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Polarization of prompt JÕc at the Fermilab Tevatron
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The polarization of promptJ/c at the Fermilab Tevatron is calculated within the nonrelativistic QCD
factorization framework. The contribution from radiative decays ofP-wave charmonium states decreases, but
does not eliminate, the transverse polarization at large transverse momentum. The angular distribution param-
eter a for leptonic decays of theJ/c is predicted to increase from near 0 atpT55 GeV to about 0.5 atpT

520 GeV. The prediction is consistent with measurements by the CDF Collaboration at intermediate values of
pT , but disagrees by about 3 standard deviations at the largest values ofpT measured.

PACS number~s!: 13.85.2t, 13.85.Ni, 14.40.Gx
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The production of charmonium and bottomonium states
high-energy collisions probes both the hard-scattering pa

processes that create heavy quark-antiquark (QQ̄) pairs and
the hadronization process that transforms them into co
singlet bound states. One particularly sensitive probe is
polarization of theJPC5122 quarkonium states. The non
relativistic QCD~NRQCD! factorization approach to inclu
sive quarkonium production@1# makes the remarkable pre
diction that in hadron collisions these states should
transversely polarized at sufficiently large transverse m
mentum (pT) @2#. Recent measurements at the Tevatron
the Collider Detector at Fermilab~CDF! Collaboration seem
to be in dramatic contradiction with this prediction@3#.

As first pointed out by Cho and Wise@2#, the prediction of
transverse polarization for 122 states at largepT follows
from three simple features of the dynamics of massless
tons and heavy quarks. First, the inclusive production
quarkonium~or any other hadron! at sufficiently largepT is
dominated byfragmentation. In pp̄ collisions at the Teva-
tron, the dominant contribution to the charmonium produ
tion rate at largepT comes from gluon fragmentation@4#.
The gluon is almost on shell and thus predominantly tra
versely polarized. Second, aQQ̄ pair with small relative mo-
mentum created by the virtual gluon is, at leading order
as , in a color-octet3S1 state@5# with the same transvers
polarization as the gluon. Third, the spin symmetry of no
relativistic heavy quarks implies the suppression of spin-
transitions in the binding of theQQ̄ pair into quarkonium.
Thus, 122 states should have a large transverse polariza
at sufficiently largepT . A convenient measure of the pola
ization is the variablea5(sT22sL)/(sT12sL), wheresT
andsL are the transverse and longitudinal components of
cross section, respectively. Beneke and Rothstein studied
dominant fragmentation mechanisms forsL @6#, and con-
cluded that, at sufficiently largepT , a should be in the range
0.5–0.8.

For charmonium production at the Tevatron, fragmen
tion does not yet dominate for most of thepT range that is
experimentally accessible. In order to study the onset of
polarization effect, it is necessary to take into account
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fusion contributions from parton processesi j →cc̄1k.
Quantitative calculations of the polarization variablea for
direct c8 mesons~i.e. those that do not come from decays! at
the Tevatron have been carried out by Beneke and Kra¨mer
@7# and by Leibovich@8#. They predicted thata should be
small for pT&5 GeV, but then should rise dramatically t
0.7760.08 at pT520 GeV, according to Beneke an
Krämer, and to 0.9060.04, according to Leibovich. The
CDF Collaboration has measured the polarization of dir
c8 @3#, but the error bars are too large to draw any definit
conclusions.

The CDF Collaboration has also measured the polar
tion of prompt J/c mesons@3# ~i.e. those that do not com
from the decay ofB hadrons!. The number ofJ/c events is
larger than forc8 by a factor of about 100, allowinga to be
measured more precisely and in morepT bins. They find that
a has a positive value 0.3260.10 in thepT bin from 8 to 10
GeV. However, instead of increasing at largerpT , a de-
creases to20.2960.23 in the highestpT bin from 15 to 20
GeV. Theoretical predictions of the polarization of prom
J/c are complicated by the fact that the prompt signal
cludes J/c mesons that come from decays of the high
charmonium statesxc1 , xc2, andc8. They account for abou
15%, 15%, and 10% of the promptJ/c signal, respectively
@9#. The polarization ofJ/c from c8 not via xcJ is straight-
forward to calculate, since the spin is unchanged by the tr
sition. The polarization ofJ/c from xcJ and ofJ/c from c8
via xcJ is more complicated, because thexcJ mesons are
produced in various spin states and they decay intoJ/c
through radiative transitions.

