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Polarization of prompt J/ ¢ at the Fermilab Tevatron
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The polarization of promptl/¢ at the Fermilab Tevatron is calculated within the nonrelativistic QCD
factorization framework. The contribution from radiative decay®-efave charmonium states decreases, but
does not eliminate, the transverse polarization at large transverse momentum. The angular distribution param-
eter o for leptonic decays of thd/ is predicted to increase from near O@t=5 GeV to about 0.5 apt
=20 GeV. The prediction is consistent with measurements by the CDF Collaboration at intermediate values of
p7, but disagrees by about 3 standard deviations at the largest valpgsnodéasured.

PACS numbgs): 13.85-t, 13.85.Ni, 14.40.Gx

The prOdUCtion of charmonium and bottomonium states irfusion contributions from parton processe'$_>cz+ k.
high-energy collisions probes both the hard-scattering partofuantitative calculations of the polarization variahiefor
processes that create heavy quark-antiqua®) pairs and direct ¢y’ mesongi.e. those that do not come from decpgs
the hadronization process that transforms them into colorthe Tevatron have been carried out by Beneke andniéra
singlet bound states. One particularly sensitive probe is thg7] and by Leibovich[8]. They predicted thatr should be
polarization of theJ?©=1"" quarkonium states. The non- small for p;=5 GeV, but then should rise dramatically to
relativistic QCD (NRQCD) factorization approach to inclu- 0.77+0.08 at pr=20 GeV, according to Beneke and
sive quarkonium productiofl] makes the remarkable pre- Kramer, and to 0.980.04, according to Leibovich. The
diction that in hadron collisions these states should becpF Collaboration has measured the polarization of direct
transversely polarized at sufficiently large transverse mogy, [3], but the error bars are too large to draw any definitive
mentum @7) [2]. Recent measurements at the Tevatron bysgnclusions.
the Collider Detector at FermilafCDF) Collaboration seem The CDF Collaboration has also measured the polariza-

to be in dramatic contradiction with this predicti@ai. tion of :
) ) . o prompt J¢ mesond3] (i.e. those that do not come
As first pointed out by Cho and Wi$&], the prediction of from the decay oB hadrons. The number ofi/y events is

transverse polarlzatlon for T states at _IargepT follows larger than for’ by a factor of about 100, allowing to be
from three simple features of the dynamics of massless par- easured more preciselv and in morebins. Thev find that
tons and heavy quarks. First, the inclusive production of" b y pre ’ y

uarkonium(or any other hadronat sufficiently lar s @ has a positive value 0.320.10 in thep+ bin from 8 to 10
d Y y 1argepr GeV. However, instead of increasing at larger, a de-

dominated byfragmentation In pp collisions at the Teva- reases to-0.29+0.23 in the highesps bin from 15 to 20
tron, the dominant contribution to the charmonium produc-gey. Theoretical predictions of the polarization of prompt
tion rate at largepr comes from gluon fragmentatio®]. 3/, are complicated by the fact that the prompt signal in-
The gluon is almost on sheland thus predominantly transéludesJ/zp mesons that come from decays of the higher
versely polarized. Second,@Q pair with small relative mo-  charmonium stateg.;, x.», andy’. They account for about
mentum created by the virtual gluon is, at leading order in59%, 15%, and 10% of the prompty signal, respectively
ag, in a color-octet®S; state[5] with the same transverse [9]. The polarization of)/ from ' not via x.; is straight-
polarization as the gluon. Third, the spin symmetry of non-forward to calculate, since the spin is unchanged by the tran-
relativistic heavy quarks implies the suppression of spin-flipsition. The polarization o/ from y.; and ofJ/ ¢ from '
transitions in the binding of th@ Q pair into quarkonium. via x.j is more complicated, because thg; mesons are
Thus, 1"~ states should have a large transverse polarizatioproduced in various spin states and they decay i
at sufficiently largepr. A convenient measure of the polar- through radiative transitions.
ization is the variablev=(o1—20)/(o1+20), Whereoy In this paper, we present a quantitative analysis of the
ando, are the transverse and longitudinal components of thgolarization of promptl/ s using the NRQCD factorization
cross section, respectively. Beneke and Rothstein studied tliermalism. We reanalyze the CDF data on e distribu-
dominant fragmentation mechanisms fer [6], and con- tions forJ/¢, x., and ¢’ to determine the relevant color-
cluded that, at sufficiently large;, « should be in the range octet NRQCD matrix element@ME’s). The cross sections
0.5-0.8. for the spin states ad/ ¢, x.;, andy’ are calculated using
For charmonium production at the Tevatron, fragmentathese ME’s and the appropriate parton cross sections. The
tion does not yet dominate for most of tipg range that is cross sections for the spin states of jhg required the cal-
experimentally accessible. In order to study the onset of theulation of new parton cross sections, which will be pub-
polarization effect, it is necessary to take into account thdished elsewher¢l10]. The variable« is then obtained by
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TABLE I. NRQCD matrix elements. The error bars take into account the statistical errors only.

