be much too small to repro-
.duce the higher pea.k in tﬂe recoil mass spectfum
against p° (P°) through reflection. We point out
a few experimental measurements that will clarify the

origin of the higher peak of the recoil mass spectrum.

1. INTRODUCTION
Conclusive evidences for charmed mesons have finally arrived
in the e'e” amihilation at SPEAR.I’-Z The strongest signature has
been seen near the thresholds of two-body production. In the present
paper we examine pair production of charmed mesans with J° = 0" and
17 by means of a badly broken SW8) symmetry, supplemented with

quark model consideratigns when necessary. The two-body production
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cross sections near one of the broad rescnances are parameti-ized by
two numbers that are locally energy-ihdependent. The charmed quark

pair coupling alone leads us to the ratios for réduced cross sections

5= (Ipl/EY % as
HOB) : AP ): SDD) = 1:3.4:19, (1.1)

where |p| 1s the momentum of the final charmed mescns and E is the
electrén beam energy. Although these ratios improve ‘the it to exper--
iment as compared with those of the simple quark spin weight-model
(1:2: 7),3 H(D'D*) still comes out to be too small to reproduce
the higher peak in the recoil mass against DO(DO) through reflection.
The interference with the light quark contribution in the production

may help to improve some aspects, but the overall fit to the thiee

" production cross sections cannot be improved significantly. A few

interesting phenomena are pointed out in the presence of a sizable
interference. Energy dependence of the cross section ratio may pro-

vode a clue for understanding the dynamical mechanism of the charmed

~ meson production. It is pointed our that the higher peak in the recoil

mass may be due to D 7 (1) production.

II. PARAMETRIZATION

The coupling of a photon with (07,07), (07,17), and (17,17)

is written asl'
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(p-pm irfll) (9?) + F(cl) (&)} for (07,07), (2.1)

ewic P {12 (a2) + K (a3 for (07,17), (2.2)

(p -2, (g, €™ §6V (&) e V) (33

f(e\,p"’) c:, - (e", p")'té‘l s

g1 (@) + 61 (0 + o2 () + 6PNy + 6PN+ o{Pa33
+(p - p')u i-(cvp'v)(e;px) + %-qz(e‘l ‘e.ug {Gg3)(q2)+cﬁ3)(q?)}/m§
for .(1-,1—) ’ : (2.3)

where the kinematics is shown in Fig. 1. F(l) and G(l) are the form
‘factors of the charge coupling, and their aubscripts indicate whether
the photon couples with the light quark q or the charmed quark c.
Smilarly F(z) and G(z) are the form factors of the magnetic dipole
coupling, and G(3 ) is the form factor of the electric quadrupole
coupling. A few dynamical assumptions are introduced here to para-
metrize them. »
Normalization

The charge form factors are normalized at qz = 0 according

to the fractional quark charges, - o

K1o) - cgl)(b) = eq (Q = 2/3, -1/3, and -1/3 for
u, 4, and 8), (2.4)

r(cl_)(o) = cf}l)(o) =-eQ, (qQ,=2/3). . (2.5)

The magnetic form factors are fixed at q2 = 0 through the nonrela-
‘tivistic SU(8) synmetry.s Howéver, we have to take into account'a

possible large SU{4{) breaking dué to m, > B Unlike. the charge,

4=

" the magnetic moment has the dimension of inverse mass and the magnetic

‘moment of the charmed quark is quite different from that of the proton

quark. CQmparison of the radiative decays p + my and v (3.1) + nY
would give us a guide as to how a large breaking should be introduced.

‘In the static quark model the magnetic dipole transitions occur through
the quark magnetic moment ?’ Q/m, With m Zmp the p+ 7wy

(or better w—+ wy) rate is reproduced accurately. In this picture

the ¥n,y coupling is modified by SU(4) breaking as

(2% 0y - g e (2)
~ F <o) = ) F (o) , (2.6)
| c o (2’(0) SU(4) q .

and similarh* for ng )( 0) . On the othei- hand, if one introduces the
SU(4) breaking into SU(8) symmetric couplings through the vector meson

masses, cne would obtain

(2)
#2)0)
F(z)(o) - ( ) F(?-)(o) (2.7)

