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Nonrelativistic QCD analysis of bottomonium production at the Fermilab Tevatron
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Recent data from the CDF Collaboration on the production of spin-triplet bottomonium states at the Fermi-
lab Tevatronpg collider are analyzed within the NRQCD factorization formalism. The color-singlet matrix
elements are determined from electromagnetic decays and from potential models. The color-octet matrix
elements are determined by fitting the CDF data on the cross sectioligI&), Y (2S), andY (3S) at large
pr and the fractions ofY (1S) coming from y,(1P) and x,(2P). We use the resulting matrix elements to
predict the cross sections at the Tevatron for the spin-singlet sjgte$) andh,(nP). We argue thaty,(1S)
may be observable in run Il through the decgy—J/ ¢+ /.
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[. INTRODUCTION high quality of the new CDF data justifies an updated theo-
retical analysis, with careful attention to the experimental
The nonrelativistic QCOINRQCD) factorization formal- and theoretical errors.
ism provides a systematic framework for analyzing the in- In this paper, we present a quantitative analysis of the
clusive production of heavy quarkoniuftt]. Long-distance Nnew CDF data on bottomonium production within the
effects involving the binding of a heavy quark-antiquark pairNRQCD factorization formalism. The color-singlet NRQCD
into quarkonium are factored into parameters called NRQC[;natrix eIemen.ts for S-wave ;tates are determined from their
matrix elements. These nonperturbative parameters are urfiléctromagnetic decays, while those for P-wave states are
versal, so values extracted from one high energy physicEStimated from potential models. The color-octet NRQCD
experiment can be used to predict the production rate in otHnatrix elements are determined by fitting the CDF data for

ers. The NRQCD matrix elements scale as definite powers o[S?T[ .z r?s ct;)g;/’égﬁlg%tftglrlniﬁ‘:ort:]nggéze;ﬁzdgzwﬂ';romarraeg_of
v, wherev is the typical relative velocity of the heavy quark. ' w u . uting vau

The NRQCD factorization approach becomes phenomen the matrix elements are used to predict the cross sections for
) P nes p Yhe spin-triplet and spin-singlet bottomonium states in run Il

logically “Se_f“' upon truncating the EXpansionurso as ©  of the Tevatron. Our analysis does not take into account

reduce the independent NRQCD matrix elements 10 a Mark,qmentation or soft-gluon radiation, so it is only reliable in

ageable number. The truncation is _most reliable for thgna intermediate range qf; where those effects are unim-

heaviest quarkonium states, namely tiesystem for which  portant.

v? is roughly 1/10.

The most abundant source of data on bottomonium pro- Il. NRQCD MATRIX ELEMENTS
duction is the Fermilab TevatropE collider. In run IA of L .
the Tevatron, the Collider Detector at FermildbDF) Col- The NRQCD factorization approach provides a model-

laboration was able to resolve the individual S-wave botto_ipdependent framewo_rk for analyzing t.he _inclusive produc-

monium state¥ (1S), Y (2S), andY (3S) and measure their tion c_>f heavy quarkonlunﬁl]. The fagtorlzqtlon formul_a for

production cross sectiofi€]. An analysis of the CDF data the dlffergntlal cross section for the inclusive production pfa

within the NRQCD factorization formalism was carried out bottomonium stateH of momentumP has the schematic

by Cho and Leibovich3]. The analysis is complicated by °™

the production of P-wave bottomonium states that subse- .

quently make transitions to S-wave states. Cho and Leibov- do[H(P)]=2, do[bb(n,P)]{0O"(n)), @

ich found that the CDF data was insufficient to determine all n

the important NRQCD matrix elements and they had to make .

educated guesses for some of them. where the sum extends over both color-singlet and color-
The CDF Collaboration has recently analyzed the data ofctet and over all angular momentum channels for tibhe

bottomonium production from run IB at the Tevatron. In pair. Thebb cross sections, which are independent of the

addition to much higher statistics on the cross sections fobottomonium statéd, can be calculated using perturbative

Y (19), Y(2S), andY (3S) [4], they also have results on the QCD. All dependence on the stdtkis factored into param-

production of the P-wave statgg(1P) andy,(2P) [5]. The  eters(O"(n)) called NRQCD matrix elementsThese phe-
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nomenological parameters can be expressed as matrix ele- The most important matrix elements for the direct produc-
ments in an effective field theory called nonrelativistic QCDtion of the P-wave stateg,;(1P), J=0,1,2, can be reduced
(NRQCD). A nonperturbative analysis of NRQCD reveals to a color-singlet paramete(ro’l(bO(lp)GPo)) and a single
how the various matrix elements scale with the typical rela’color-octet paramete(rogbO(lp)(3sl)). There are analogous

tive velocity v of the heavy quark in quarkoniufi§]. Spin . ) . .
symmetry, which is an approximate symmetry of QCD, alsomatnx elements that describe the dlrept producnon of
gives relations between various matrix elements. X0a(2P) and x;,,(3P). The NRQCD factorization formula

The relative importance of the terms in the factorization(l) for direct x»,(nP) production reduces to

formula (1) depends on the size of theb cross sections and  gof y,4(n P)1=dolbbs (3P (O™ (3p)))
on the size of the matrix elements. According to the velocity-

scaling rules, the most important matrix element for direct +(23+1)do{bby(3s) (03" (3s))).
Y(1S) production is the color-singlet parameter
(0Y(9(3s))). The spin-symmetry relations can be used to 3)

reduce the next most important matrix elements to threg, ine |ast term. the factor of 2+1 comes from using a
color-octet parameterg:0s *9(3S,)), (0OF*9('sy)), and - ot o (nP) :
Y(1S),3 P 8 1)/ \-8 So))» : spin-symmetry relation to eliminat@§®*""’(3s,)) in favor
(Og' " (°Py)). These color-octet matrix elements are impor- Xbo(NP) /3 .
@nt. b th i ; duci lor-biet of (Og (°S1)). We can also use a spin-symmetry rela-
ant, because the cross sections for producing color-bttet . : .
P 9o tion to replace(O’l(bJ(”P)(3PJ)> in the first term by (2

pairs can be much larger than for color-singbdt pairs. Yoo(NP) /3 )
There are analogous matrix elements that describe the direcdt1){(C1™  (*Po)). The matrix elements fol (nS) and

production ofY (2S) andY (3S). The NRQCD factorization Xb3(NP) enumerated above should be sufficient for a quan-
formula (1) for direct Y(nS) production reduces to titative description of the production of S-wave and P-wave

