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Color-octet c8 production at low p'
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We study contributions from color-octet quarkonium formation mechanisms top'-integratedc8 production
cross sections in pion-nucleon reactions. The observed polarization of thec8 is not reproduced by calculations
where leading-order, leading-twistQQ̄ production mechanisms are combined with the color-singlet and colo
octet mechanisms of bound state formation. This shows that there are other important quarkonium produ
mechanisms at lowp'.

PACS number~s!: 13.85.Ni, 12.38.Bx, 13.88.1e, 14.40.Gx
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I. INTRODUCTION

The production of heavy quarkonium has been wide
studied using perturbative QCD. Because of the large mas
of the c and b quarks, quarkonium production amplitude
can be factorized as products of perturbativeQQ̄ production
amplitudes and nonperturbative quarkonium formation a
plitudes. In the conventional model of hadroproduction@1#, a
color-singletQQ̄ pair with the appropriate quantum number
is produced by the leading-order perturbative mechanisms
the collision of two partons, i.e., at leading twist, and th
formation process is represented by a color-singlet Sch¨-
dinger wave function.

In S-wave quarkonium production, only the value of th
wave function at the origin of coordinate space,R(0), is
probed, because the size of the perturbatively produc
QQ̄ pair, O(1/mQ), is small compared to the width of the
wave function. On the same basis,R(0) can be related to the
observed leptonic width of theS-wave state: e.g.,

uRc8~0!u25
Mc8

2 G~c8→l 1l 2!

4aem
2 ec

2 . ~1.1!

Thus the normalization of hadroproduction cross sectio
can be expressed in terms of the leptonic widths.

The Collider Detector at Fermilab~CDF! Collaboration
has recently reported several measurements of quarkon
production inpp̄ collisions atAs5 1.8 TeV @2,3# which
contradict the predictions of the conventional model. Po
sible theoretical explanations of these experimental resu
include parton fragmentation into quarkonium, which wa
first studied in perturbative QCD by Braaten and Yuan@4#.
Unlike the conventional parton-parton fusion mechanism
@1#, fragmentation is consistent with the approximate 1/p'

4

shape of the cross sectionsds/dp'„pp̄→c(1S,2S)1X… at
large p' . However, if the quarkonia are treated as colo
singletQQ̄ systems, the normalization of the cross sectio
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still falls short of the data by as much as a factor of 5 fo
J/c(1S) production and a factor of 30 forc8(2S) produc-
tion.

A number of possible resolutions have been suggested
explain the observedc8 surplus@5–8#. In particular, Braaten
and Fleming have proposed that nonperturbative transitio
between color-octet and color-singletcc̄ states be included in
the fragmentation calculation@8#. The inclusion of color-
octet matrix elements is attractive both from the theoretic
and phenomenological point of view. Theoretically, octe
contributions are an essential part of the perturbative pictu
@9,10#. Phenomenologically, octet contributions can boos
the cross section of heavy quark production, not just at hig
p' , but also at lowp' , where large discrepancies are also
observed@11#.

A systematic procedure for the factorization of quarko
nium production and decay amplitudes, known as nonrelati
istic QCD ~NRQCD!, has been formulated during the recen
years@12#. NRQCD is an effective field theory which pro-
vides an expansion of quarkonium cross sections and dec
widths in terms of the relative velocityv of the heavy quark
and antiquark. The nonperturbative physics is factorized in
an infinite number of color-singlet and color-octet matrix
elements which are related to different Fock states of th
quarkonium wave function. These matrix elements are fre
parameters of the theory, but their scaling properties as fun
tions ofmQ andv can be predicted.

Color-octet mechanisms were originally introduced a
part of a rigorous treatment ofP-wave charmonium decays
@10#. In the color-singlet model some of these decay width
as well as the corresponding leading-twistP-wave produc-
tion cross sections, are infrared divergent. These divergenc
can be absorbed into the nonperturbative color-octet mat
elements. InS-wave production and decay, such divergence
do not appear. Color-octet production mechanisms neverth
less provide an attractive explanation of the wrong norma
ization of quarkonium production. Note that CDF has als
observed a surplus ofS-wave bottomonium@3# with respect
to the color-singlet parton-parton fusion predictions. Th
bottomonium surplus appears also atp'&mb , where
parton-parton fusion mechanisms are expected to domin
over fragmentation mechanisms.
4851 © 1996 The American Physical Society
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In the large p' mechanism proposed by Braaten an
Fleming, the fragmenting gluon first produces a color-oc
cc̄ pair in a 3S1 angular momentum state. The color-oct
pair then evolves into ac8 by a nonperturbative double chro
moelectric dipole transition. This process is illustrated in Fi
1, where the nonperturbative transition is represented by
blob. The cross section is proportional to the nonperturbat

matrix element ^0uO 8
c8(3S1)u0&, which is related to the

weight of the ucc̄gg& Fock state in thec8 wave function.
This matrix element is suppressed byv4 relative to the color-
singlet matrix element^0uO 1

c8(3S1)u0&5(3/2p)uRc8 (0)u
2.