Note that m_ = 2n_ and % 2n_ Equation(2.6) and (2.7) lead

[+ q _
us to the same result. We therefore take into account the abnormal

MIneBB of the charmed quark magnetic moment by the -following nor-

malizations:
. (2) gy = 2 o
RO LN (2.8)
2) _ 2
¥2)o) - % (2.9)
(2) -
6~ (0) 3q , (2.10)
2%y =
Gc (0) = -'T;.. Qc » . (2.11)
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where there is no minus sign on the right hand side of (2.9) since

the coupling is of the D type instead of the F type as charge conju-. .
gation invariance requires. The numerical factor 3 in (2.10) and
(2.11) is a consequence of SU(8), but it is explained most naturally
in the static quark model, too. To determine the quadrupole moments,
cne needs more than the nonrelativistic SU(8) or quark model. We
-'I'hey are also

determine them by the relativistic SU(8) or U 16).7
subject to large SU(4) breaking. Following an argument similar to

that for the magnetic moment, we introduce an SU(I.) breaking factor

into 6(3)(0) as

(3) R |
O L (2.12)
[*]
3 . .1 Q . (2.13)
GS: )(O) = m7 c
v

The suppression of the electric qx_mdrupole‘ moment G£3 )( 0) relative
to 161(13 )(0) represehts the fact that the charmed qu spreads far
less from the center of mass of a physical meson than the 1light quark
does. )

Energy dependence of form factors _ .

The form factors should be real or almost real in a region
sufficien_@ly away from resonances. In the region where the charmed
meson pair production has been measured intensively, this is probably

the case for the light quark form factors F (qz) and G (qz) The

(kubo-Zleig-Iizuka rule forbids ¥ resonances from e tering F (q ) :

and Gq(q ). V¥e therefore assume here that all of the light quark

form factors are real in the énergy region relevant to us. Their q2

dependences are chosen to be common. The situation is opposite for
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the charméd quark form factors. In order to enhance the charm’;d .
meson production channels, ‘the measurement has been dane at or near
one of the broad ¥ resanances. Fc(qz) ‘and Gc(qz) are to be
written there as

2, e

j {s-u‘j+ 14,7 (8))

+ (cc background) , (é.ll.)
“here & =q° and ‘M, 1s the J-th ¥ resomence with widtn ry.
As is usual, the width in the Breit—Vl:lgnei- formula is modified as
re) = {o(s) /) P¥ry (2.15)
vhere ‘p(s) is the center-of-mass momentum of a two-body channel.
[

III. CROSS SECTIONS NEAR A BROAD ¥ RESONANCE

Vle write the formulae for total cross sections for production

<

~of charmed meson pairs.

oo
o(s) = alf(e))? g3 , (3.1)
12
or
Rs) = {(s)]?/ ¢ 83 , ’ (3.2)

where B8 = |p| /E of the charmed mescn,

3Hs) {-1 - 2(s)3  far DD, (3.3)
f(s) = ¢ %’F(s) {2 - 2a(s)} for D°1°, (3.4)
.;.1-4(3) {-1 - 2os)} for F“F‘, | (3.5)

v
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" F(s) is the light quark form factor normalized as F(0) = 1, and
a(s) is the ratio of Fc(qz)/Fq(qz) normalized as a(0) = 1. Near

a § resonance, a(8) is given by one of the Breit-Wigner terms in

(2.14).
01 and 170 _ .
. . 3 - o
24m° E :
v .
or . .
Rs) = FUf(a)%e’Harmd) Aigle)®,  (3.7)

where E 1s the initial electron beam energy,
2 A + -
-§F(s) (-1 + 2a(s) x) for DD, (3.8)

f(s) = 4 -§-F(e) ( 2+ 2a(s) k) for D°B°. (3.9)

2

-§-F(s)(-1_+ 2a(s) x) for F'F". (3.10)

\ .

and k = mp/nv , which is approximately equal to mq/mc pumerically.
We have ignored small mass difference between D*( 17) and F*( 17).
The same F(s) and a(s) appear here as in the (0 ,0°) production

by our essumption an the form factors.