bottomonium states. Alternative power-counting schemes for
do[Y(n9)]=do[bby(3S) {OY "I(3S,)) + dobbg(3S;)] the matrix elements have been suggedtéd but they all
give a subset of the matrix elements in this list.
x(0g"9(3s))) +do{bbg(*Sy)] The NRQCD factorization formula gives the cross section
for the direct production of a given bottomonium state. The
Z cross sections that are most easily measured in experiments
(23+1) i . . . -
3 are inclusive cross sections that include contributions from
the direct production of higher bottomonium states which
<OY(nS)(3P ) %) subsequently decay into the given state. For example, the
8 o7 feeddown fromy,(1P), Y (2S), and x,(2P) accounts for
roughly 27%, 11%, and 11% of th¥(1S) cross section,
The factor of 2+1 in the last term comes from using a respectively[5]. Taking into account the feeddown from
spin-symmetry relation to eliminagOg "9(°P;)) in favor  higherY(mS and y,,(mP) states, the cross section for in-
of (0f "I (3py)). clusive Y (nS) production can be written

x(0g "I (tsy)) +

X da[bbg(®P,)]

dolY (NS Jine=da[bby(3S)1(01(3S)) "9+ >, dabby(3P)1(01(3P )X "9+ dobbg(3Sy)](Og(3Sy) )™
J

inc

+do{bbg(*Sy) 1(Og(*Sp) )" + 2 (23+1)do bbg(®P3)]|(0g(3Po))mi"9 (4)

where the “inclusive NRQCD matrix elements” are clusive decaysY (nS) — xps(MP)+ 7y, xp3(nP)—Y (MY
+v, and Y(n§—=Y(mS+ =, with the exception of
B . , which is a direct measuremel&].
<O[n]>?$£”s)=<0‘“”s)[n]>+; Bh_y(ng(O"[Nn]). YI(r31S)TaYt§I1eS)I, we have not included the :p[)ir]l—singlet states
(5) 1n,(NS) andhy(nP), which have yet to be observed. Transi-
tions between spin-singlet and spin-triplet states are sup-
The sum oveH includes all higher bottomonium states that pressed, because they proceed through maga&iel tran-
can make transitions 9 (nS). The coefficienBy_ 4 isthe  sitions. The rates forAS=1 transitions are suppressed
inclusive branching fraction foH to decay intoH’. The relative to those forAS=0 transitions by a factor of?,
inclusive branching fraction for the observed bottomoniumwhich is roughly an order of magnitude. The branching frac-
states are collected in Table |. These numbers were obtaingibns for 7,(2S) into other bottomonium states are further
by combining the measured branching fractions for the exsuppressed by its large annihilation width into two gluons.
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TABLE I. Inclusive branching fractionB,_y (in %) for transitions between spin-triplet bottomonium states. The entries “0 ?” in the
first row indicate that the feeddown frop,;(3P) is neglected in our analysis.
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Y (39) Xb2(2P) xb1(2P) Xbo(2P) Y (29) Xb2(1P) Xb1(1P) Xbo(1P) Y (19)
Xb.(3P) 02 0°? 02 0°? 0°? 0°? 0°? 0°? 0°?
Y(39) 11408  11.3-06 5406  10.6-0.8 0601  0.6-0.1  04:0.1  11.3-05
Yb2(2P) 16.2¢24  1.102 1102 0601  12.2:1.3
Yb1(2P) 21+ 4 15:03  1.4-0.3  0.8:02  15.2¢18
Ybo(2P) 46+21  03:01 0301 0201 2.4-0.9
Y (29) 6.6209 67609  43:10 31712
Xb2(1P) 22+ 4
Xp1(1P) 35+8
Xbo(1P) <6

Quantitative estimates of the electromagnetic and hadroniwhere there is an implied sum over the partonsk and

transition rates are given in Ref®,10]. They support the gyer thebb channelsh.

conclusion that the branching fractions for decays of spin-

singlet states into spin-triplet states can be neglected.
The tiny branching fractions in Table | for the transition

Xb)(2P) = xpy(1P) are the contributions from the double >m,, the ordera® fusion cross section for the channel

radiative transitions viaY'(2S). We have not included the  —7 s o~ 4 ,

contributions  from the two-pion  decaysyp(2P) bbg(®S,) has the scaling behaviato/d pt~ 1/pE, while gll

— Xby (LP)+ 7, which have not been observed. We canOther channels are suppressed by powersips at leading

estimate their magnitude by observing that the rates foprder. Parton processes with scaling behavior are ctréed

Y(39)—Y(29)+m7 and Y(3S)—Y(2S)+yy are equal mentationprocesses. The fragmentation contribution$ o

to within experimental errors. Since the phase space avaithannels other thabbg(3S;) enter at higher order ir.

able for the transitiongp(2P) — xpy (1P) is similar to that - The ordera? fusion cross sections therefore underestimate

for Y(?;IS:)):Y(Zi), bwe expect b:het ra:;]e tf?beJ(gﬁ) the bb cross section in these channels at lapge However,
—Xpy (1P)+ 7 to be comparable to that f0kss(2P)  yho cDF data on bottomonium production extends only out
— Xby (1P) + yy. Including the effects of two-pion transi- p=20 GeV[4], which is not large enough for fragmen-
tions Cil;)ld blncre?s? thef tz)ranc3h|r:)g terCt'onthf%J(lzP) f tation effects to dominate. In extracting the NRQCD matrix
— Xoy (1P) by a factor of 2 or s, but since the V(? UES OF olements from that data, it should therefore be sufficient to
BXbJ(zp)HXbJ,(lp) in Table | are all less than 1.5%, they use the fusion cross sectid).

should still be negligible. The ordera? fusion cross section in E@6) also fails at

As indicated by the entries “0 ?” in the first row of Table — . S T
I, we neglect the feeddown from thg,(3P) states, which small py. For somebb channels, includingbg("Sy) and

have not been observed. A naive extrapolation from the othe? bs(*Po ), there is an ordex fusion cross - section from the
entries of the table suggest that the branching fractions foparton process$j —bb, which produces db pair with pt

Yb1(3P) and x,»(3P) into Y(3S) could be about 12%, =0. In these channels, the orde}-fusion cross sections
while their branching fractions intd (1S) could be about do/dp? diverge like 1p2 aspr—0. The divergence in the