On the other hand, the color-octetQQ̄ production process
g*→QQ̄ is of lower order inas than the color-singlet pro-
cessg*→QQ̄gg. Hence the color-octet contribution to th
cross section could be comparable to the color-singlet c
tribution. Because the color-octet matrix element is not co
strained by other existing data, it can be adjusted to fit t
CDF data. The value obtained in Ref.@8# is

^0uO 8
c8~3S1!u0&50.0042 ~GeV!3.

Cho and Leibovich@13#, on the other hand, have combine
color-octet transitions with a formula that smoothly interpo
lates between parton-parton fusion mechanisms and fr
mentation mechanisms ofQQ̄ production. They find that

^0uO 8
c8~3S1!u0&50.0073 ~GeV!3.

The predictions of the color-singlet parton-parton fusio
model disagree with fixed-target hadroproduction data
well. We have earlier shown@11# that the model fails to
reproduce the relative production rates of theJ/c, x1 and
x2 states@14# and the polarization of theJ/c @15# andc8
@16# observed in pion-nucleon reactions. We interpret
these discrepancies as evidence for important higher-tw
mechanisms of charmonium production. It is, however, ne
essary to check whether the data could be reproduced wi
the leading-twist picture by including the color-octet trans
tions. At the same time, such an analysis could provide
independent determination of the color-octet matrix eleme
whose values have previously been extracted from CDF d

In this paper, we study thep'-integratedc8 production
cross section in pion-nucleon collisions. The analysis a
applies to the direct component ofJ/c production, i.e., the
component which is not due to the decays of higher-ma
states. TotalJ/c production is a somewhat more complicate
process because there are significant contributions from
decays of thexJ andc8 states@14#.

FIG. 1. Braaten and Fleming’s color-octet fragmentation mech
nism ofc8 production.
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The polarization of thec8 gives important information on
its production mechanisms. Measurements of polarizatio
actually indicate that there must be other production mech
nisms in addition to the leading-twist color-singlet and color
octet mechanisms.

II. COLOR-OCTET PRODUCTION MECHANISMS

At leading order inas and up to next-to-leading order in
v2, the subprocesses forc8 production through color-octet
intermediate states are

gg→cc̄ @3PJ
~8!#→c81g, ~2.1!

qq̄→cc̄ @3S1
~8!#→c81gg, ~2.2!

gg→cc̄ @1S0
~8!#→c81g. ~2.3!

These are illustrated in Fig. 2. The proces
qq̄→cc̄ @3PJ

(8)#→c81g is of higher order inv2 since the
lowest-order nonperturbative transition~single chromoelec-
tric dipole! is forbidden by charge conjugation. We also find
that the subprocess amplitudeA(gg→cc̄ @3S1

(8)#)vanishes in
the leading order inas . Note that charge conjugation or
Yang’s theorem@17# do not require this amplitude to vanish
because thecc̄ pair is not in a color-singlet state.

The polarization of the final statec8 is measured by the
polar-angle distribution, 11acos2u, of its decay dileptons in
their rest frame. The parametera in the Gottfried-Jackson
frame angular distribution is related to the polarizedc8 pro-
duction cross sections in the following way:

a-

FIG. 2. The Feynman diagrams which describe the lowest-ord
color-octetc8 production mechanisms. We omit diagrams that cor
respond to vanishing amplitudes.
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a5
ds~l51!22ds~l50!1ds~l521!

ds~l51!12ds~l50!1ds~l521!
, ~2.4!

where l is the helicity of thec8. If the polarized cross
section is written ass(l);11adl0, thena52a/(21a).
Because of rotational and parity invariance
ds(l51)5ds(l521). Since the transverse momenta o
the initial partons and the momenta of the soft gluons em
ted in the nonperturbative transition are small, the helicity
thec8 is approximately equal to thez component of its spin.
It is determined by the perturbative dynamics of the subp
cessesqq̄, gg→cc̄ and by the heavy quark spin symmetr
of the nonperturbative transition. Because of the nonrelat
istic nature of thecc̄ system, the nonperturbative transitio
can be treated using the familiar machinery of atomic
positronium physics. In the process~2.1!, the transition is a
,
f
it-
of
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y
iv-
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or

