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Polarization of Y (nS) at the Fermilab Tevatron
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The polarization of inclusivé'(nS) at the Fermilab Tevatron is calculated within the nonrelativistic QCD
factorization framework. We use a recent determination of the NRQCD matrix elements from fitting the CDF
data on bottomonium production from run IB of the Tevatron. The result for the polarizatioh(b$)
integrated over the transverse momentum binpg <20 GeV is consistent with a recent measurement by the
CDF Collaboration. The transverse polarizationYdflS) is predicted to increase steadily fp§ greater than
about 10 GeV. Th&'(2S) andY (3S) are predicted to have significantly larger transverse polarizations than
Y(1S).
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The production of heavy quarkonium provides an idealpredicted increase. However, the discrepancies with the the-
testing ground for our understanding of the productionoretical predictions are significant only in the highpstbin,
mechanisms for heavy quarks and the nonperturbative QCBo a definitive conclusion must await the higher statistics
effects that bind the heavy-quark—antiquark pair into quarkomeasurements that will be possible in run Il of the Tevatron.
nium. The purely leptonic decays of td€“=1"" quarko- The CDF Collaboration has recently measured the polar-
nium states allow very clean measurements of their crosgation of inclusiveY (1S) in run IB of the Tevatrori9]. The
sections. One observable that is particularly sensitive to botfegyits for thep; bins from 2 to 20 GeV and from 8 to 20
the heavy-quark production mechanisms and the QCD bindgey are both consistent with no polarization. Since the cross
ing effects is the polarization of thE’"“=1"" states, which  gaction falls rapidly withpy, this indicates that there is little
can be measured from the angular distribution of the Ieptonﬁ any polarization forp below about 10 GeV. To determine

from their decays. . . . : .

o o whether this result is compatible with the NRQCD predic-

The nonrelatmstlc QCD.(NRQCD) factorization ap- tion, we need a quantitative calculation of the polarization
proach provides a systematic framework for calculating thefor inclusiveY (1S) mesons

inclusive production rates of heavy quarkoniyd. It is T :
based on organizing the inclusive production rate into a The theoretical ingredients needed to calculate the polar-

double expansion in powers af(m), the running coupling Ization of directY (1S) mesons have been availqble for sev-
constant at the scale of the heavy-quark mass, ang pthe eral year6,10]. They were used by Beneke and Krer and
typical relative velocity of the heavy quark in the quarko- By Leibovich to predict the polarization of promp{(2S) at
nium rest frame. It should therefore be more reliable forthe Tevatron[5,6]. The calculation of the polarization of
bottomonium than for charmonium, because both of the exinclusiveY (nS) is complicated by the fact that the inclusive
pansion parameterss(mg) and vg are smaller. In the signal includesY (1S) mesons that come from decays of
NRQCD factorization approach, the larger-than-expectediigher bottomonium states. Decaysaf(1P), Y(2S), and
cross sections observed at hadron colliders are explained by,(2P) account for about 27%, 11%, and 11% of the inclu-
introducing phenomenological parameters that describe thgive Y (1S) signal, respectively11]. The missing ingredi-
probabilities for the formation of the quarkonium state froments in the calculation of the polarization of inclusiVé1S)
color-octet heavy-quark—antiquark pai&g. Once those pa- were the cross sections for polarizgg;. The necessary
rameters are determined, the cross sections for polarizggarton cross sections were recently calculated by Kniehl and
states are predicted without any additional parameters. Lee[12] and used to predict the polarization of prondpt
The most dramatic prediction that has emerged from theat the Tevatronf7].
NRQCD framework is that in hadron collided® c=1"" In this paper, we present quantitative predictions for the
qguarkonium states should become increasingly transversefolarization of inclusiveY (1S), Y (2S), andY (3S) at the
polarized as the transverse momentpm increaseg3,4].  Tevatron using the NRQCD factorization formalism. We use
Quantitative predictions of the polarization of the charmo-NRQCD matrix elements for direct bottomonium production
nium statesl/ s and(2S) at the Fermilab Tevatron indicate which were recently determined by Braaten, Fleming, and
that there should be little polarization fpr around 5 GeV, Leibovich from an analysis of data from run IB at the Teva-
but that the transverse polarization should increase steadilyon [13]. Our result for the polarization of (1S) is consis-
at largerpt [5-7]. The first measurements of the polarization tent with the recent measurement by the CDF Collaboration
of J/ and ¢(2S) by the Collider Detector at Fermilab in the p; bin from 8 to 20 GeV. We predict that the trans-
(CDF) Collaboration[8] have shown no evidence for this verse polarization o¥ (1S) should increase steadily fqry
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greater than about 10 GeV, and that Hé2S) and Y (3S) TABLE |. Conditional probabilitiesPy .y (ns for the botto-
should be even more strongly transversely polarized. monium spin stateH, to decay into a longitudinally polarized