- _ N
als) = 3 (42 |a(s)]? + 2'8(8)'2 sls)%e3 (3.11)
or . .
rs) = L Glae)? « 2i8(s)]? + [o(e)]28%, (3.12)
e

 where 8 = |pl/E, y=(-8Y, aa

B(8) =¢ %F(s)'_ 2 - 4y - 2a(s) (1 - 2933 ]for D D, 33.14)
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% [ 3 - 2a(s8) {1 +- 3': -k }] for p**p" ,
A(s) =¢ %F( {6 - 2a(s) {1+ k-« }] for D°!5°' , [ (3.13) |
%-F( .’_- - 2a(s8) {1 + 3;:-:2)] for F""F" R

r

+212

2a(8) {1 - 2y%%)

wf
A
[
S
U
[

%F(s) -1+ 2y Za(s) a- azxz}] for Fr

¢ [ ! . \
-:;-F(s)_ -1-672 2a(s) {1 + 6y x}] for D“_‘D'*,'

O¥==0

-0(5)=J -]:-;-F(s) 2+>121 - 2a(s) {1 + 6y K}] for D Df (3.15)

1]
672 - 2a(s) {1 + 6Y2K}] for FF Y j

\ % F(s) [-1

When we examine a narrow range of energy around one of the
¥ ‘resonahces, we may assume that F(s) is independent of s and
a(s) is of the form of cfs - M +‘iMI'(s)}_1 . We are left with two
parameters, which should be determined by experiment.

IY . PRODUCTION AROUND A RESONANCE JUST ABOVE THRESHOLD

- . The most extensive search has been made for the charmed meson

pair Nuctim at & = 4.028 GeV, where a fairly narrow ¢ resonance
(T =15+~ ZOI)hV) exists. This is the enei‘gy region suitable for

the search since the resonance enhances the yiel(_Is and the two-body

channels are still dominant.
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We take the following values for masses ;1'2

mD* = 1871 MeV,

= 1866.5 MeV
"o . (4-1)
mek = 2012 MeV ,

= 2005.4 MeV .

mo*

The masses for D*, Do, and Do*

are based m the actual measurement,
and the D'~ mass is half experimental and half theoretical. For F -

*
and F , the results are very sensitive to their masses.

cc dominance

' Let us start with the case where the charmed méson production
comes entirely through ce ‘pairs. We can calculate cross section
values in this case by letting F(s) + 0 with F(s)a(s) kept nonzero
in the foregoing formulse. With the masses as given in (4.1) and
/g = 1.023 MeV, fe ean estimate uniquely the produétion cross section'
ratios as tabulated in Table 1A. The covss secfions are normalized
with respect to of DODO*)_ + o(DoDo*) -1.here'. The production cross
section for FF is obtained from that of either D'D- or D°D° by

maltiplying the ratios of p3 .

The' D°F°" and -D°D°" . channels clearly dominate in this case.
But, the ,D+D- and D°D° productions are sizable, though not in en
obvious disagreement with experiment. The prbductim of DO"DO'

pairscomesmtobetoomllsinplybecauseofthevanishinglymli

+% %

83 (v7.9 x 10°%). So is the D 'D" production. This is clearly

in contradiction to experiment if one attributes the higher peak.of

the recoil mass to the D° D reflection. The Doiﬁoi cross

-10-

section is sensitivé» to the 'Q value. The values of masses quoted
in (4.4) are s\ibaeéted to st.atistiéaljerrors of 4 MeV and their
systematic errors due mainly to the beam energy are = 5 MeV, To
show the sensitiﬁty of the cross sections to the Q values, we

*
have chosen another set of values for D° and p°" masses ass

o 1862.5 MeV , ' '
o ! (4.2)

m o 1998 eV .
The results are tabulated in Table 1B. .'me.'productich cross. section
for Do*'ﬁo* is still smaller than what has been cbserved in the experi-

ment, if one tries to interpret the higher peak in the recoil mass
] R
against D° (D7) through the il

reflection.
‘For the sake of comparison with other model calculations, we

give the cross section ratios o ‘the case of degenerate masses:

o(p°) = o(d'D7) , _
o 0°0°*) = ofD'D7") , ' (4.3)
o0 ") = o(0*p ),

o(0°%°) : o(D°P°*) : o(D°'P°%)

= 1:2em : aP(elF v 2025007 (er’e ),
o ‘ (4.4)
where Y = s/mZD; . If we set here Toughly m, = Zm in o(2°5°%)

and K = 0, namely B, >> mu' the ratios in (L.L) reduce to

,4,8’
1:2:7 at the threshold. /s-=2nD;. This agrees with the pre-
dictions of simple dynamical models based on spin veight.3 In our model,

the ratios are modified by m, 7 2ms and more sensitively by « 7 0.
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The magnetic moments of D*'s enhance considerably the D D pro-
duction cross sections. At v& = 4 GeV, the ratios in (4.4) become

approx:lmateiv equal to 1 : 3.4 : 19, Although this improves a fit

to the experiment by a factor of two relative to the ratios 1 :2 : 7,

the improvement does not seem to be sufficient.