~chromo!electric dipole transition. In~2.2!, it is a double
electric dipole transition and in~2.3!, a magnetic dipole tran-
sition. In the electric dipole transitions, the helicities of the
heavy quark and antiquark are not flipped, whereas in t
magnetic dipole transition one of the helicities is flipped. I
processes~2.1! and ~2.2!, the helicityl of the c8 therefore
equals thez component of the spin of the color-octetcc̄
state. This is similar to the spin symmetry of heavy-flavo
mesons in heavy quark effective theory@18#. In process
~2.3!, the total spin of the quark-antiquark system change
from S50, Sz50 in the color-octet state toS(c8)51,
Sz(c8)5l561in the final state.

In terms of the matrix elements of nonrelativistic QCD
the squares of the amplitudes for the processes~2.1!, ~2.2!,
and ~2.3! are
(
J

uA„gg→cc̄ @3PJ
~8!#→c8~l!1X…u25

1

24mc
^0uO 8

c8~3P1!u0&(
a,Lz

uA~gg→cc̄ @~L5S51!~8!;a,Sz5l,Lz# !u2,

~2.5!

uA~qq̄→cc̄ @3S1
~8!#→c8~l!1X!u25

1

24mc
^0uO 8

c8~3S1!u0&(
a

uA~qq̄→cc̄ @3S1
~8! ;a,Sz5l#!u2, ~2.6!

uA~gg→cc̄ @1S0
~8!#→c8~l!1X!u25

1

8mc
^0uO 8

c8~1S0!u0&
12dl0

2 (
a

uA~gg→cc̄ @1S0
~8! ;a# !u2, ~2.7!
wherea,Sz ,Lz are the color index and the angular mome
tum components of the color-octetcc̄ states. In deriving Eq.
~2.5!, we made use of the relation

^0uO 8
c8~3PJ!u0&5~2J11!^0uO 8

c8~3P0!u0&. ~2.8!

Because the color-octet states with differentJ do not propa-
gate as resonances of different masses, the sum overJ on the
right-hand side of Eq.~2.5! is easily done. The perturbative
amplitudes are

A~gg→cc̄ @~L5S51!~8!;a,Sz ,Lz# !

5A2TABa e* a~Lz!
]

]qa

3Tr@O gg→c c̄
AB ~P,q!P1Sz

~P,q!#uq50 , ~2.9!

A~qq̄→cc̄ @3S1
~8! ;a,Sz# !

5A2TABa Tr@O q q̄→c c̄
AB ~P,q!P1Sz

~P,q!#uq50 , ~2.10!

A~gg→cc̄ @1S0
~8! ;a# !

5A2TABa Tr@O gg→c c̄
AB ~P,q!P00~P,q!#q50 , ~2.11!

where P is the total four-momentum and 2q the relative
four-momentum of thecc̄ pair, e is a spin-1 polarization
n-four-vector,P1Sz
,P00 are the covariant spin projection opera-

tors defined in, e.g., Ref.@13#, and

O q q̄→c c̄
AB ~P,q!5

4pas

~k11k2!
2 v̄C~k1 ,l1!gmTCD

a uD~k2 ,l2!

3gmTa
AB ~2.12!

and

O gg→c c̄
AB ~P,q!54pasF ~TaTb!ABe” a~k1 ,l1!

3
~1/2!P” 1q”2k” 11mc

k1•~P12q!
e” b~k2 ,l2!

1~TbTa!
ABe” b~k2 ,l2!

3
~1/2!P” 1q”2k” 21mc

k2•~P12q!
e” a~k1 ,l1!G ~2.13!

are the perturbative amplitudes for the production of acc̄
pair with color indicesA,B. The momenta and helicities of
the colliding partons are denoted byk1,2 andl1,2. Taking the
four-momentum of thec8 equal toP, the c8 production
cross section is
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s~pN→c8~l!1X!5(
i j

E dx1dx2f i /p~x1 ,mF!