Since theY (nS) is a spin-1 particle, the projection of ~ Y(n$S) given that it decays intd'(n9).
its spin along any quantization axis should-bé, 0, or+1.

The polarization o' (nS) can be measured from the angular  H A Y(29) Y(1S)
d|str|buF|or) of.the leptons frqr_n its Ieptonlq decays. The an—Y(SS) 0 0.768-0.022 0.85% 0.009
gular distribution of the positive lepton with respect to the N
Y (nS) momentum in the hadron center-of-momentum frame +1 0.116-0.011 0.073-0.005
2

is proportional to # « cos6, which defines the polarization Xo2(2P) 0 f 0.654-0.003
variablea. Taking theY (nS) momentum in this frame to be *1 2 0.494-0.001
the spin quantization axis, we define the longitudinally po- *2 0 0.012-0.003
larized Y (nS) to be thex =0 state and denote it by, (nS).  Xv1(2P) 0 0 0.013-0.003
The polarization variablex is related to the fractiors of *1 z 0.494+0.002
Y(nS) mesons that are longitudinally polarized ly=(1  xbo(2P) 0 5 5
—38)/(1+¢€). The longitudinal polarization fractioné  Y(29) 0 0.9410.009
=0 /o is the ratio of the inclusive cross section 6y (nS) =1 0.029+0.005
to the inclusive cross section faf(nS) summed over spins.  xp2(1P) 0 z

The cross sectionr for inclusiveY (nS) is the sum of the +1 z
direct cross section and the direct cross sections for the +2 0
higher bottomonium statéé(m$) and x,(mP) weighted by , . (1P) 0 0
the inclusive branching fractionBy_ v g for H—=Y(nS) +1 1
X Xeo(1P) 0 ;

o Y(NS)ijne=0[Y (NS ]+ ; Bu_ymgolH]. (1) The polarization variable for Y (nS) has been expressed

as a ratio of linear combinations of the direct cross sections
. ) ~ for Y(nS) and higher bottomonium states. The NRQCD fac-
For Y (3S), we consider only the direct channel, neglectingiorization formula for the direct cross section for a bottomo-

any possible feeddown from higher states, suclydSP).  njum stateH of momentumP and spin quantum number
For Y (2S), we take into account the direct channel and thenzs the schematic form

feeddown fromy,(2P) andY (3S). ForY (1S), we take into
account the direct channel and the feeddown frgy(il P),
Y(29), xp(2P), and Y (3S). The inclusive branching frac- qo[pp—H,(P)+X]=>, dU[pE_)bE-](P)+X]<O:}\(P)>,
tions By _y(ng are given in Table | of Ref13]. n

The cross sectionr, for inclusive Y (nS) is the sum of 3
the direct cross section fof | (nS) and the direct cross sec- .
tions for the higher spin state¥(mS), and yp,(mP), where the summation indexextends over all the color and
weighted by By, .y(ns and the conditional probability a}ngular momentum states of thé pair. Thebb cross sec-
Ph, Y (n for H, to decay intoY | (nS) given that it decays tion can be expressed as

into Y(nS): o B
do[pp—>bbn(P)+X]=fi,p®fj,g®dz}[ij —bb,(P)+X],
ol [Y(NS Jine=0lYL(NS)] 4

wheref;;,(x,u) andfj;;(x,u) are parton distribution func-
+H§;\ Bh_v(ns PH,—v (ng olH\]. (2)  tions(PDF's) and a sum over the partong is implied. The
' parton cross sectiorr can be calculated using perturbative
The conditional probabilities are given in Table I. For QCD. All dependence on the stateis contained within the