In this paper, we present a quantitative analysis of
polarization of promptJ/c using the NRQCD factorization
formalism. We reanalyze the CDF data on thepT distribu-
tions for J/c, xc , and c8 to determine the relevant color
octet NRQCD matrix elements~ME’s!. The cross sections
for the spin states ofJ/c, xcJ , andc8 are calculated using
these ME’s and the appropriate parton cross sections.
cross sections for the spin states of thexcJ required the cal-
culation of new parton cross sections, which will be pu
lished elsewhere@10#. The variablea is then obtained by
©2000 The American Physical Society05-1
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TABLE I. NRQCD matrix elements. The error bars take into account the statistical errors only.

PDF ^O1
J/c(3S1)& ^O8

J/c(3S1)& M3.4
J/c

^O1
c8(3S1)& ^O8

c8(3S1)& M3.5
c8 ^O1

xc0(3P0)& ^O8
xc0(3S1)&

MRST98LO 1.360.1 4.460.7 8.760.9 6.560.6 4.261.0 1.360.5 8.961.3 2.360.3
CTEQ5L 1.460.1 3.960.7 6.660.7 6.760.7 3.760.9 0.7860.36 9.161.3 1.960.2
Unit 1 GeV3 1023 GeV3 1022 GeV3 1021 GeV3 1023 GeV3 1022 GeV3 1022 GeV5 1023 GeV3
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combining these cross sections with the appropriate bra
ing ratios into longitudinally polarizedJ/c (cL).

The NRQCD factorization formulafor the differential
cross section for the inclusive production of a charmoni
stateH of momentumP and spin quantum numberl has the
schematic form

dsHl(P)5dscc̄n(P)^On
Hl(P)

&, ~1!

where the summation indexn runs over all the color and
angular momentum states of thecc̄ pair. Thecc̄ cross sec-
tions dscc̄n can be calculated using perturbative QCD. A
dependence on the stateH is contained within the nonpertur
bative ME’s ^On

Hl(P)
&. In general, they are Lorentz tenso

that depend on the momentumP and the polarization tenso
of Hl . The Lorentz indices are contracted with those
dscc̄n to give a scalar cross section. The symmetries
NRQCD can be used to reduce the tensor ME’s^On

Hl(P)
& to

scalar ME’s^On
H& that are independent ofP andl. Thus one

may calculate the cross section for polarized quarkon
once the relevant scalar ME’s are known. A nonperturba
analysis of NRQCD reveals how the various ME’s scale w
the typical relative velocity of the heavy quarks. It also giv
exact and approximate symmetry relations that can be u
to simplify the ME’s. The most important ME’s for the pro
duction of J/c5c(1S) or c85c(2S) can be reduced to
one color-singlet parameter^O1

c(nS)(3S1)& and three color-
octet parameters ^O8

c(nS)(3S1)&, ^O8
c(nS)(1S0)&, and

^O8
c(nS)(3P0)&. The most important ME’s forxcJ production

can be reduced to a color-singlet parameter^O1
xc0(3P0)& and

a single color-octet parameter^O8
xc0(3S1)&. The ME’s enu-

merated above should be sufficient for a calculation of
polarization of promptJ/c.

In pp̄ collisions, the parton processes that dominate
cc̄ cross section depend onpT . If pT is of ordermc , those
which dominate arefusion processes, whose contribution
can be expressed as

ds fu
Hl(P)

5 f i /p^ f j / p̄^ dŝ i j
cc̄n(P)

^On
Hl(P)

&, ~2!

where f i /p(x,m) and f j / p̄(x,m) are parton distribution func
tions ~PDF’s! and a sum over the partonsi , j is implied. The
leading-order parton cross sectionsdŝ are proportional to
as

3(m). These cross sections are given in Refs.@8# and @11#

for all the relevantcc̄ spin states with the exception of colo
singlet 3PJ states, which required a new calculation. F
pT@mc the parton cross sections are dominated byfragmen-
09400
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tation processes with the scaling behaviordŝ/dpT
2;1/pT

4 .
These contributions can be expressed as

ds fr
Hl(P)

5 f i /p^ f j / p̄^ dŝ i j
k(P/z)

^ Dk
cc̄n^On

Hl(P)
&, ~3!

whereDk
cc̄n(z,m fr) is a fragmentation function~FF!. We use

a common renormalization and factorization scalem for f i /p ,
f j / p̄ , anddŝ, but we allowm fr to be different. The momen
tum k of the fragmenting parton is denoted byP/z in Eq. ~3!.
However, it is inconsistent to setkm5Pm/z, since the parton
is massless whileP254mc

2 . We choosekm so thatz is the
fraction of the light-cone momentum of the partonk that is
carried by thecc̄ pair in the parton c.m. frame. The covaria
expression iskm5@(D1K•P)Pm2P2Km#/(2zD), where
Km is the total momentum of the colliding partonsi and j,
andD5@(K•P)22K2P2#1/2.