7%. These are small enough that they would not have iegral of the cross section fof— bb+k is canceled by the

significant effect on our analysis. We have also neglected th?adiative corrections to the cross section i bb. so that

feeddown from D-wave states. T T .
the cross section integrated oy®r is finite order by order in

as. In order to obtain a smooth prediction fae/d p% in the
small p region, it is necessary to resum higher order correc-
tions involving soft-gluon radiation. This resummation will

In hadron collisions, bottomonium with transverse mo-have a significant effect on the shape of fhedistribution,
mentum p; of order m, or larger is produced, at leading and therefore on the values of the NRQCD matrix elements
order ina, by partonfusionprocessesj —bb-+k. The dif- used to fit that distribution. We will avoid the complications
ferential cross section for producing a bottomonium skate due to soft-gluon radiation at smalt by using only the data

with momentumP can be expressed in the schematic form ffom pr=>8 GeV to fit the NRQCD matrix elements. _
We proceed to describe each of the factors in the fusion

cross sectiori6) in more detail. We include the contributions
from the following combinations of colliding partonsj
=gg, 99, 99, qq, whereq=u,d,s,c and thec quark is
treated as a massless parton. The parton distributions

The orderag fusion cross section in E@6) gives a good
first approximation only if the transverse momentum is not
too much larger or too much smaller than,. For py

Ill. PARTON DIFFERENTIAL CROSS SECTIONS

daTH(P) Juusion= fisp® fjp@ dafij —bb(P,n) +k]
x(O"(n)), (6)
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TABLE Il. Direct color-singlet matrix elements fof andy, states, with O,(3S,)) in units of Ge\? and
(01(3P3)) in units of GeV?.

(01 "9(3sy) (OX"P)(3p )y
Phenomenology Potential models Lattice Potential models Lattice
Y(39) 4.3+0.9 3715 9.6=?  xp(3P) 2.7+0.7
Y (29) 45+0.7 5.0:1.8 3657 xp(2P) 2.6+0.5
Y(1S) 10.9+1.6 10.8:5.5 7652  xp(1P) 2.4+0.4 1.5-7
fi,p(xl,,gF.) andf;;;(x,, ), which specify t'he momenta of B Aag(pm) )
the colliding partons, depend on a factorization sgale My ps(4) =My 15~ —3——u+O(as). (7)

We will consider the CTEQ5L and MRST98LO parton dis-

tribution functions. They are both obtained from leading or-The difference between Beneke'’s valuesifoy;s andmy, ps

der analyses, and thus can be used consistently with leading mostly accounted for by the ordet: correction. We will
order parton cross sections. Explicit expressions for the pachoose the 1S mass as our prescription forttigeiark mass.

ton differential cross sectiortkr are given in Ref[3] andin ~ Beneke’s central value for the PS mass differs by 2 standard
Ref.[11]. They are proportional tﬂg(MR), whereup is the deviations from the 1S mass. This difference should not be
renormalization scale, and they depend on the mmas®f regarded as an ambiguity in the quark mass, because it could

the bottom quark. As part of the theoretical error, we will N0t be eliminated by a more precise determinationmgf
allow pr and ug to vary by factors of 2 from the central Instead its effects on the cross section could be decreased by

calculating the next-to-leading order radiative correction to
o ] — the parton cross sections. The uncertainty due to different
tween half the partonic invariant masstet threshold and  prescriptions for the quark mass can therefore be regarded as
half the partonic invariant mass at large and central ra-  part of the error due to radiative corrections.

pidity.

The cross sections also depend on two fundamental QCD
parametersxg andmy, . We take the QCD coupling constant
ag(u) to run according to the one-loop formula, with the  The color-singlet matrix elements faf(nS) can be de-
boundary value appropriate to the parton distribution functermined phenomenologically from its decay rate into a lep-
tion that is being used. For CTEQS5L, the coupling constanton pair. The electronic decay rate of thgnsS), including
satisfiesag(M;)=0.127 andag(m,)=0.232. For the 1998 the QCD radiative correction of orders and the first rela-
Martin-Roberts-Stirling-Thorne(MRST98 leading order tivistic correction of ordew?, is
(LO) set, the coupling constant satisfieg M ;) =0.125 and o o262 o
ag(my)=0.226. b o ETagy as

S(Thbe? other fundamental QCD parameter in our calculation FY(nS—ete )= om? (1
is the bottom quark mass,, . There have been several recent
determinations ofn, using sum rules calculated to next-to-
next-to-leading order accuracy with nonrelativistic resumma- 3 2my,
tion [12]. A useful summary of these results is given by (8)
Beneke in Ref[13]. The value of the pole mass is rather
unstable under radiative corrections compared to shortwheree,= —1/3 is the bottom quark charge ang is the 1S
distance definitions of the mass, such as the running masfass. The relativistic correction was first expressed in terms
evaluated at its own scalm,=m,(m,). Beneke’s best esti- 0of My (g —2m, by Gremm and Kapustifil4]. The vacuum

mate for this mass i5b=4.23i 0.08 GeV. The definition of Saturation approximation, which is accurate up to corrections

— . | th tical in ch ; d not related t of orderv?, has been used to express the NRQCD matrix
My, IS purely mathematical In character and not related 1o any e ment that enters naturally in annihilation rates in terms of

physical thresholds involving thb quark. Two definitions H]e corresponding production matrix elemé@t "9 (3S,)).

that are also relatively stable under radiative corrections an has also been used to express the radiative and relativistic

whose definitions are related to thresholds in the bonomo&orrection factor as a square. Setting=4.77 GeV and

nium system are the 1S mass, which is the perturbgtivg €N (m,)=0.22 and using the measured value for the decay
ergy of the lowest bound state, and the PS mass, which is theiies "we obtain the values for the color-singlet matrix ele-
sum of the pole mass and some energy related to the potefents in Table Il. In addition to the experimental errors in
tial between théb andb. Beneke’s best estimates for these the decay rates, there are theoretical errors from relativistic
masses arem,s=4.77£0.11 GeV andm,pq2 GeV) corrections and from perturbative corrections. As a measure
=4.57+0.10 GeV. The relation between the two is given by of the relativistic error of ordes*, we take the square of the

a power series ing: largest of the order? corrections for the thre¥ (nS) states:

values,uT=(m§+ p%)”z. This central value interpolates be-

IV. COLOR-SINGLET MATRIX ELEMENTS

37

1M —2m;\ 2
__M) (OY(935,)).
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TABLE Ill. Inclusive color-singlet matrix elements fof states, with{ O,(3S;)) in units of Ge\? and
(01(3P3)) in units of GeV?.