Light quark contribution

Thefe is no reason to exélude the possibility that the light
. quark coupling with the time-like photon produces also the charmed
mesons, too. At /s = 4.028 GeV, the broad resonance accounts most'.
of the production, but the 1ight quark contribution may not be negii-
gible. We should like to call attention to & very similar situation
near and sbove the KK threshold. As /& goes beyond the KK

threshold, KK pairs are produced through &5 - pairs. If all of the

events contain‘iz.xg KK come from the ss pairs, the fraction of events

cantaining the K mesons would be given l?y

r = (Events with K (‘k’)} / {_Total events} = 1/6
| (4.5)

according to the asymptotic freedom. However, thj.s K event fraction

has been measured to be approximately equal to 20% for a K meson
below /5= 3 GeV, and the fraction for a K meson is also about

the same with ' less accuracy.9 We therefore have
r = 0.40 '  (4.6)
experimentally. Since the 0ZI rule predicts that ss pairs always

end up with events with KK, more than a haif of the K events
sust originate from uwae and dd pairs. W¥With the experimentaily

=12~
measured R = 2.5, we find that

R(WT, &7 + no KK) = 1.5,
R(ud, df + events with KK) = 2/3 R (4.7)

R(ss + events with s5) = 1/3 .

It is therefore not out of the question to expect that the light
§uark pairs also produce the charmed mesons ‘above /s = 4 GeV.

We shal first enumerate qualitative consequ‘a.nces‘ of the pre-
sence of the light quark,'cmtribution in the production of the charzﬁed
mesons. .

(1) The light quark for factor F(s) is probably real or almost
. real while the_cha;med-quark form factor a(s)F(s) is cém-
plex as descirbed by the Breit-Wigner formila. On the top
of the resonance ( 4.63 GeV), therefore, the interference
between the light quark and heavy quhrk contributions is
unimportant. V'I'he production.cross sections are not much
affected by the presence of the light quark contribution
unless it is‘ comparable with the c¢ contribution.

(2) Off the resonance, however, the two conti‘ibutions interfere
to skew the Breit-Wigner shape of the cross sections. The
abnormally steep rise of the total cross section on the lower
side of the 4.03 GeV peak might have something to do with
the interference effect. The interference is most significant
in the (07,17) production cross sections since the light
quark contribution is enhanced relative to the charmed quark

contribution by the ratio of the magnetic moment, 1
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(3) The presence of the interference is best test:ed by measuring
the production cross section ratios of charged pairs to . .
neutral pairs. As we have seen in Section III, if the inter-
ference is constructive in p'D’, D+D-‘, and D' DJ, 1t
is destructive in D°i5°, 'D°l_)°*, and p°*p°* . The ratios

wquld be sensitive to the center of mass energy across the
rescnance peak.

(4) It does not seem possible to alter substantially the ratio
of the (07,07) to (17,17) cross section by introducing a
small phase into the light quark form factor N s): Such a
phase tends to either enhance or suppress both of the cross v
sections at the same time, while the (07,1”) production
cross section changes in an opposite way. If one assumes that
the 4.03 GeV peak is not a genuine resc:mance, the charmed
quark form factor is almost real so that a large interference
is expected to occur. However, this does not help to improve
the general trend of the cross section ratio.

. To give an idea of what happens in the presence of the light
quark cmtﬁb@i@, we have performed a numerical calculation for the

two cases in which tﬁe 1ight and heavy quark contributions to -

_ o(0°0°") + ofB° D°*) are inthe ratfos of 1:3 and 1 :5 at

the peak of the 4.03 GeV resonance. From (2.14) and (3.9), —

these correspand to (r.:l(/ll[‘)2 equal to 3 and 5, respectively.
Introducing x = np/m" and- T = 20 MeV, and assuming that the non- .
resénant light quark form faétqr F(g) 1is constant over the narrow
renge in /& cansidered, the results obtained are exhibited in

Fig. 2(a) and 2(b). Away from the resonance peak the interference

14~

between the ‘two contributions distort the Breit-Wigner rescnance
shapes. The positive values for c takex_: result in a destructive
interference in the lower side of t.he-rescmance and a constructive
interference in the higher side. These behaviors are consistent with
the experimental o servation near the 4.03 resanance.. The sbove trend
is reversed for the negative values of c¢. Evidently, the larger the
above ratio, the more dominant of Doﬁo*) + o(D° D°*) becomes reiatiire
to of(D°P°). In the present scheme the fact that experimentally the
signature for p° B° productioﬁ is almost vanishingly week in c@
parison to that'foz; bo 5°‘+ Do Do* production indicates that the
coupling of the resonant charmed q{mrk pair is much stronger than
that of the nonresonant light quark pair. However, o(Do*ﬁof) turns
out to be too smil in comparison to ofD° ﬁoi) + (D° Do*) to repro-
duce the higher peak in the recoil mass against p°(5°) through
reflection. 3