3 f j /N~x2 ,mF!dS 12
M2

x1x2s
D

3
p

M4( uA~ i j→c8~l!1X!u2

[(
i j

F i j /pN~M2/s,mF!
p

M4

3( uA~ i j→c8~l!1X!u2,

~2.14!

where f i /p(x1 ,mF) and f j /N(x2 ,mF) are the distributions of
partons of typei and j in the pion and the nucleon,mF is the
leading-twist factorization scale, andM52mc is the mass of
the charmonium system. The contribution from the colo
octet subprocesses~2.1!, ~2.2!, and~2.3! simplifies to

soctet~pN→c8~l!1X!5O1^0uO 8
c8~3P1!u0&~322dl0!

1O2^0uO 8
c8~1S0!u0&~12dl0!

1O3^0uO 8
c8~3S1!u0&~12dl0!,

~2.15!

where

O15
5p3as

2

9M7 Fgg/pN~M2/s,mF!576 nb~GeV!25,

~2.16!

O25
5p3as

2

24M5 Fgg/pN~M2/s,mF!5390 nb~GeV!23,

~2.17!

O35
8p3as

2

27M5 (
q

@Fq q̄/pN~M2/s,mF!1F q̄q/pN~M2/s,mF!#

5100 nb~GeV!23. ~2.18!

In evaluating the numerical values, we tookas50.26,
mF5M53.686 GeV, andElab(p)5300 GeV, and used the
parton distributions of thep2 andN from Ref. @19#. The
octet contribution is dominantly transversely polarized; ea
of the three components alone corresponds toa51/2,
a51, and a51, respectively, in the angular distribution
11acos2u of the c8 decay dileptons in the Gottfried-
Jackson frame.
r-

ch

III. BOUNDS ON COLOR-OCTET MATRIX ELEMENTS

Together with the experimental measurement of thec8
cross section@15,16# and our earlier determination of the
leading-twist, color-singlet component@11#, Eq. ~2.15! can
be used to set a bound on a linear combination of the thr
NRQCD matrix elements involved. Within the accuracy o
this calculation, the experimental cross section is unpolariz
(a50.0260.14@20#!. We shall, therefore, write, for any he-
licity l,

sexpt„p
2N→c8~l!1X…5

1

3
sexpt
tot , ~3.1!

where sexpt
tot 52564 nb at Elab(p)5300 GeV @14#. The

color-singlet component@11# is

ssinglet„pN→c8~l!1X…5
11adl0

31a
ssinglet
tot , ~3.2!

wheressinglet
tot 53.2 nb anda520.41.

Since both the color-singlet and color-octet contribution
are dominantly transversely polarized (a,0), they cannot
make up all of the unpolarized (a50) experimental cross
section. An upper limit ofsoctet is obtained by assuming that
the unknown component is totally longitudinally polarized:

sunknown~pN→c8~l!1X!5dl0sunknown
tot . ~3.3!

In this case,

1

3
sexpt
tot 53O1^

3P1&1O2^
1S0&1O3^

3S1&1
1

31a
ssinglet
tot

1S 22O1^
3P1&2O2^

1S0&2O3^
3S1&

1
a

31a
ssinglet
tot 1sunknown

tot D dl0 , ~3.4!

where we used the shorthand notation

^2S11LJ&[^0uO 8
c8(2S11LJ)u0&.The coefficient ofdl0 on the

right-hand side of Eq.~3.4! should vanish, which leads to

sunknown
tot 52O1^

3P1&1O2^
1S0&1O3^

3S1&

2
a

31a
ssinglet
tot

5sexpt
tot 2ssinglet

tot 27O1^
3P1&22O2^

1S0&

22O3^
3S1&. ~3.5!

The bound on the color-octet matrix elements then is

3O1^
3P1&1O2^

1S0&1O3^
3S1&

<
1

3
sexpt
tot 2

1

31a
ssinglet
tot 57 nb. ~3.6!
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We have not assumed anyK factors in the theoretical com
ponents. If we include a factorK52 in each of the theoreti-
cal components, the right-hand side of Eq.~3.6! is dimin-
ished to 3 nb.

IV. DISCUSSION

We have evaluated the leading-order, leading-twist c
tribution toc8 production in fixed-targetpN collisions from
-

on-

production mechanisms which proceed through intermedi
color-octetcc̄ states. By combining this result with the ex
perimental measurement of thec8 cross section@14,16# and
our earlier determination of the contribution from color
singlet production mechanisms@11#, we have derived a
bound on a linear combination of three matrix elements
nonrelativistic QCD:
230 nb ~GeV!25^0uO 8
c8~3P1!u0&1390 nb ~GeV!23^0uO 8

c8~1S0!u0&1100 nb ~GeV!23^0uO 8
c 8~3S1!u0&<7 nb.