(04389 (01(3Pg)ymi® 3 (0P (0, (3Py))mimd
Y (39) 4.3+0.9 0°? 0°? 0°?
Y (2S) 5.0+0.7 0.12+0.06 0.55-0.15 0.42:£0.10
Y (1S) 12.8+1.6 <0.2 1.23£0.25 0.84:0.15

[(MY(SS)—2mb)/(3mb)]2%0.2%. As a measure of the per- stateq16] and P-wave statd4 7] of bottomonium. Inserting
turbative error from higher orders ing, we take the square these wave functions into the expressions in E§.and

of the orderey correction in Eq.(8): [16as/(37)]?°~14%.  (10), we obtain the estimates of the color-singlet matrix ele-
The error bars quoted in Table Il are obtained by combiningnents in Table 1l. The largest errors in the lattice calcula-
the experimental, relativistic, and perturbative errors intions come from matching of lattice NRQCD operators with
quadrature. The error bars are dominated by the 14% pertugontinuum NRQCD operators and from the omission of dy-
bative error, except in the case of thg3S) for which the  namical light quarks. Both errors could be as large as 25% in
experimental error is 16%. The values f@)"9(®S,)) in  the present calculations. It is premature to quote error bars
Table Il are Ial’gel’ by a factor of 3 than those given in Tablefor the lattice gauge theory results in Table II.

| of the first paper in Ref[3] because of a normalization  \we will adopt the phenomenological values of

error in the tat_)le. This normalizatiqn error did not appear in<oxl((n3)(3sl)> in Table Il and the potential-model values for
the cross sections and therefore did not affect the results. Xbo(nP)(gs )). Using the branching fractions in Table |
1 N )

There is no data that can be used for phenomenologica{lol ) - )
determinations of the color-singlet matrix elements for theVe can form the linear combinations that appear in the ex-
P-wave states. However the color-singlet matrix elements foPressions(4) for the inclusiveY (nS) cross sections. These
both the S-wave and P-wave states can be estimated usiﬁge tabulated in Table Ill. As indicated by the zeros in the
wave functions from potential models. Using the vacuum-irst row, we neglect feeddown from thg,(3P) states.
saturation approximation, the color-singlet matrix element
for Y(nS) can be expressed in terms of its radial wave func-
tion at the origin, while that fo,;(nP) can be expressed in V. COLOR-OCTET MATRIX ELEMENTS
terms of the derivative of its radial wave function at the
orgin: The color-octet NRQCD matrix elements are phenomeno-

logical parameters that can only be determined from experi-
<O}(”S)(3sl))~ i|RY(nS)(O)|21 (9) mental data. We first extract the inclusive color-octet matrix
2m elements forY' (nS) from the CDF measurements of the in-
clusive Y (nS) cross sections. We then extract direct color-
octet matrix elements fogy;(nP) from the CDF measure-
ments of the fraction of (1S) coming fromy,’s. This gives
(100 us enough information to determine the direct color-octet

. ) ) ~matrix elements fol' (nS).
Eichten and Quigg have tabulated the radial wave functions

and their derivatives at the origin for 4 potential models that
reproduce the observed bottomonium spectfai. As es- A. Inclusive matrix elements for S waves
timates of the color-singlet matrix elemeri® and(10), we
take the mean values from the 4 potential models in Ref. The inclusiveY (nS) cross sections depend linearly on the
[15]. The mean values are tabulated in Table Il. The errorsnclusive matrix elements defined in ER). The inclusive
are the root-mean-square deviations of the 4 potential-modeb|or-singlet matrix elements are given in Table Ill. We can
values. The potential model estimates(@f) "9(3S)) are  extract the inclusive color-octet matrix elements from the
consistent with the phenomenological values, but have largeTDF measurements of th¥(nS) cross sectiong4]. The
error bars. This gives us some confidence in the potentialifferential cross sections integrated over rapidifigs< 0.4
model estimates fo{’O’l(bO(nP)(gPo)) in Table Il. These val- have been measured outjig= 20 GeV[4]. The CDF data
ues are consistent within errors with those used in the analyen Bdo/dpy for Y(nS), whereB is the branching fraction
sis of Ref.[3]. for Y(nS)—u"u~, are shown in Figs. 1, 2, and 3 for
The most accurate determination of the color-singlet maY (1S), Y(2S), and Y (3S), respectively. We avoid the
trix elements for the lowest bottomonium states may eventuproblem of carrying out soft-gluon resummation to deter-
ally come from lattice gauge theory. The corresponding anmine the shapes of the theoretigal distributions at lowp+
nihilation matrix elements can be readily calculated usingby using only the data frompt> 8 GeV to fit the color-octet
lattice simulations of NRQCD16]. The NRQCD Collabora- matrix elements. This leavess: bins for Y (1S) and 3pt
tion has calculated the wave functions for the lowest S-wavéins each fofY' (2S) andY (3S).

9
(0¥ (3p )y~ (23+1) ElR,’(b(np)(ONZ-
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FIG. 1. Inclusive cross section faf(1S) aty=0 in run | mul- FIG. 3. Inclusive cross section faf(3S) at run | multiplied by
tiplied by its branching fractiof into u ™ u~ as a function opy: its branching fractiorB into u* .~ as a function ot : CDF data,

CDF data, NRQCD fifsolid line) with statistical error barédotted NRQCD fit, and color-singlet model prediction.
lines), and color-singlet model predictigiashed ling

minimizing the y? associated with the sum ovex bins.
Fixing ug=ur=ut and assuming thatOg(3Py)) is negli-
gible, we obtain the values @0g(3S;)) and(Og(1Sp)) in

the 1st and 3rd columns of Table IV. Repeating the analysis
n varies from 1.0 ap;=8 GeV to 6.3 aipy=20 GeV. The but assuming thatOg('Sy)) is negligible, we obtain the

parametergO4(1Sy)) and(Og(3P)) cannot be determined Values of(08(351)) and{Og(3Po)> in the 2nd and 4th col-
independently, because the corresponding parton cross sé#1ns. The first errors in Table IV are extracted from the
tions have Sim”ar dependences p'ﬂ We therefore Carry matrix of second derivatives of th@? function. There is also

out our analysis under the two extreme assumptions that e@n error from varying the renormalization and factorization
ther the<08(180)> term or the(08(3P0)> term dominates Scalesur andug. These errors are large, but since they are
and that the other can be neglected. Assuming both matriRighly correlated, we have separated them out as a second
elements are positive, the truth will be somewhere in beerrorin Table IV. The upper and lower errors are the shifts in
tween the two extremes. We will take the difference betweernthe matrix elements that minimizg? when ug and ug are

the two extremes as part of the theoretical error. changed from the central valyer=\mZ+p2 by multipli-

For a given choice of the parton distributions and thecative factors of 2 and 1/2, respectively. The error from vary-
scalesur and ug, we can integrate th¥(nS) differential  jng m, is also highly correlated, but it is smaller and we do
cross sectior(4) over ly|<0.4 and over eaclpr bin. We o1 jist it separately. It can be taken into account when we
determine the best fits for the color-octet matrix elements by,qa the matrix elements to calculate other observables.