» V. DISCUSSION AND SUMMARY : »

We have found that if ¥(4.03) behaves like a member of the

representation of SU(8), the Vl‘atio of f.vo-botw production cross
sections does not seem to agree with the measurement Our model
reduces in a certain 1im:lt‘to the simple quark moﬁel based an spin '
ieight, which leads us to even a worse disagreement with experiment.
¥e can think of two distinct possibilities for this discrepancy,
particularly, in the_/ D‘ b‘ production cross section. The first
possibiliti is that the asbnormally large D‘ 5' cross section occurs
anly at the pesk of #(4.03). In this case, we mist conclude that
¥(4.03 )‘ is something quite different in dynamical structure from the
lower V's such as ¥(3.1) and y'(3.7). ‘For instance, ¥(4.03)
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10 in which case

- might be a bound state of ccqq instead of cc,
our results are expected to be valid at values of V8 away from

‘the ¥4.03) peak. The second possibility is that the ratios of the

reduced cross sectioms renain more or less the same off /8 = 4.03 GeV.

If this i{s the case, it would mean that we have to look for the
origin of failure somewhere else, in particular, in the interpretation
of Ithe higher recoil peek against D° (P°) as the p°"5°* reflection.
It is therefore very important to know how the ratio of the reduced
cross secfions varies as the energy is varied near v& = 4.03 GeV.

-The other interesting problem is how much the iigixt quark
pairs contribute to the charmed meson production. This is most
sensitively detected by measuring the ratio of the reduced cross
sections such as &(D'D7)/E D), FD'D¥)/GIT*), and
aDHDJ)/E(Dd*DO*). What is actually measured in experiment is a
product (decay braﬁching ratio) x (production cross section). When
we do not know decay branching ratios, we should loék at thg energy
dépendence of the cross sections. For instance; from (3.3) and (3.4),
we -find that

oo T)A(0P) - 2 (

s-llz+2cx +i)l[‘(s))2 (5.1)
4 .

8 -Il2‘; e + iMr(s)

The interference is opposite between p*p™" and D°P°* o that, by
measuring the ratio ‘ , ;
{B(D" » K»"x") S(D'T")}/(B(D° + K'x") F1OB°H)) (5.2)

at differens energies across the v_(Z..OJ) peak, one can detect the

presence of the 1light quark contribution through the rapid energy var-

fation of the ratio (5.2). This gives another justificatiom for -
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measuring energy dependence of production cross sections near one
of the broad ¢ resonances, .

To conclude thie paper, we would like to propose an alter-
native explanation of the higher recoil pesk against D°(D°). —The
cnly natural way to overcome the vanishingly small Q val;xe for ihese
events seems to be that D° and 50" of J'P =1t are produced in
pair in an s-wav;e. Since B is sbout 0.1, with the values of
masses given b;}.experiment the cross section is enhanced by almost
a hundred. This producés naturally the size of cross section that
is needed to explai;n the higher recoii pea.k; ' Because of the differ-
ence in final partial waves (s-wave vs. p-wave), the relativeiheights
of the two peaks in the recoil mass spectrum against DO(DO) would
vary markedly as the energy is varied in nonresonent region. l
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FIGURE CAPTIONS
Figure 1: Xinematics of photon vertices
Figure 2: Relative cross sections for (a) {ex/M )2 = 3 and
(v) (cnc/Ml")2 = 5 , The values for the masses are as
given in (4.2) in the text. The cross sections are
given in aibitrary scales. The three curves, I, II,
and III, represent the cross séctims for D°5°,

p°5°* + 5°0%", and D°'D° » Tespectively.

TABLE CAPTIONS
Table 1: Ratiosd production éross sections at ' va = 4.028 GeV.
Masses are given in (4.1) and (4.2).

Case A _ Case B
o{D'D7) ' 0.36 : 0.31 .
o( D°D°) § 0.39 | ,, 0.3%
WD Do) 0.9 o - om
W) e 1 a1
o(p"'p7")  oas  o.ou

o(0** 7°%) | 0.11 0.26
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