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xcJ production in e1e2 annihilation
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Inclusive production ofxcJ in e1e2 annihilations is an excellent probe of the role of higher Fock states in
the production of heavy quarkonia. Within the non-relativistic QCD approach, contributions from the short-

distance production of color-octetcc̄ pairs are significantly larger than those from color-singlet production. At
the same time,xcJ production rates are significantly smaller than expected in the color evaporation approach.
Measurements of thexcJ production at CLEO and futureB-factories will thus constitute a major test of
theoretical approaches to the production of heavy quarkonia.@S0556-2821~98!04813-9#

PACS number~s!: 13.65.1i, 12.38.Bx, 12.39.Jh, 14.40.Gx
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Calculations of heavy-quark production ine1e2 colli-
sions are now approaching a level of high accuracy. Fift
years after the calculation of the next-to-leading-ord
~NLO! perturbative QCD corrections to the totalopenheavy-
quark cross section@1#, we have now seen the completion
the NLO corrections to three-jet cross sections with mass
quarks@2#. Despite continuous efforts over nearly 20 yea
such a precision has not yet been reached in the calcula
of the cross sections of heavybound states@3–12#. Predic-
tive power depends on the understanding of the lo
distance bound-state formation process, which is therefor
the heart of current quarkonium physics. In this Brief Rep
we investigate the inclusive production ofP-wave quarko-
nium states ine1e2 collisions. This is the first study of thes
processes since essentially@13# all previous work was con-
cerned with theS-waveJ/c or Y mesons.

For a large quark massm, a quarkonium bound state of

heavy quarkQ and its antiquarkQ̄ is a non-relativistic sys-
tem. The spectroscopy of both charmonia and bottomon
well described in non-relativistic potential models, where

quarkonia are considered to be pureQQ̄ states bound by an
instantaneous potential. The question arises as to whethe
production of quarkonia is also dominated by this lead

Fock state. Is theQQ̄ pair produced, already at short di
tances, in a configuration that corresponds to the asymp
valence Fock component of the quarkonium? If it is, then
non-perturbative information in the theoretical prediction
duces to a single number, namely the coordinate-space w
function at the origin, which can be extracted, e.g. from
potential-model calculation.

It is widely believed that higher Fock states are of de
sive importance. Yet there exist different approaches whe
comes to relating observable cross sections to short-dist
QQ̄ production amplitudes. In the color evaporation mod
~CEM! @3#, the quarkonium production cross section is p
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scribed to be a~process-independent! fraction of the QQ̄
production cross section, below the physical threshold for
production of a pair of heavy-light mesons. In the no
relativistic QCD ~NRQCD! approach@14#, the transition
from QQ̄ to quarkonium is represented in terms of a mu
pole expansion, which leads to scaling rules for transit
probabilities in terms ofv, the mean heavy-quark velocity i
the meson. Any given cross section is a linear combinat
of several non-perturbative factors, multiplied by proce
dependent hard factors. To the leading order inLQCD/m
(m*mv) the former are well-defined process-independ
NRQCD matrix elements~MEs!.

We have calculated thee1e2→xcJ1X cross sections
within the NRQCD approach, using values of MEs det
mined from measurements of other reactions. On the
hand, the results strongly violate the process-independe
of cross-section ratios assumed in the CEM. Thus an exp
mental upper limit onxcJ production ine1e2 annihilations
can establish that non-perturbative effects play a decis
role in bound-state formation. On the other hand,
NRQCD results are dominated by color-octet product
channels. Observation of the predicted shapes and nor
izations of the cross sections will therefore provide striki
evidence of the importance of higher Fock states and
scaling of their contributions withv.

In NRQCD, any cross section is given as a series exp
sion in bothas(m) andv, to the leading order inLQCD/m.
Let us first consider the case ofS-wave quarkonia, in par-
ticular theJ/c (JPC5122). The leading contribution inv is
given by processes where thecc̄ pair is produced in the
leading, color-singlet Fock state@15#, ucc̄1(3S1)&:

e1e2→cc̄1~3S1!1cc̄, ~1!

e1e2→cc̄1~3S1!1gg. ~2!