Xos(NP),— Y, (NS), n=1,2, they are given by simple nonperturbative matrix elemen(Q:*(P)). In general, they
angular-momentum factors for the radiative transition. Forare Lorentz tensors that depend on the momeriuand the
Yb1(2P),— Y (19) andY(mS,— Y (nS), we must aver- Polarization tensor o, . The Lorentz indices are con-
age over the various decay paths weighted by their branchingacted with those oflo to give a scalar cross section. The
fractions. The important steps in the decay paths are of §ymmetries of NRQCD can be used to reduce the tensor
kinds. The observed hadronic transitioi§mS—Y(nS)  matrix elements(O?(P)) to scalar matrix elementéO})

+ o preserve the spirk. For the radiative transitions that are independent & and\. This reduces the variable
Xb3(2P)\ =Y (1S)+y andY(mS,— xpy(nP)\,+ v, the to a ratio of linear combinations of the NRQCD matrix ele-
probabilities for each spin state are given by simple angularments.

momentum factor$14]. Taking the weighted average over A nonperturbative analysis of NRQCD reveals how the
the decay paths, we obtain the results in Table I. various matrix elements scale with the typical relative veloc-
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ity v of the heavy quarks. The most important matrix ele-c quark as a massless parton. The leading-order parton cross
ments for the production of th&wave statesY(nS) and  sectionsda are proportional toa3(w). They are given in

”b(yl}fs)) 3can be r_educed to one ;:olor—smglet parameterRefs_[e] and[10] for all the relevanbb color and spin states
(0;'"7(°S;)), which scales likev®, and three color- . . _sinalet .

Y(n9,3 Y(nS 1 with the exception of color-singletP; states, for which they
oct$}n3) %arameters<08_ ( Sl)>,_ ((38 ( SO)),. and o given in Ref[12].
(Og ™( .PO)?‘ all of V]Yh'c?] scalzllkg} : Tfh%mOSt impor- We follow the analysis of Ref13] as closely as possible.
tant matrix elements for the production of t avave States \ve yse a common renormalization and factorization spale
Xpi(NP) and h,(nP) can be reduced to a color-singlet pa- ¢, fior fi5, and e, taking its central value to b
rameter (O}*°(3Py)) and a single color-octet parameter — (mi+p2)12 and allowing it to vary within the rangéuy

(O3°(®sy)), both of Wh.iCh scale like®. At higher orders i-n. to 2ur. We setm,=4.77+0.11 GeV. We consider two
v, SO many new matrix elements enter that the predictivehoices for the PDF’s for comparison: CTEQ5L and 1995
power of the NRQCD approach is lost. We therefore assumg/artin-Roberts-Stirling-Thorne(MRST98 leading order
the matrix elements enumerated above are sufficient to d?LO) sets[17]. We evaluatex(x) from the one-loop for-
scribe the bottomonium cross sections. mula with n;=5 using the boundary conditionsy(M)

The first d_etermination_of the color-_octet matrix elements: 0.127 for CTEQS5L anday(M,)=0.125 for (MRST98
for bottomonium production was a pioneering analysis by

Cho and Leibovicl15] of the data on bottomonium produc- (.LO)' The cross sectlonlfor dwed‘(nSS) depeznds on the

: L linear combination (Og(*Sy))+r{Og(*Py))/mg, with r
tion from run IA of the Tevatroh16]. Because of the limited , 8 8 ol b

statistics, they had to use educated guesses for some of thgrYing from 4.6 apr=28 GeV to 3.2 apr=30 GeV. In the
matrix elements. An updated theoretical analysis based off0SS section for direct, (nS), r varies from 7.6 apr=8

the new CDF data from run IB9] has been made by GeVlto 3.6 atpr=30 G?(?V. We consider two extremg cases:
Braaten, Fleming, and Leibovicfi3]. Their color-singlet {Os("So))=0 and(Og(*Po))=0. The NRQCD matrix ele-
matrix elements are given in Table Il of Ré]_:-}] Those for ments and their statistical errors are given in Tables II-V of
Y(nS) were determined phenomenologically from the lep-Ref.[13]. The color-oc_t_et matrix elements in Table V of R_ef.
tonic decay rates o' (nS), while those fory,;(nP) were [1_3] also hgve an additional upper qnd lower error assoqated
estimated from potential models. Their color-octet matrix el-With changingu by a factor of 2. This allows the correlation
ements are given in Table V of RdfL3]. They were deter- between the errors ip and the color-octet matrix elements
mined by fitting the CDF data on the differential cross sect0 be taken into account.