Our fits for Bda/dp;dy at y=0 for inclusive Y (1S),
T Y (2S), andY (3S) are compared to the CDF data in Figs. 1,
Yes) 2, and 3. The error bands reflect the statistical uncertainties
\ in the matrix elements. The fits are reasonably good in the
\ 1 region pt>8 GeV that we used for fitting. At lovp, our
| fits for do/dp; behave like 13, because we have not
implemented the effects of soft-gluon radiation on the shape
of the p; distribution. The fits therefore diverge from the
data belowp;=8 GeV. ForY (2S), the central curve be-
comes negative at smadk because our fit gives a negative
central value for Og(*Sy)) 19 or (0g(3Py)) 19 . If we
had fit the color-octet matrix elements using the dataptpr
>4 GeV, instead of only the data fpr>8 GeV, the central
S T T % \l;alues for(_Og,(lso))mC or (Og(®Pg))inc Would also have
by (GeV) een negative fol (1S) andY(3S)._ o
In Figs. 1, 2, and 3, the color-singlet model predictions

FIG. 2. Inclusive cross section faf(2S) aty=0 in run | mul-  from orderag fusion processes are shown as dashed lines.
tiplied by its branching fractio into u* .~ as a function ofy: At the largest values gb; shown, the predictions fall more
CDF data, NRQCD fit, and color-singlet model prediction. than an order of magnitude below the data. The color-singlet

The inclusiveY (nS) cross sections depend on the inclu-
sive color-octet matrix elements through the linear combina
tion [(Og(*S)) +m (Og(®Po))/mp] +n (Og(®S,)), where
mvaries from 4.6 apr=8 GeV to 3.4 ap;=20 GeV, while

L B L B S S y B B

—
o
[N
T

S

B do/dp,dy (pb/GeV)

—_
T
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TABLE IV. Inclusive color-octet matrix elements fof states(in units of 10 2 Ge\®).

CTEQ5L MRSTLO
(0g(3S))) 39 3.6+1.9'1% 3.9+1.7°29 3.7x2.1°1 41+1.9°19
(Og(*Sp) )39 5.4+4.3"3] 0 7.5+4.9°3% 0
5
e (Og(3Pp))y 39 0 5.7+4.6" 33 0 7.9+5.2°3]
(0g(3S)))mi2d 18.0+5.6°%3 17.2¢5.0°%7 19.6+6.3°82 19.0+5.6°8%
(0g(*S0))int™? —10.2£9.7, 35 0 ~8.7x11.1,73 0
5
2 (O PO 0 ~10.6-10.2.39 0 ~8.9+11.7,3
(Og(3Sy) )19 11.6-2.7°53 12.4+2.5"88 11.7+3.0"37 13.0+2.8"%4
(Og(*Sp) )19 10.9+6.2"1%2 0 18.1x7.2°344 0
5
n—ﬁ<os(3po)>;;gls> 0 11.1+6.5"3%7 0 18.6+7.5"3%°
model prediction for indicates the shape of the . Direct matrix elements for P waves
del diction forY(3S) indicates the sh f th B. Direct matrix el ts for P
bb,(3S,) cross section. The color-singlet model predictions The color-octet matrix element€g(3S,)) for the x,'s
for Y(1S) andY(2S) behave very differently at smafi, can be determined from CDF measurements of the fractions

because they receive contributions from decaygQ(nP).  of Y(19)’s that come fromy,(1P)+y and from x,(2P)
The predictiois diverge gs— 0, because the cross sections + y [5]. The important feeddown decays fgg(1P) and
da/dpy for bb1(3Po,2) behave like 1@ . In order to obtain  xp3(2P) proceed through thé&'(2S) and Y(3S), respec-
the correct threshold behavior in these channels, it would bévely. The fractionsF)fé(lnSQ,) of Y(1S)'s from x,(nP)+y
necessary to resum the effects of soft-gluon radiation. therefore satisfy

Fraah oY (19))in= 2 By, ap)-vas+y olxna1P)]+

2 BY(ZS)H)(DJ(lP)BXbJ(lP)HY(lS)+y) alY(29)]ine, (1D

F;f(lzsg) o[ Y(19)]ine=2, By, s2P)—Y(as)+y lxpa(2P)]+

4 2;4 By (35— xpy(2P) By (2P) > Y (19 + 'y) o[ Y (3S) Jinc-

12

The coefficients ofo[Y (2S)]inc and o[ Y (39)]ic in Egqs.  pt>8 GeV. Using the CDF measurements of these cross
(12) and (12) are (3.8:0.7)% and (1.8:0.2)%, respec- sections, Egs(13) and (14) reduce to the following con-
tively. straints on the cross sections fgg;(1P) and x,3(2P):

The CDF result for the fractions of (1S)’'s with |y]|
<0.4 and py>8 GeV that come fromy,(1P)+vy and

Xo(2P)+ v are 2 By mp—vas lxninP)]
Y(1S) _
Frpiip) = (27.1:8.1)%, (13 ~(0.85-0.29 nb, n=1, (15)
FY(S) = (10.5+4.8)%, 14
xw(2P) = ) 14 =(0.34£0.17 nb, n=2. (16)

where we have added the statistical and systematic errors in

quadrature. The inclusiv¥ (nS) cross sections in Eq$ll)  The branching fractions and the associated errors are given
and (12) are the cross sections integrated omgr<0.4 and  in Table I.
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TABLE V. Direct color-octet matrix elements for, andY states(in units of 10 2Ge\?).