In order to predict the polarization of promptJ/c at the
Tevatron, we need values for the scalar ME’s. The col
singlet ME’s ^O1

c(nS)(3S1)& and ^O1
xc0(3P0)& can be deter-

mined phenomenologically from the decay rates forc(nS)
→ l 1l 2 andxc2→gg @12#. Using the vacuum saturation ap
proximation and spin symmetry in the NRQCD factorizati
formulas and including next-to-leading order~NLO! QCD
radiative corrections@13#, we obtain the values in Table I
The errors come from the experimental errors in the de
rates only.

The color-octet ME’s are phenomenological paramet
that must be determined from production data. To predict
polarization at the Tevatron, it is preferable to use ME
extracted directly from Tevatron data in order to cancel t
oretical errors associated with soft gluon radiation. Th
have been several previous extractions of the color-o
ME’s @7,14–16# from the CDF data on thepT distributions
of J/c, xc , and c8 @9#. We carry out an updated analys
largely following the strategy used in Ref.@16#. In the fusion
cross section~2!, we include the parton processesi j →cc̄

1k, with i , j 5g,q,q̄ and q5u,d,s. In the fragmentation
cross section~3!, we include only theg→cc̄8(3S1) term,

since this is the only fragmentation process for whichDk
cc̄n is

of order as . The FFDg
cc̄8(3S1) is evolved inm fr using the

standard homogeneous timelike evolution equation. The
fects of the violation of the phase-space constraintm fr

.4mc
2/z are negligible at the Tevatron due to the rapid fa

off of the pT distribution @17#.
We consider two choices for the PDF’s: the 1998 Mart

Roberts-Stirling-Thorne~MRST98! leading order~LO! set as
our default and the CTEQ5L set for comparison@18#. We
evaluateas from the one-loop formula using the value o
5-2
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FIG. 1. Polarization variablea vs pT for ~a! direct c8 and ~b! promptJ/c compared to CDF data.
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LQCD appropriate for the PDF set@18#. We setm5(4mc
2

1pT
2)1/2 andmc51.5 GeV. The cross section forc(nS) de-

pends on the linear combinationMr5^O8(1S0)&
1r ^O8(3P0)&/mc

2 , where r varies from about 3.6 atpT

55.5 GeV to about 3.0 atpT518 GeV, so we can only de
termine Mr at some optimal value ofr. We determined
^O8(3S1)& andMr for c(nS) by fitting the pT distributions
from CDF following the strategy in@16#. We determined
^O8

xc0(3S1)& by fitting the pT distribution for xc together
with the constraint from the preliminary CDF measurem
of sxc1

/sxc2
@9#. Our values for the color-octet ME’s ar

summarized in Table I. The error bars take into account
statistical errors only. Our defaultc8 color-octet ME’s agree
within errors with those of Ref.@14# used by Leibovich@8#
and with those for 2 of the 3 PDF sets used by Beneke
Krämer @7#. Our defaultJ/c color-octet ME’s agree within
errors with those of Ref.@14#. Our value for^O8

J/c(3S1)& is
about a factor of 3 smaller than in Ref.@7#, while Mr

J/c is
about a factor of 2 larger.

We can calculate the cross sections for the polari
statesHl using the scalar ME’s in Table I. The cross secti
~1! can be reduced to an expression linear in the scalar M
with coefficients that involve the polarization tensor ofHl .
In the channelcc̄8(3S1)→cl(nS), we interpolate between
the fusion cross section at lowpT and the fragmentation
cross section at highpT using the prescription

dsHl5ds fu
Hl3~ds fr

Hl@m fr5m#/ds fr
Hl@m fr52mc# !. ~4!

We proceed to summarize our calculation of the errors insL
and sT . The errors in the ME’s in Table I are taken in
account. We take the central values ofm and mc to be mT

5(4mc
21pT

2)1/2 and 1.5 GeV and allow them to vary withi
the ranges1

2 mT–2mT and 1.45–1.55 GeV, respectively. W
take the MRST98LO set as our default PDF, and we treat
difference between it and the CTEQ5L set as an error.
cross sectionsL for c(nS) is sensitive to a different linea
combination of^O8(1S0)& and ^O8(3P0)& than appears in
Mr . We take this into account by expressing the cross s
09400
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tion as a function ofMr and x5^O8(1S0)&/Mr , taking the
central value ofx to be 1

2 and allowingx to vary between 0
and 1.