tions forY (1S), Y(2S), andY (3S) atp;>8 GeV and from The polarization variable: can be expressed as a ratio of
the fractions of Y(1S) from the decays ofy,(1P) and linear combinations of NRQCD matrix elements. The errors
Yo(2P) [11]. in the matrix elements from R€f13] give large uncertainties

The leading terms in the parton cross sections in(Bg. N the numerator and the denominator, but they tend to can-
depend on the region of the transverse momenpyrof the ~ Cel in the ratio. As our central value far, we take the
bb pair. For pr in the range 8 GeV<py<30 GeV, the average value from the 4 combinations corresponding to the

. T T ’

; 1 — 3 —
leading terms are fusion contributions from the parton pro-tWO. ch0|ces<0§( o)) =0 .Or.<08( Po))=0 and the .tWO.
S choices of PDF’s. The deviations among the 4 combinations
cessesj —bb+k. For pr much greater thanrg,, fragmen-

; - 2 are included in our error. We compute the errors from the
tation contributions from parton processes suchijasg  remaining parameters by varying each one independently for
+k, followed by g—bb, become important. For charmo- the choicesMRST98 (LO) and(08(3P0)>=0 and using
nium, fragmentation effects change the differential cross seghe central values of the other parameters. The parameters
tions by less than 3% gir=5 GeV and less than 11% at include the scalew, the massm,, 5 color-singlet matrix
pr=10 GeV. Sincem, is 3 times larger tham;, we expect elements[13], 8 color-octet matrix elementsl3], and 18
fragmentation effects to change the differential cross sectionsxclusive branching fractions for quarkonium transitions
for bottomonium by less than 11% for less than 30 GeV. [18]. To compute the variation fronx, we changew by a
We will therefore avoid the complications of fragmentation factor of 2 or} in the PDF’s and in and simultaneously
by restricting our predictions tpr<30 GeV. shift all the matrix elements by the second upper or lower

For pr much smaller than iy, parton processes such as error in Table V of Ref[13]. This takes into account the
ij—bb+ggg... involving the multiple emission of soft large correlation between the choice wfand the values of
gluons become important and it is necessary to resum theihe color-octet matrix elements. All the variations are added
effects. In the analysis of Ref.13], this problem was in quadrature to obtain the final error an
avoided by using only the CDF data fps>8 GeV to fit the Our results for the polarization variable for Y (1S),
color-octet matrix elements. Since we will be using the ma-Y (2S), and Y(3S) for the Tevatron at/s=2.0 TeV are
trix elements from that analysis, we will also restrict our shown as shaded bands in Figs. 1, 2, and 3, respectively. The
predictions topt>8 GeV.

Having restricted our attention to the region 8 Ge\p
<3q GeV, 'tAs.homd be Safe.to use only the fusion Cross irepe i a typographical error in E@2) of Ref.[12]. The color-
sections fordo in Eq. (4). We include the parton processes gctet matrix element0 X035y = (0 X0(3S))) should be re-

ij —~bb+k, withi,j,k=g,0,q andg=u,d,s,c. We treat the  placed by (3+ 1)(O*o(3SE)).
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FIG. 1. Polarization variable vs p; at Js=2.0 TeV for inclu- FIG. 3. Polarization variable vs pt at Js5=2.0 TeV forY (3S)

sive Y(1S) (shaded band The curves are the central values for (shaded band The curve is the central value.
direct Y(1S), Y(1S) from Y(2S)+mm, and Y(1S) from