PDF (01"(sy)  (03’(°sy)) YEVS (0¥ (3s))  (OF(sy)) MYy (O1°(3Pg))  (O5°(’sy))
MRST98LO 1.3-0.1 4.4-0.7 8.7:0.9 6.5-0.6 4.21.0 1.3+0.5 8.9-1.3 2.3:0.3
CTEQS5L 1.4-0.1 3.9:0.7 6.6:0.7 6.7:0.7 3.7:0.9 0.78-0.36 9.1+1.3 1.9+0.2
Unit 1 GeV? 103GeV® 102GeV® 10'GeV® 10°%GeV® 102GeV 102GeV® 102 GeV?

combining these cross sections with the appropriate branchation processes with the scaling behavibe/dp2~ 1/p7.

ing ratios into longitudinally polarized/ (). These contributions can be expressed as
The NRQCD factorization formulaor the differential B
cross section for the inclusive production of a charmonium da—;_r')\(P):fi/p®fj/5®da-:<j(P/Z)®DECH<O:)\(P)>| 3)

stateH of momentumP and spin quantum numbarhas the

schematic form whereD,“(z, i) is a fragmentation functiofFF). We use

a common renormalization and factorization sqalr f;,, ,
fifps anddo, but we allowpus, to be different. The momen-
o tumk of the fragmenting parton is denoted Byz in Eq. (3).
where the summation index runs over all the color and  o\ever, it is inconsistent to skt'= P*/z, since the parton
angular momentum states of the pair. Thecc cross sec-  js massless whil®?=4m?. We choose* so thatz is the
tions do®“n can be calculated using perturbative QCD. All fraction of the light-cone momentum of the partkithat is
dependence on the stateis contained within the nonpertur- carried by thecc pair in the parton c.m. frame. The covariant
bative ME’s(O:*(P)y In general, they are Lorentz tensors expression isk*=[(A+K.P)P*—P?K#]/(2zA), where
that depend on the momentutand the polarization tensor K* is the total momentum of the colliding partonsnd j,
of H,. The Lorentz indices are contracted with those ofandA=[(K-P)?—K?p?]2
do to give a scalar cross section. The symmetries of In order to predict the polarization of prompty at the
NRQCD can be used to reduce the tensor NI(E’.)#'”(P)) to  Tevatron, we need values for the scalar ME's. The color-
v/ AH : singlet ME's (0Y("9(3s)) and (O¥°(°P,)) can be deter-
scalar ME's(O,) that are independent & and\. Thus one . 1 . 1
may calculate the cross section for polarized quarkoniurﬁ“'nfd_ phenomenologically from the decay rates $¢nS)
once the relevant scalar ME’s are known. A nonperturbative~!" |~ @ndxc— vy [12]. Using the vacuum saturation ap-
analysis of NRQCD reveals how the various ME's scale withProximation and spin symmetry in the NRQCD factorization
the typical relative velocity of the heavy quarks. It also givesformulas and including next-to-leading ordédLO) QCD
exact and approximate symmetry relations that can be usd@diative correction$13], we obtain the values in Table I.
to simplify the ME’s. The most important ME’s for the pro- The errors come from the experimental errors in the decay
duction of J/y=y¢(1S) or ¢' = y(2S) can be reduced to rates only.

one color-singlet parameté(()f(”s)@sl)) and three color- The color-octet ME’s are phenomenological parameters
octet parameters <08¢(n8)(351)> <08¢(n8)(150)> and that must be determined from production data. To predict the

#(nS (3 . i . polarization at the Tevatron, it is preferable to use ME’s
{Og™™(*Po)). The most important ME's foxc, production extracted directly from Tevatron data in order to cancel the-

can be reduced to a color-singlet parame@}t*°(*Po)) and  retical errors associated with soft gluon radiation. There
a single color-octet parameté@§°°(381)>. The ME’s enu- have been several previous extractions of the color-octet
merated above should be sufficient for a calculation of theME's [7,14—14 from the CDF data on ther distributions
polarization of promptl/ . of J/, xc, andy' [9]. We carry out an updated analysis