CTEQ5L

MRSTLO

(03 (sy)
(037 sy)
(03®9(°sy))
(059('sy))

AOLCR)

(0§ 19(%sy))
(039(1sy))

n—5ﬁ<og’”5)(’°‘Po)>

0.8+1.1%%1

1.5+1.1°13
16.4+5.7 11 15.6+5.2*59
-10.8+9.7;38 0

0 -11.2+10.2,33

2.0+4.1;58 3.0+3.8752
13.6+6.87108 0

0 13.9+7.171%4

1.2+1.3"%1
1.9+1.3'1¢
17.4+6.4719 16.8+5.8"%8

-9.5+11.1;38 0
0 -9.7+11.6,37

0.4+0.7;59 1.8+4.4,02
20.2+7.8"1%° 0

0 20.7+8.173%4

The theoretical cross sections faf x,;(nP)], J=0,1,2,  The errors on the branching fractions in E)—(19) have
are obtained by integrating E3) over the appropriate re- been suppressed, but they are (0:801016), (0.112
gion of y and py. The constraint§15) and (16) are then +0.005), (2.15:0.31), and (1.0&0.08). The linear com-
linear equations fo(Og‘bO(”P)(381)), which give the values binations determined by the inclusi%(2S) cross sections

in Table V. The first error is obtained by setting.=ur  are
=ut and combining in quadrature the experimental error
from Eqgs.(15) or (16), the error from the branching fractions
in Table I, and the errors from the color-singlet matrix ele-
ments in Table Il. The second upper and lower errors in
Table V are the shifts in the matrix elements wheg and

ue are changed from their central values by multiplicative
factors of 2 and 1/2, respectively.

(0g(®S1)1n 79 =(0§ *9(3s,))+0.106 0§ 9 (3s)))

+1.4901?P3s))), (20)

(0g(*S)) 129 =(0) ®9(1s;)) +0.106 03 I (1sy)),
(21)

(0g(3P)) 129 =(0) 9 (3Py)) +0.106 03 CI(3Py)).
C. Direct matrix elements for S waves (22

The NRQCD matrix elements in Table IV can be used toThe errors on the branching fractions in E¢a0)—(22) are
calculate the inclusiv (nS) cross sections. To calculate the (0.106+0.008) and (1.420.17). Using the color-octet ma-
direct Y(nS) cross sections, we must extract direct color-trix elements for inclusivé/ (nS) in Table IV and the color-
octet matrix elements for tHé(nS) states from the inclusive octet matrix elements for diregt,(nP) in Table V, we ob-
color-octet matrix elements given in Table IV. The lineartain the color-octet matrix elements for dire¥t(nS) in
combinations of matrix elements determined by the inclusivelable V.

Y (1S) cross sections are Our analysis gives a negative value consistent with zero
for the matrix elementgO) ?9(1Sy)) or (Og ?I(CPy)).
Our values for (O§b°(zp)(3sl)>, (Ogb‘)(lp)@sl)), and

(0F9(3s))) are also consistent with zero given the statis-
tical error. The only direct color-octet matrix elements that
differ from zero by two or more statistical error bars are
(03 ?9(%sy)) and(03 *9(*s)) or (03 *I(3Py)).

We now compare our values for the matrix elements with
those obtained by Cho and Leibovich in their pioneering
analysis of bottomonium production at the Tevatron. Their

1 Y(1S) _ Y(19) /1 Y(2S),1 .

(Og("So))ine ~=(0g" " (*Sp))+0.31X 05 (")) analysis was based on the CDF data sample from run IA of
4+0.1120Y39)1 , 18 the Tevatron[2]._To_ re(_duce the errors associated with the

30; ™ ("S)) (18) shape of thep; distribution at smalb+, they used only the
data fromp;>3.5 GeV in their analysis. The data was in-
sufficient to determine all the matrix elements, so they esti-
mated the matrix element©} "9(3S,)) by applying scal-
ing relations to the corresponding matrix elements in the

(0g(38))r 19 =(0F19(33)))+0.31X 04 9 (3s)))
+0.11205(9¢3s)))
+2.150%00P) (35, ))

+1.080}%P3s))), (17)

(03Pt =(0) 19(3Py)) +0.31X 0} *I(3Py))
+0.11203 G9(3py)). (19
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charmonium sector. Their value f603 *9(3S,)) is consis- TABLE VI. Ratios of the inclusive cross sections for the spin-
tent with ours to within our large error bars, but their valuetriplet bottomonium stated at the Tevatron with/s= 1.8 TeV and

40. They used the CDF data to fit the matrix element TeV. The cross sections are integrated oper-8 GeV and over
(0™ (3s))) and the linear combinationsMy ("9 yl<04.

=(0g "I(*Sy)) +5(0g "I(3Py)y/mj. Their values for RM(1.8 TeV) RH(2.0 TeV)
<O§b(“P)(3SI)> are comparable to ours in magnitude, but
they have much smaller error bars. Their valuesNgy"
differ from zero by only about one error bar. In our analysis,
we included the matrix element®, ("9(%S,)) in the list of
those to be fit to the CDF data. The much higher quality o

Y (39) 0.31+0.14 0.36-0.16
Yb2(2P) 0.44+0.26 0.52:0.30
Yb1(2P) 0.34+0.16 0.3%-0.19
#vo(2P) 0.20+0.07 0.24-0.08

the CDF data from run IB of the Tevatrg4] allowed us to (%) 0.65+0.35 0.76-0.41
carry out a reasonable fit using the data restricteg{to8  Xv2(1P) 0.57+0.26 0.66-0.31
GeV. xb1(1P) 0.41+0.17 0.48-0.19
Yoo(LP) 0.23+0.08 0.26:0.09
Y(19) 1 1.16+0.01

VI. INCLUSIVE CROSS SECTIONS FOR SPIN-TRIPLET
STATES

Having determined the most important matrix elementwhich the largest contribution comes from varying the scale.
for the production of the spin-triplet bottomonium states, weFor Y (2S) and Y (3S), the results in Table VI for/s=1.8
can use them to calculate the cross sections for these stateslifV are consistent with the actual CDF measurements,
other high energy processes. In particular, we can calculathich give 0.61=0.12 forY (2S) and 0.29-0.12 forY (3S).
their cross sections in run Il of the Tevatron in which the When the center-of-mass energy is increased from 1.8 TeV
center-of-mass energy will be increased from 1.8 TeV to 2.30 2.0 TeV, all the cross sections increase by about 16%. The
TeV. In order to cancel the large theoretical errors, such aiicrease depends aor, changing from about 15% gir
those from the uncertainties in the matrix elements and fron=8 TeV to about 19% apr=20 TeV.
the choice of scale, we normalize the cross sections to that
for inclusive Y (1S) at \/s=1.8 TeV. For each bottomonium VIl. DIRECT CROSS SECTIONS FOR SPIN-SINGLET

stateH, we define the ratio STATES
U[H.\/g] Having determined the most important matrix elements
RH(\/s)=— _ : , (23  for the production of the spin-triplet bottomonium states, we
olinclusive Y (1S); \s=1.8 TeV] can also use them to calculate the production rate of the

] ) spin-singlet stateg,(nS) andh,(nP). The matrix elements
where the cross sections are integrated @4er8 GeV and o these states are related to those of the corresponding spin-
over|y|<0.4. triplet states by the approximate spin symmetry of NRQCD.