~4.1!
s

of
F

d

of
th
al
f.

nd
s
o.
s
o.
ir
.

By considering the polarization of thec8, which follows
from the perturbative-QCD dynamics ofcc̄ production and
from the heavy quark spin symmetry of the nonperturbat
transition, we were able to set a stronger constraint t
would have been possible by considering the total cross
tion only. Because the leading-twist color-singlet and col
octet contributions are dominantly transversely polariz
whereas the observed cross section is unpolarized,
leading-twist component could at most make up about hal
the observed cross section. We therefore conclude that t
exist importantcc̄ production mechanisms beyond leadin
twist.

Of the three NRQCD matrix elements, only the eleme

^0uO 8
c8(3S1)u0& has been determined from other measu

ments, namely the CDF charmonium production data@8,13#,
as discussed in the Introduction. Using the value given
Ref. @13#, one obtains

O3^0uO 8
c8~3S1!u0&50.7 nb, ~4.2!

i.e., only about 10% of the right-hand side of the constra
equation~4.1!. On the one hand, this means that the col
octet explanation of the CDFc8 surplus is not inconsisten
with the existing fixed-target measurements. On the ot
hand, the octet mechanisms appear to be incapable of
plaining the pattern of quarkonium production at lowp' and
fixed-target energies.

Note that in the color-singlet model, the ratio of theJ/c
andc8 cross sections is predicted to be
ive
han
sec-
or-
ed
the
f of
here
g

nt

re-

in

int
or-
t
her
ex-

s~c8!

s~J/c!
5
M3~J/c!G l l ~c8!

M3~c8!G l l ~J/c!
50.24, ~4.3!

whereM andG l l are the masses and leptonic decay width
of the J/c andc8. The experimental photoproduction@21#
and fixed-target hadroproduction@22# cross sections are con-
sistent with Eq.~4.3!. This supports our conclusion that the
failure of the conventional model@1# in reproducing fixed-
target data is due to neglectedcc̄ production mechanisms
rather than to the neglected color-octet mechanisms
quarkonium formation. It is interesting to note that the CD
measurements are actually also consistent with Eq.~4.3!.

At the final stage of this work we learned of a relate
study by Cho and Leibovich@23# of quarkonium production
via QQ̄@3S1

(8)#, QQ̄@3PJ
(8)#, and QQ̄@1S0

(8)# intermediate
states. By making fits to the CDF data they obtain values
the color-octet matrix elements which are consistent wi
NRQCD scaling rules. Analytical expressions for the tot
cross sections of 2→1 subprocesses are also given in Re
@23#; our results are consistent with these.

ACKNOWLEDGMENTS

The authors are grateful to S.J. Brodsky, M. Cacciari, a
P. Hoyer for important comments. The work of W.-K.T. wa
supported in part by the Department of Energy Contract N
DE-AC03-76SF00515 and DE-AC02-76ER03069. M.V. wa
supported by the Academy of Finland under Project N
8579. He wishes to thank the theory group of SLAC for the
warm hospitality during a visit when this work was initiated
s.
@1# R. Baier and R. Ru¨ckl, Z. Phys. C19, 251 ~1983!.
@2# Collider Detector at Fermilab~CDF! Collaboration, V. Pa-

padimitriouet al., presented at the 30th Rencontres de Mo
ond, Meribel les Allues, France, 1995~unpublished!.

@3# CDF Collaboration, F. Abeet al., Phys. Rev. Lett.75, 4358
~1995!.

@4# E. Braaten and T. C. Yuan, Phys. Rev. Lett.71, 1673~1993!.
@5# P. Cho, S. Trivedi, and M. Wise, Phys. Rev. D51, 2039

~1995!.
@6# F. E. Close, Phys. Lett. B342, 369 ~1995!.
ri-

@7# P. Cho and M. Wise, Phys. Lett. B346, 129 ~1995!.
@8# E. Braaten and S. Fleming, Phys. Rev. Lett.74, 3327~1995!.
@9# M. E. Peskin, Nucl. Phys.B156, 365 ~1979!.

@10# G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev. D46,
1914 ~1992!.

@11# M. Vänttinen, P. Hoyer, S. J. Brodsky, and W.-K. Tang, Phy
Rev. D51, 3332~1995!.

@12# G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Rev. D51,
1125 ~1995!.

@13# P. Cho and A. K. Leibovich, Phys. Rev. D53, 150 ~1996!.



.

4856 53WAI-KEUNG TANG AND M. VÄ NTTINEN
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