The orderv2 correction toJ/c production still involves only
the leading Fock state and can be considered as a relativ
correction to the wave function. Subleading Fock states fi
contribute at the relative orderv4, where the short-distanc

of
© 1998 The American Physical Society02-1



a

ne
r

os

p

sm
tic
0%
ag
b

ic

nd
le

ar

e
tri
xi

f
in

eir
r
ct

e-
-

rgy

on

s

-

BRIEF REPORTS PHYSICAL REVIEW D 58 017502
production of a color-octetcc̄ pair is followed by dipole
transitions to the final quarkonium. The chromo-electric~E1!
and chromo-magnetic~M1! dipole transition scale asv2 ~E1!
and v4 ~M1!, at least foras(mcv)/p!1 @11#. Dominant
color-octetJ/c production processes ate1e2 colliders are

e1e2→cc̄8~1S0!1g, ~3!

e1e2→cc̄8~3PJ!1g, ~4!

e1e2→cc̄8~3S1!1qq̄ ~q5u,d,s!. ~5!

Processes~3!, ~4! are enhanced by 1/as(mc) relative to pro-
cesses~1!, ~2!, and ~5! is enhanced, at large energies, by
logarithm ln(s/mc

2) with respect to process~1! ~which, in turn,
dominates process~2! by the powers/mc

2 at larges!. Current
estimates of the long-distance MEs^O1,8

J/c(2S11LJ)& @14#,

that parametrize the transition from acc̄1,8(
2S11LJ) state to

the J/c, are listed, for example, in@11#. At the center-of-
mass energy studied by the CLEO experiment at the Cor
Electron Storage Ring,As510.6 GeV, the cross sections fo
the color-singlet processes~1! and ~2! are 0.20 pb and 0.35
pb, respectively, about one third of the experimental cr
sections51.6560.2560.33 pb @16#. Hence there is room
for color-octet contributions, which we estimate as 0.50
for process~3!, 0.60 pb for process~4!, and 0.01 pb for
process~5!.

Conclusions on the presence of color-octet mechani
would, however, be premature because of large theore
uncertainties. First, the color-singlet MEs are known to 5
at best, and an uncertainty factor of 2 is certainly not ex
gerated for the color-octet MEs. Secondly, there could
large perturbative corrections. And finally, truly relativist
corrections of orderv2 may also be large, cf. directJ/c
production in hadronic collisions@17#.

Therefore it has been suggested@9# to study the energy
distributionds/dz of theJ/c, wherez52EJ/c /As. The pre-
dicted large color-octet processes~3! and ~4! are concen-
trated nearz51 and should thus dominate the upper e
point of thez spectrum. A dramatic change should be visib
notably in the polar angular distribution of theJ/c with re-
spect to the beam axis. Unfortunately, measurements at l
z are plagued by a large background from radiativec8 pro-
duction @16#. Another potentially useful observable is th
J/c polarization, which is measurable via the angular dis
butions of its decay leptons. Partial calculations already e
@6,12#, but the measurement is definitely not easy.

We propose the study of thexcJ production as a means o
investigating the importance of color-octet contributions
quarkonium production. Contrary toS-wave quarkonia, the
J11 xcJ mesons receive contributions from one of th
higher Fock statesucc̄8(3S1)g& already at the leading orde
in v: the associated E1 transition suppresses the cross se
by v2, but this suppression is compensated because
S-wave operator scales as 1/v2 relative to aP-wave operator.

Color-singlet production ofxcJ proceeds through

e1e2→cc̄1~3PJ!1cc̄. ~6!
01750
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Note that the contribution from

e1e2→cc̄1~3PJ!1gg ~7!

is zero for pure photon exchanges in thes channel. Also the
Z-exchange contribution is negligible at low energies b
cause it is proportional tos/MZ

2 , and at high energies be
cause process~7! is suppressed bymc

2/s relative to process
~6!.

Color-octet contributions to the energy distribution ofxcJ
away fromz51 arise from Eq.~5! and the processes

e1e2→cc̄8~3S1!1cc̄, ~8!

e1e2→cc̄8~3S1!1gg. ~9!

All three processes possess the same scaling inv andas(mc)
as the color-singlet process~6!. Two further color-octet pro-
cesses dominate near thez51 end-point, namely~3! and~4!.
The process

e1e2→cc̄8~3S1!1g ~10!

is negligible for similar reasons as process~7!.
The calculation of processes~5!, ~6!, ~8!, ~9! is standard

but tedious. We calculate the distributions in both the ene
and the polar angleu of the xcJ ;

d2s/dz d cosu 5S~z!@11a~z!#. ~11!

Details will be presented elsewhere. Here we comment
the relation of our results and previous calculations.

At high energies,mc
2/s→0, the cross section for proces

~6! reduces to

ds

dz
52s~e1e2→cc̄!

1

mc
5 ^O1

xcJ~3PJ!&Dc→cc̄~3PJ!