1P)+ 2P)+ 7. - .
Xo(IP)+ Or xo(2P) +y The predictions fore: for \s=1.8 TeV are essentially

curves in Figs. 1-3 are the central valuesaoffor direct identical to the predictions fo/s=2.0 TeV in Figs. 1-3.
Y(n9), for Y(nS) from x,(mP)+ 1y, and forY(nS) from  The cross sections; ando are both smaller by about 16%,
Y(m9 + 7. These channels together provide a completdout the change cancels in the ratio. Integrating guein the
decomposition of the inclusive rate. The fractions of the in-range 8 GeV<p;<20 GeV, we obtairy=0.13+0.18. This
clusive rate from each of these channels vary slowly ith is in good agreement with the value measured by the CDF
and add up to 1. For inclusiv¥ (1S), the fractions have Collaboration:a=0.03+0.28[9].

been measured by the CDF Collaboration to be approxi- In Figs. 1-3, the curves faw for direct Y(nS) and for
mately 52% for directy' (1S) and 27%, 11%, and 11% for Y(nS) from Y(mS+ 7# increase steadily wittpr. The
Y(1S) from x,(1P), Y(2S), and x,(2P), respectively curves forY(nS) from y,(mP)+ y increase at first, but then
[11]. For inclusiveY (2S), the fractions can be estimated flatten out at a value of just above 0.2. Thus the feeddown
from the analysis of Ref13] to be approximately 73% for from y,(mP) tends to wash out the polarization. The frac-
directY (2S) and 25% and 2% fol(2S) from xp(2P) and o of Y(nS) from the y,, states is approximately 38% for
Y (39), respectlvgly. ForfY (3S), we ignored any possible n=1, 25% forn=2, and probably smaller yet for=3. We
feeddown from higher states. therefore expectr to increase more rapidly withp; for

Y (2S) andY (3S) than forY (1S). A much larger transverse

5 - : polarization forY(2S+3S) than for Y(1S) has also re-
08 a cently been observed in bottomonium productionphCu
06 E E collisions aty/s=38.8 GeV[19].
- from T(3S) ] The predictions in Figs. 1-3 are based on NRQCD matrix
s B elements extracted from CDF data in the range 8 GeV
02 F P x(ZP)_: <p7<20 GeV. The extrapolation of these results to lower
a E N values ofpr should be considered unreliable. This is evident
5 ] from the curves for direcY (1S) from Y (2S) in Fig. 1 and
=02 7 directY (2S) in Fig. 2. The dramatic changes in these curves
o4 E k at the smaller values gf are artifacts of the fit of Ref13]
- ] having given negative central values for the color-octet ma-
=86 ‘ ) £ trix elements(Og(1Sy)) or (Og(3Py)) for Y(29).
-08 F Bl inclusive T(2S) 3 In run Il of the Tevatron, the much higher statistics will
I T D T TR T allow more accurate measurements of the polarization of
0 5 10 15 20 25 30 Y (1S) in several bins ofpr. It may also allow measure-
pr(GeV) ments of the polarizations &f (2S) andY (3S). Significant

improvements in the theoretical predictions are also possible.
FIG. 2. Polarization variable vs py at s=2.0 TeV for inclu-  The most important improvement is taking into account the
sive Y(2S) (shaded band The curves are the central values for effects of multiple soft-gluon emission at lowy. This
direct Y(2S), Y(2S) from Y(3S)+xm, and Y(2S) from  would allow more accurate determinations of the color-octet
Xb(2P) + 7. matrix elements, since the entipg range of the CDF data
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from run | could then be used in the fits. It is also importantindicate that a nonzero transverse polarization should be ob-
to include fragmentation effects, so that the predictions caservable for all thre& (nS) states in run Il of the Tevatron.

be extrapolated with confidence to large. o J.L. thanks Sungwon Lee and Heuijin Lim for their useful

In conclusion, we have calculated the polarization of theagyice. This work was supported in part by the U.S. Depart-
Y (nS) states at the Tevatron using the NRQCD factorizationment of Energy Division of High Energy Physics under grant
approach. Our result is compatible with the recent CDF meapE-FG02-91-ER40690 and by the KOSEF and the DFG
surement forY (1S) in the py bin from 8 to 20 GeV, which through the German-Korean scientific exchange program
is consistent with no polarization. However, our results alsdDFG-446-KOR-113/137/0-1.
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