In pp collisions, the parton processes that dominate théargely following the strategy used in R¢16]. In the fusion

cc cross section depend @ . If pr is of orderm,, those  Cross section(2), we include the parton processgs—cc
which dominate ardusion processes, whose contributions +k, with i,j=g,9,q and g=u,d,s. In the fragmentation

can be expressed as cross section(3), we include only theg—ccg(3S;) term,
since this is the only fragmentation process for wrm;j%" is

dath®)=dgeenP (oM Py, (1)

HA(P)_ ¢ o 4766 (P)/ AHA(P) 3
do, fip®@fip®day ™ (0"), @ ot order as. The FFD;%( ) is evolved inuy using the

o standard homogeneous timelike evolution equation. The ef-
wheref; (X, 1) andfjp(x, ) are parton distribution func- 45" of the violation of the phase-space constraint

tIOﬂS- (PDF's) and a sum over the_ paftong IS |mpI|§d. The >4m§/z are negligible at the Tevatron due to the rapid fall-
Ie;;\dmg-order parton cross secuodg are proportional 1o off of the p; distribution[17].

ag(u). These cross sections are given in Ré8.and[11] We consider two choices for the PDF’s: the 1998 Martin-
for all the relevantc spin states with the exception of color- Roberts-Stirling-ThornéMRST98 leading ordefLO) set as
singlet 3P, states, which required a new calculation. Forour default and the CTEQS5L set for comparisd8]. We
pr>m, the parton cross sections are dominatedregmen-  evaluateas from the one-loop formula using the value of
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FIG. 1. Polarization variable vs py for (a) direct ¢’ and(b) promptJ/¢ compared to CDF data.

Aqcp appropriate for the PDF s¢fL8]. We setu=(4mZ  tion as a function oM, and x=(0g(*Sp))/M,, taking the
+p2)Y2andm,=1.5 GeV. The cross section fg(nS) de- ~ central value ok to be 3 and allowingx to vary between 0O
pends on the linear combinationM,=(0g('S,)) and 1. _ o _ o
+1(0g(3Py))/mZ, wherer varies from about 3.6 apr We first consider the polarization of diregt, since it is
=55 GeV to atgout 3.0 gi;=18 GeV, so we can only de- not complicated by feeddown from higher charmonium
termine M, at some optimal value of. We determined states. The polarizatiqn variable measur.ed'by'the CDF
(0g(3Sy)) and M, for y(nS) by fitting the p; distributions Collaboration[3] describes the angular distribution of lep-

from CDF following the strategy i116]. We determined tons from the decay of thg’ with respect to the)’ momen-

<O§C°(381)> by fitting the py distribution for y, together tum in the had_ron_ c.m. frame. The,coyarlant2 expression
. . - for the polarization vector of ¢ is (P°Q*—P
with the constraint from the preliminary CDF measurement —.
~QP”)/(\/P7A), where Q=p+p is the total hadron mo-

of o, /o, [9]. Our values for the color-octet ME's are IS ,
cr . ez mentum andA =[(P-Q)“—P~Q“]"“ In Fig. 1(a), we com-

summarized in Table |. The error bars take into account th%are our result forr as a function o with the CDF data
statistical errors only. Our default’ color-octet ME’s agree . . - T
within errors with th{Jse of Re[ﬁ] used by Leibovict%S] [3] and with previous predictions from Re{g] and[8]. We

. resent our result in the form of an error band obtained by
and with those for 2 of the 3 PDF sets used by Beneke an T :
Kramer [7]. Our defaultd/y color-octet ME’s agree within ombining in quadrature all the errors described above. The

i o3 ) most important errors are those from thg ME’s, the
errors with those of Ref.14]. Our yalue for(Os_ ( S%}/ IS PDF’s, andx. The error bars in the CDF data are too large to
about a factor of 3 smaller than in R¢f], while M;"" is

draw any definitive conclusions. Our result feris close to
about a factor of 2 larger. _ _the prediction of Leibovicl8] and significantly larger than

We can calculate the cross sections for the polarizegha of Beneke and Kraer [7]. Their calculations differ in
statesH, using the scalar ME’s in Table I. The cross sectioniha treatment of terms of ordes? in the gluon FF[6].
(1) can be reduced to an expression linear in the scalar ME’sBeneke and Kiaer included thesesterms in_but neglected
with coefficients_that involve the polarization tensortbf . them ino7, while Leibovich neglected them in both,_and
In the channekcg(®S;)— ¢, (nS), we interpolate between . \we have adopted the strategy of Beneke andhi¢m
the fusion cross section at low; and the fragmentation sjnce these terms give a significant increase,irat largep;
cross section at higpy using the prescription but have only a small effect oar;. Although this tends to

decreaser, our smaller value oM, tends to increase, and
dUHA:dgzxx(dg:x[ﬂfrzu]/dg:»[ﬂfr:2mc])_ (4)  the netresult is close to the prediction of Leibovich.