~1!
~z!, ~12!

whereDc→cc̄(3PJ)
(1) are the partonic color-singlet charm frag

mentation functions forc→cc̄1(3PJ)1c. Our expressions
for these functions agree with@18,19#.

The fragmentation limit of process~8! is more involved.
Writing it as

ds

dz
52s~e1e2→cc̄!

1

mc
3 ^O8

xcJ~3S1!&D̂8~z!, ~13!

we observe thatD̂8(z) agrees with~3.6! in @19# if we take
m25z2(12z)s in the result of@19#. Note that Eq.~13! is not
the sum of two fragmentation processes,e1e2→cc̄ fol-
lowed by c→xJ or c̄→xJ and e1e2→cc̄g followed by
g→xJ , as is the high-energy limit of process~5!. We can
decompose Eq.~13! as
2-2
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ds

dz
5

1

mc
3 ^O8

xJ~3S1!&H 2scc̄@Dc→cc̄~3S1!

~8!
~z!1R8~z!#

1E
z

1 dẑ

ẑ

dscc̄g

dy U
y5z/ ẑ

Dg→cc̄~3S1!

~8!
~ ẑ!J , ~14!

where scc̄,cc̄g is the cross section fore1e2→cc̄,cc̄g; the
gluon fragmentation function is simplyDg→cc̄(3S1)

(8) (z)

5pasd(12z)/24, andDc→cc̄(3S1)
(8) is obtained by appropri-

ately removing the NRQCD ME and changing the color fa
tor in the color-singletc→J/c fragmentation function given
in @5#. Also, Dc→cc̄(3S1)

(8) coincides with the equal-flavor limi

of theb̄→b̄c8(3S1)1 c̄ fragmentation function of@18#. How-
ever, from Eq.~14! it is clear thatDc→cc̄(3S1)

(8) is not the

color-octet part of thec→xcJ fragmentation function, as
conjectured in @18#. Interference terms present in th
cc̄8(3S1)1cc̄ diagrams for the equal-flavor case~the non-
zero remainder termR8! forbid a simple rescaling of the
color-singlet result.

Our cross section for process~9! agrees with@7# if we
appropriately replace the color-singlet NRQCD ME a
overall color factors by their color-octet counterparts.
nally, our cross section for process~5! reduces to a form tha
is analogous to theu-integrated expression in@10#.

For our numerical estimates we usemc51.48 GeV, as
50.28, andaem50.0075. At z,1 only the rather well-
known NRQCD MEs @11# ^O1

xcJ(3PJ)&50.32 GeV5 and

^O8
xc1(3S1)&59.831023 GeV3 are needed. Nearz51, two

up-to-now unknown MEs enter in the combination

Ma
xcJ5^O8

xcJ~1S0!&1
a~r ,cosu!

mc
2 ^O8

xcJ~3P0!&, ~15!

where 3.6,a,4.7 at the CLEO c.m. energy.Ma
xcJ is related

to a combination ofJ/c MEs by a velocity scaling:Ma
xcJ

;v2Ma
J/c ~not displaying spin counting factors!. Because of

large uncertainties in experimental fits ofMa
J/c @20#, we also

consider alternative estimates. A velocity scaling requi
that ^O8

xcJ(1S0 ,3P0)&;v4^O8
xcJ(3S1)&. Moreover,

^O8
xcJ(3P0)& can be estimated from̂O8

J/c(3S1)& and color-
singlet MEs by assuming a universal strength for double
transitions, without referring to a velocity scaling. As a val
consistent with these various estimates we takeM4

xc1

50.003 GeV3. This is at the lower side of the range su
gested by hadroproduction data, but, on the other hand
the high side concerning consistency withB-decay data.

The ratio of the two MEs in Eq.~15! is more difficult to
estimate, but given the limiteda range, it is of minor impor-
tance. Below, we take^O8

xcJ(1S0)&;(1/6)^O8
xcJ(3P0)&

GeV22. We shall in fact find such a clear hierarchy of co
tributions that conclusions can be drawn despite sizeable
certainties in the MEs of Eq.~15!. In any case, our findings
for z,1 are not affected at all.
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The totalxc1,2 cross sections are dominated by color-oc
processes, as shown in Table I. The color-singlet parts
two orders of magnitude smaller than theJ/c cross sections.
The color-octet contributions lead to a marked increase. S
the rates are only about 1/20– 1/10 of theJ/c production
rate. This confirms that thexcJ production ine1e2 annihi-
lations is indeed very sensitive to the power counting
long-distance effects in quarkonium formation. The no
observation ofxc’s at CLEO @16# ~for integrated luminosi-
ties of about 3.1 fb21 on theY(4S) and about 1.6 fb21 off
the resonance! already causes problems@21# for the CEM,
where thexcJ :J/c ratio is predicted to be the same as w
measured in the fixed-target@17# and collider@22# hadropro-
duction, i.e. about 1 (5/3) forJ51 (J52).