We first consider the polarization of directc8, since it is
not complicated by feeddown from higher charmoniu
states. The polarization variablea measured by the CDF
Collaboration@3# describes the angular distribution of lep
tons from the decay of thec8 with respect to thec8 momen-
tum in the hadron c.m. frame. The covariant express
for the polarization vector of cL8 is (P2Qm2P

•QPm)/(AP2D), where Q5p1 p̄ is the total hadron mo-
mentum andD5@(P•Q)22P2Q2#1/2. In Fig. 1~a!, we com-
pare our result fora as a function ofpT with the CDF data
@3# and with previous predictions from Refs.@7# and@8#. We
present our result in the form of an error band obtained
combining in quadrature all the errors described above.
most important errors are those from thec8 ME’s, the
PDF’s, andx. The error bars in the CDF data are too large
draw any definitive conclusions. Our result fora is close to
the prediction of Leibovich@8# and significantly larger than
that of Beneke and Kra¨mer @7#. Their calculations differ in
the treatment of terms of orderas

2 in the gluon FF@6#.
Beneke and Kra¨mer included these terms insL but neglected
them insT , while Leibovich neglected them in bothsL and
sT . We have adopted the strategy of Beneke and Kra¨mer,
since these terms give a significant increase insL at largepT
but have only a small effect onsT . Although this tends to
decreasea, our smaller value ofMr tends to increasea, and
the net result is close to the prediction of Leibovich.

We next consider the polarization variablea for prompt
J/c. The prompt cross sectionsT1sL is the sum of the
direct cross section forJ/c and the cross sections forxcJ and
c8 weighted by the branching fractionsBH→J/c . The prompt
longitudinal cross sectionsL is the sum of the direct cros
section forcL and the cross sections for each of the sp
statesxcJ(l) and cl8 weighted byBH→J/c and by the prob-
ability PHl→cL

for the polarized state to decay intocL . The

observed transitions ofc8 to J/c involve no spin flips, so
that Pc

l8→cL
is 1 for c08 and 0 forc618 . For the radiative

decay ofxcJ(l) into J/c, the probabilityPxcJ(l)→cL
is 1

3 for
5-3
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xc0 , 1
2 for xc1(61) , 2

3 for xc2(0) ,
1
2 for xc2(61) , and 0 for the

other spin states@19#. In Fig. 1~b!, we compare our result fo
a as a function ofpT with the CDF data@3#. The shaded area
indicates the error band obtained by adding the errors
quadrature. The most important errors are those from
PDF’s, theJ/c ME’s, andx. Our result fora is small around
pT55 GeV, but it increases withpT to a value around 0.5 a
pT520 GeV. Our result is in good agreement with the CD
measurement at intermediate values ofpT , but it disagrees
by about 3 standard deviations in the highestpT bin. The
three solid lines in Fig. 1~b! are the central curves ofa for
direct J/c, J/c from xcJ , and J/c from c8. The a for
direct J/c is smaller than that for directc8, because
^O8(3S1)& is comparable forJ/c and c8, while Mr is sig-
nificantly larger forJ/c. In the moderate-pT region, the con-
tributions fromc8 and fromxc add to give an increase in th
transverse polarization of promptJ/c compared to direct
J/c. In the high-pT region, the contributions fromc8 andxc
tend to cancel. The prediction of Beneke and Kra¨mer for a
for direct J/c is identical to their prediction for directc8 in
Fig. 1~a!. At pT520 GeV, it is significantly larger than ou
prediction for directJ/c. The difference comes from ou
smaller value for̂ O8

J/c(3S1)& and our larger value forMr
J/c .

Beneke and Kra¨mer’s prediction fora for J/c from c8
would be significantly lower than our result in Fig. 1~b!, but
it would have a small effect on the value ofa for prompt
J/c. The discrepancies between their predictions and o
7,

09400
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could be eliminated by more accurate data on theJ/c andc8
cross sections, which would decrease some of the amb
ities in the analysis.

The CDF measurement of the polarization of promptJ/c
presents a serious challenge to the NRQCD factorization
malism for inclusive quarkonium production. There a
many effects that could change our quantitative predict
for a, such as next-to-leading order radiative corrections,
the qualitative prediction thata should increase at largepT
seems inescapable. In run II of the Tevatron, the data sam
for J/c should be more than one order of magnitude lar
than in run I, allowing the polarization to be measured w
higher precision and out to larger values ofpT . If the result
continues to disagree with the predictions of the NRQC
factorization approach, it would indicate a serious flaw in o
understanding of inclusive charmonium production. The p
dictions of low-order perturbative QCD for the spin depe
dence ofcc̄ cross sections could be wrong or the use
NRQCD to understand the systematics of the formation
charmonium from thecc̄ pair could be flawed, ormc could
simply be too small to apply the factorization approach to
charmonium system.
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