We next consider the polarization variahiefor prompt
J/y. The prompt cross sectioo+ o is the sum of the
direct cross section fal/ s and the cross sections fgg; and
' weighted by the branching fractioBs, . ,,. The prompt

longitudinal cross sectionr is the sum of the direct cross
_ 2 2\1/2 R L
=(4m;+p7)7*and 1.5 GeV and allow them to vary within g ion fory, and the cross sections for each of the spin

the ranges; ur—2ur and 1.45-1.55 GeV, respectively. We , : _
take the MRST98LO set as our default PDF, and we treat thggltﬁsxgj(“ an}%a}b?h\évelglr:s; egys?;[?{g gggab)?r;:; F.)I.rﬁs
difference between it and the CTEQSL set as an error. Thé Y FH g 1O P , , y 1 -
cross sectionr, for ¢(n9) is sensitive to a different linear OPServed transitions Qf’ to J/y |nv,olve no spin flips, so
combination 0f(Og(1Sy)) and (Og(3Po)) than appears in that P‘”F‘/’L is 1 for ¢, and O for ¢’ ,. For the radiative
M, . We take this into account by expressing the cross seaecay ofy .y into J/¢, the probabilityP is 3 for

We proceed to summarize our calculation of the errorg,in
and or. The errors in the ME’s in Table | are taken into
account. We take the central valuesofand m; to be ut

Xcaon)~ L
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Xco, 3 for Xci(=1) 2 for Xc2(0)» 1 for Xc2(=1)» and O for the  could be eliminated by more accurate data onJthgand’
other spin statefl9]. In Fig. 1(b), we compare our result for cross sections, which would decrease some of the ambigu-
« as a function opy with the CDF dat43]. The shaded area ities in the analysis. o
indicates the error band obtained by adding the errors in The CDF measurement of the polarization of prodt
quadrature. The most important errors are those from th@resents a serious challenge to the NRQCD factorization for-
pr=5 GeV, but it increases witp; to a value around 0.5 at many effects that could c_hange our quantitative p(edlctlon
pr=20 GeV. Our result is in good agreement with the cpgfor a, such as next-to-leading order radiative corrections, but
measurement at intermediate valuespef but it disagrees € gualitative prediction that should increase at largey
by about 3 standard deviations in the highpstbin. The seems inescapable. In run Il of the Tevatron, the data sample
L R . for J/4 should be more than one order of magnitude larger
:jhirrsgt 371';1 l‘IJr/]ZSflrr(])nl?gX' ®) ZL%I Sr}ch(:(r)lrt;alwc,:ur_\ll_ﬁséf ]:g{ than in run |, allowing the polarization to be measured with
I cJ: .

. ) . , higher precision and out to larger valuesmf. If the result
direct J/y is smaller than that for direct)’, because qniinyes to disagree with the predictions of the NRQCD

(Og(*sy)) is comparable fod/y and ', while M is sig-  factorization approach, it would indicate a serious flaw in our
nificantly larger ford/y. In the moderatgy region, the con- ngerstanding of inclusive charmonium production. The pre-
tributions fromy’ and fromy, add to give an increase in the jctions of low-order perturbative QCD for the spin depen-
transverse polarization of promgty compared to direct dence ofcc cross sections could be wrong or the use of

J/ . In the highp+ region, the contributions fron#’ and y. . )
tend to cancel. The prediction of Beneke andiiea for o NRQCD _to understangthg systematics of the formation of
charmonium from thec pair could be flawed, om, could

for directJ/ is identical to their prediction for diregk’ in X S
Fig. 1(a). At py=20 GeV, it is significantly larger than our simply be too small to apply the factorization approach to the
charmonium system.

prediction for directd/. The difference comes from our
smaller value fok O ¥(°S;)) and our larger value fa /¥ . This work was supported in part by DOE Grant No.
Beneke and Kmmer's prediction fora for J/¢ from ' DE-FG02-91-ER40690, by DFG Grant No. KN 365/1-1, by
would be significantly lower than our result in Figlbl, but ~ BMBF Grant No. 05 HT9GUA 3, through TMR Network

it would have a small effect on the value af for prompt  No. ERBFMRX-CT98-0194, and by the Humboldt Founda-
J/y. The discrepancies between their predictions and ourson.
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