The rates in Table I are for direct production, i.e. exclu
ing the production ofxcJ in the decay of other hadrons
B-meson decay contributions can be removed experim
tally, e.g. by a cut onz at CLEO. There is also a contributio
from c(2S) decays,c(2S)→g1xcJ . We estimate thexc1
cross sections to be 11 fb for process~1!, 19 fb for process
~2!, 8.3 fb for process~3!, 19 fb for process~4!, and 0.64 fb
for process~5!. In total we hence expect about 60 fb~10%
less forxc2!, with about one half due to color-octet mech
nisms. We conclude that the directxcJ production dominates
over the indirect one.

Figure 1 shows the energy distribution of the directxcJ
production. A steep rise at largez signals the importance o
the e1e2→cc̄8(3PJ)1g process. Signatures for the oth
color-octet mechanisms are also clearly visible, e.g.
xc1 :xc2 ratio close to 1 atz,1, as opposed to the ratio,0.5
obtained from color-singlet processes alone.

With a separate measurement ofxc1,2 and with sufficient
statistics to determine the double-differential cross sec
d2s/dz d cosu, the angular distribution parametera(z) will
also serve to identify NRQCD production channels.
shown in Fig. 2, the color-octet value ofa(z) for xc1 is
significantly lower than the color-singlet value, whereas
xc2 the color-octet value~at largez! is significantly higher
than the color-singlet one.

TABLE I. Integrated cross sections and angular coefficienta for
e1e2→xc1,21X at As510.58 GeV. The color-octetxc2 cross sec-
tions are a factor 5/3 larger than the correspondingxc1 ones. The
cut z.0.693 excludesxcJ’s originating fromB-meson decays.

All z z.0.693
s @fb# a s @fb# a

cc̄1cc̄1(3P1)→xc1
18.1 0.44 15.3 0.49

cc̄1cc̄1(3P2)→xc2
8.4 0.10 7.5 0.09

cc̄1cc̄8(3S1)→xc1
6.1 0.24 4.0 0.35

qq̄1cc̄8(3S1)→xc1
15.6 0.26 11.7 0.34

gg1cc̄8(3S1)→xc1
5.5 20.03 4.2 20.05

g1cc̄8(1S0)→xc1
4.1 1.00 4.1 1.00

g1cc̄8(3PJ)→xc1
45.6 0.64 45.6 0.64

Total xc1 95.0 0.47 84.8 0.53
Total xc2 136.5 0.46 123.4 0.51
2-3
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In summary, inclusivexcJ production is a powerful too
to establish the size of higher Fock state contributions in
formation of heavy bound states. Different theoretical a
proaches predict markedly different cross-section ratios.
example, thexc2 :J/c ratio is as low as 1/100 if onlycc̄
pairs in the leading Fock state contribute, while it is of ord
1 if the bound-state formation proceeds dominantly throu
~color-singlet or -octet! S-wave cc̄ pairs, as it does in the
CEM. At all values of z, the velocity-scaling rules o
NRQCD yield a ratio of about 1/10, since the color-oc

FIG. 1. Energy distribution ofs(e1e2→xc1,21X) at As
510.58 GeV: total, color-singlet, and color-octetxc1 contributions,
and total and color-singletxc2 contributions. The peak from the

e1e2→cc̄8(1S0 ,3PJ)1g processes at largez has been smeare
over a range of width;v2. In a physical process such a smeari
follows from the energy transfer in the non-perturbative transiti
,

.

or
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processes induced by higher Fock states are much more
nounced for thexcJ production than for theJ/c production.
This is partly because color-octet processes enter thexcJ
production at the same order as the color-singlet ones,
partly because theC-parity suppresses the processe1e2

→cc̄gg, which dominates theJ/c production.
Signatures for color-octet contributions are also clea

visible in the energy and angular distributions. The expec
rates could already be visible at CLEO with current statisti
and will definitely be measured in the near future at CLE
and atB-factories.

M.V. wishes to acknowledge financial support fro
Suomalainen Tiedeakatemia, Va¨isälän rahasto.

.

FIG. 2. Energy dependence of the angular coefficienta in
e1e2→xc1,21X at As510.58 GeV: total, color-singlet, and color
octet xc1 contributions, and total and color-singletxc2 contribu-
tions.
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