_ To calculate the inclusive cross section f(nS), we  gpin symmetry relates the matrix elements fgy(nS) to
simply use the inclusive color-singlet matrix elements frominose fory (nS):

Table Il and the inclusive color-octet matrix elements from

Table IV. To calculate the inclusive cross section for (091 1 Y093

xb3(NP), we must first compute the direct cross sections for (0,"77 (")) = §<01 (°S), (24)
Xxbi(NP) and the higher bottomonium states using the direct

color-singlet matrix elements from Table Il and the direct (NS 1 _ Y(nS),3

color-octet matrix elements from Table V, and then combine <08 (*P1))=3(0g (o)), (25)

them using the inclusive branching fractions in Table I. The 1

resulting ratlosR'f shown in Te_lble VI. are the averages of the <Ogb(ns)(lso)> — —<Og(ns)(351)>, (26)

4 values obtained by using either the CTEQ5L or 3

MRST98LO parton distributions and either setting

(0g(*Sp))=0 or (Og(3Py))=0. The error bars come from <ogb(”5)(3sl)>=<og<“5>(lso)). (27
combining in quadrature the statistical errors in the matrix

elements from the tables, the error from varyipgby a  The direct matrix elements fay,(nS) can therefore be read
factor of two from its central value, the difference betweenoff from those forY(nS) in Tables Il and V. The spin-
using the CTEQS5L and MRST98LO parton distributions, thesymmetry relations have been used to calculate the cross
difference between settingOg(1Sy))=0 and (Og(3Py)) sections for producing the, at the Tevatrof18], in photo-
=0, and the error from varyingn,. The error bars in the production and electroproductiofi9], at Hera-B[20], and
numerator and denominator of E@®3) are both large, but in B decays[21]. The spin-symmetry relation&24)—(27)
they are highly correlated and tend to cancel in the ratio. Thegree with those ifi21]. Incorrect spin-symmetry relations
largest contributions to the error bars are the statistical errorisave been used in several previous papers. In [R&f, the
on the matrix elements, with the exception ¥{1S), for  factors of 1/3 and 3 were omitted in Eq24) and (25). In
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Ref. [19], the factor of 1/3 was omitted in Eq26). Spin  ducing theh, in photoproductior22], at Hera-B[20], and in
symmetry also relates the matrix elements fg{nP) to B decayq21].

those forype(nP): To calculate the cross sections for the direct production of
the spin-singlet states at the Tevatron, we need the appropri-

hp(nP) 1 _ Xpo(NP) 3 R
(0 ("P1))=3(0; (*Po)), (28) ate parton differential cross sectiotis. Explicit expressions
for most of those that are needed are given in Rdfand in
hp(nP) 1 _ Xbo(nP) 3
(Og ("S0))=3(Og (“S1)- (29) Ref.[11]. The exception is the cross sections for producing

The direct matrix elements fdr,(nP) can therefore be read bPs(*P1), which contributes toy, production. The cross
off from those fory,(nP) in Tables Il and V. These rela- sections for the production dfbg(*P,) in qq, gq, andgg
tions have been used to calculate the cross section for prscattering are

do — (0g(*Py)) 4(4mag)® t2+12

—(qq— PPy =—— aEvEryrve (30

dt 16m7s 9M s(s—M?)

do (0g(*Py)) (Amag)®  $2+072

— (99— "PPg)=——1 TR (3D

dt 167s 6M3  (—t)(M?-1)

do (0g(tPy)) (47arg)® 1 A . - R

—(gg—'PPg)= < > — - 2757%(®— 4822+ 2%+ 228+ 28

g 99 PO o e zZS(S—M2)3(sM2+22)3{ ( )
+M2(27510— 243872+ 6975°7* — 665528 + 3465228 — 2721%) — M *s( 13558 — 702622
+134G*7* — 1087%%2%+ 1352%) + M 6(324s8 — 11346°72 + 1555 7* — 6985%2° + 547°)
— MB85(4865° — 10915% 72+ 8825%7% — 927°) + M 19(4865° — 6165% 2%+ 3745%Z% — 272°)
— M1%5(3245*— 2115?72+ 38z%) + M *s?(135%6% — 382%) — 27M 153}, (32

[
wherez2=1u. section. The measured inclusiY§1S) cross section at cen-

We proceed to calculate the cross sections for the diredfal rapidity integrated over alpr up to 20 GeV satisfies
production of the spin-singlet states at the Tevatron at centeBdo/dy=690=25 pb, whereB~2.5% is the branching
of-mass energies/s=1.8 TeV and 2.0 TeV. To minimize fraction of Y(1S) into u*u". The cross section integrated
the effect of the highly correlated errors, we calculate theonly over pr>8 GeV satisfiesBdo/dy=106+7 pb. The
ratio (23) of the direct cross section integrated oygr>8  ratio of these cross sections is £.8.5. Multiplying the in-
GeV and overly|<0.4 to the corresponding inclusive cross clusive Y (1S) cross sectiomlo/dy=28 nb by the ratio 4.6
section forY (1S) at 1.8 TeV. The resulting predictions are from Table VI, we find that the cross section feg(1S)
shown in Table VII. The cross sections for thgnP) states integrated over allpr should be approximatelydo/dy
are small compared to those fii(1S) and they have large = 130 nb: This is probably an underesti_mate, beca_use_ it does
error bars. The cross sections fgg(nS) are predicted to be not take mt_o account the large color-singlet contribution to
several times larger than those fi(nS) and they have 7b Production at smallpr from the parton procesgg
reasonably small error bars. These predictions should besbb,(}Sp), which has no analog foy .
fairly reliable, because the cross sections are for the same The cross section fon,(1S) indicates that this state must
kinematical region as the data used to extract the matrix elhave been produced in abundance in run | of the Tevatron.
ements. When the center-of-mass energy is increased frokiowever the»,(1S) can be observed only if it has a large
1.8 TeV to 2 TeV, all the cross sections increase by abouenough branching fraction into a decay mode that can be
16%. triggered upon. One possibility is the douldley decay

We can make a rough estimate of the cross sections intes,(1S)— J/ s+ J/ s, followed by the decayd/¢—u™ u™.
grated over allp; by assuming that the spin-singlet cross The decayn,(1S)—J/ ¢+ J/ ¢ has essentially the same ki-
sections have the same shape at spaks theY (1S) cross  nematics as the decay.— ¢ ¢, except that all masses are
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scaled up by a factor of 3. Thus the branching fraction forThis forced us to use only the small fraction of the data from
np(1S)—J/ i+ 3/ could be as large as that for,— ¢ ¢, pt>8 GeV to fit the color-octet matrix elements, which led
which is approximately ¥1073. We can obtain a lower to large errors in these matrix elements. If these matrix ele-
bound on the branching fraction by using the fact that in thenents are used to predict bottomonium cross sections in
limit m,—co with m; fixed, the branching fraction for other high energy processes, the predictions will probably
no(1S)— I+ 31y scales like hy [23]. If m; and my,  have large error bars. Our theoretical cross sections also di-
were both in this scaling region, then the branching fractionserge from the CDF data belopr=8 GeV, which gives us
into light JP°=1"" mesons would be smaller foy,(1S)  another reason to be cautious in applying our matrix ele-
than for 7, by a factor of (n./my)?, which is about 10?.  ments to other high energy processes.

Since we are not deep into this scaling region, the suppres- ap analysis that deals properly with the smpyl region
sion should be smaller than this. Thus the branching fractioR,iq take full advantage of the CDF data and therefore de-
for 777b5(18)—>J/¢4:?:J/¢ should be in the range between 7 (o mine the color-octet matrix elements more accurately.
x10°® and 7x 10 . Multiplying by tbe branching fractions g0y an analysis requires a prescription for combining the
of 6% for each of the decay® ¢/— u ™" ™, our estimate for , . = .

the branching fraction forzy(1S)— 3/t Il p* ™ leading-order cross sections fqr—>bttr k with the next-to-
+utu” is B~2.5x10 1. The cross section for produc- leading order cross sections fgr—bb recently calculated
ing this particular decay mode ofy,(1S) is therefore by Petrelliet al. [25] to get a smootipy distribution near
Bdo/dy~.3 pb, give or take a factor of 10. Multiplying by pr=0. The matrix elements extracted from such an analysis
the rapidity interval 0.8 and by the integrated luminosity of should give reliable predictions for observables at the Teva-
about 100 pb? in run | of the Tevatron, we obtain between tron that are dominated by low;. They should also give

2.4 and 240 produced events. reliable predictions for bottomonium production in other
We must also take into account the acceptances and effiigh energy processes.
ciencies for observing the decaysy— " u™. These can A different NRQCD-inspired analysis of the bottomonium

be estimated using the CDF data on the production of prompiroduction data from the Tevatron has been carried out by
J/in run 1A of the Tevatrorj24]. Based on the observation pomenech and Sanchis-Lozaf®6]. They used the event
of about 22 000)/¢p—p" u” candldat(;)s withpr>5 GeV  generatoPYTHIA to take into account initial-state and final-
and pseudorapidityy|<0.6 in a 15 pb " data sample, they  state gluon radiation. Color-octet production mechanisms
measured the cross section in that regioppfand 7 t0 be \yere taken into account through a fictitious colored interme-
Bo~17 nb. We infer that the product of the acceptance angjiate state with massr,. They used the CTEQ2L and
the efficiency is roughly~0.09. This is probably a conser- c1eq4L parton distributions, and determined the NRQCD

vative estimate, because it may be possible to relax the IeQﬁatrix elements by fitting the CDF data wit>1 GeV
ton identification constraints on one of thaj, decays. Mul- Their value for the inclusive color-octet matrix element

tiplying the number of events that are producedebywe get S98(381)>%é15) was about 40%(2 statistical error bajs

between 0.02 and 2 observed events. Thus this cross secti
is probably too small to be observed in run | of the Tevatron.Smaller for CTEQ4L compared to CTEQZL. We should

In run II, the integrated luminosity will be larger by a factor thérefore be wary of comparing their matrix elements to
of 20 and there will be significant improvements in the ac-0urs, which were 0btamed using CTESSL'YI(L;)/ve compare
ceptances and efficiencies for observing muons in both théem nonetheless, their results f60g("S,));ne ~ are all

CDF and DO detectors. Thus thg(1S) may be discovered Within 2 statistical error bars of ours, being smaller for

in run Il through the decayy,— J/ -+ /. =1 and 2 and larger fon=3.
Our analysis should give reliable predictions for the cross
VIIl. DISCUSSION sections of the spin-singlet stateg(nS) andh,(nP) at the

Tevatron. We find that the direct cross section #g(1S) at

We have carried out an updated NRQCD analysis of thg, > g GeV should be greater than the inclusive cross section
CDF data on the production of spin-triplet bottomonium

states from run | of the Tevatron. In spite of using only the
data fromp>8 GeV, we were able to extract all the rel-
evant color-octet matrix elements directly from the data.
Only one of the 8 color-octet matrix elements comes ou
with a negative central value, but several others are als
consistent with zero to within errors. In our analysis, we
distinguished between the inclusive color-octet matrix ele-

TABLE VII. Ratios of the direct cross sections for the spin-
singlet bottomonium stateld at the Tevatron withys= 1.8 TeV
nd 2.0 TeV to the inclusive cross section 16¢1S) with \s= 1.8
eV. The cross sections are integrated opgr-8 GeV and over
y|<0.4.

H H
ments that can be used to compute inclusi@S) cross R™ (18 Tey R” (20Tey
sections and the direct color-octet matrix elements requirea,(3S) 1.83+0.54 2.13-0.62
to compute direcY (nS) cross sections and, by spin symme- h,(2P) 0.07+0.07 0.08-0.09
try, direct 7,(nS) cross sections. 75(29) 1.60+0.59 1.870.69
The most serious deficiency in our analysis was our fail,(1pP) 0.11+0.08 0.13-0.09
ure to take into account the effects of soft-gluon radiation,, (1) 4.59+0.83 5.34- 0.96

that are needed to give a smogthdistribution at smalp+.
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