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We analyze charmonium and bottomonium production at fixed-target experiments. We find that the inclu-
sion of color octet production channels removes large discrepancies between experiment and the predictions of
the color singlet model for the total production cross section. Furthermore, including octet contributions
accounts for the observed direct to talals production ratio. As found earlier for photoproduction of quarko-
nia, a fit to fixed-target data requires smaller color octet matrix elements than those extracted frgm high-
production at the Fermilab Tevatron. We argue that this difference can be explained by systematic differences
in the velocity expansion for collider and fixed-target predictions. While the color octet mechanism thus
appears to be an essential part of a satisfactory description of fixed-target data, important discrepancies remain
for the x.1/xc2 production ratio andl/¢ (') polarization. These discrepancies, as well as the differences
between pion- and proton-induced collisions, emphasize the need for including higher twist effects in addition
to the color octet mechanisif50556-282(196)05515-4

PACS numbed(s): 13.85.Ni, 13.88+¢e, 14.40.Gx

I. INTRODUCTION nonrelativistic QCD(NRQCD). Accordingly, the production
cross section for a quarkonium stafein the process
Quarkonium production has traditionally been calculated
in the color singlet mode{(CSM) [1]. Although the model A+B—H+X 1)
successfully describes the production rates for some quarko-
nium states, it has become clear that it fails to provide a can be written as
theoretically and phenomenologically consistent picture of
all production processes. In hadroproduction of charmonia at 1
fixed-target energies\ls<50 Ge\), the ratio of the number on=2, | dxydxofia(x)fe(x)a(ij—H), (2
of J/4 produced directly to those arising from decays of b0
higher charmonium states is underpredicted by at least a fac-
tor 5[2]. The .1 to x¢» production ratio is far too low, and "l B ij H
the observation of essentially unpolarizéty and ¢’ can o(i] HH)_; Coorm(On)- @)
not be reproduced. At Fermilab Tevatron collider energies,
when fragmentation production dominates, the deficit of di-  yere the first sum extends over all partons in the colliding
rect J/4y and ¢" in the color singlet model is even larger. pagrons and;,,, etc., denote the corresponding distribution
This deficit has been referred to as th¢'*‘anomaly” [3,4]. functions. The short-distancex~ 1/mg>1/(mgv)] coeffi-

These discrepancies suggest that the color singlet model | ij . . .
too restrictive and that other production mechanisms are nec_%e.nts CQQ[n] describe the production of a quark-antiquark

cessitated. Indeed, the CSM requires that the quark-antiquaf@!” I @ staten and have expansions ing(2mg). The
pair that binds into a quarkonium state be produced on thearameters(Oy') describe the subsequent hadronization of
time scaler=1/mq, with the same color and angular momen- the QQ pair into a jet containing the quarkoniurhand light

tum quantum numbers as the eventually formed quarkoniuniadrons. These matrix elements cannot be computed pertur-
Consequently, a hard gluon has to be emitted to produce Ratively, but their relative importance in powerswtan be

33, state in the CSM and costs one poweraf/7. Since  estimated from the selection rules for multipole transitions.
the time scale for quarkonium formation is of order The color octet picture has led to the most plausible ex-
1/(mqu?), wherev is the relative quark-antiquark velocity in Planation of the ‘Y anomaly” and the direcd/¢ produc-

the quarkonium bound state, this suppression can be ovefion deficit. In this picture gluons fragment into quark-
come if one allows for the possibility that the quark- antiquark pairs in a color-octefS{®) state which then
antiquark pair is in any angular momentum or color statéhadronizes into &’ (or J/¢) [6—8]. Aside from this striking
when produced on time scales-1/mg. Subsequent evolu- prediction, the color octet mechanism remains largely un-
tion into the physical quarkonium state is mediated by emistested. Its verification now requires considering quarkonium
sion of soft gluons with momenta of ordeuz, Since the production in other processes in order to demonstrate the
quark-antiquark pair is small in size, the emission of these

gluons can be analyzed within a multipole expansion. A rig-

orous formulatior]5] of this picture can be given in terms of  !Their precise definition is given in Sec. VI {§].
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process independenc¢eniversality of the production matrix hadron collisions and reevaluate the failures of the CSM in
elements(O}), which is an essential prediction of the fac- fixed-target production2] after inclusion of color octet
torization formula(3). mechanisms. Some of the issues involved have already been
Direct J/¢ and ¢’ production at largep;>2mq (where  addressed by Tang and Ménen[13] and by Gupta and
mq denotes the heawyuark mass is rather unique in that a S_r|dhar[14], but a complete survey is still missing. We _also
single term, proportional to(02(381)), overwhelmingly ~ differ frpm [13] in the treatment of poIanzed quarkonium
dominates the suni3). On the other hand, in quarkonium production and the assessment of the importance of color
formation at moderatp,~2mg, at colliders and in photopro- 0ctet contributions and from14] in the color octet short-
duction or fixed-target experimentp,(-1 GeV), the signa-  distance coefficients. _
tures of color octet production are less dramatic, because 1he paper is organized as follows. In Sec. Il we compile
thev are not as enhanced by powersmdfr. or p2/m2 over the leading order color singlet and color octet contributions
Y i yP s O i/ OVET the production rates fog' J/ as well as bottomo-
the singlet mechanisms. Furthermore, theoretical predlctlon@ p 0, X3,/ as
are parametrized by more unknown octet matrix element§ium. In Sec. Il we present our numerical results for proton-
and are afflicted by larger uncertainties. In particular, theré"d pion-induced collisions. Section IV is devoted to the
are large uncertainties due to the increased sensitivity to thgeatment of polarized quarkonium production. As polariza-
heavy quark mass close to threshdl@ihe production of a tion remains one of the cleanest tests of octet quarkonium
quark-antiquark pair close to threshold is favored by the ris@roduction at largep; [15,16, we clarify in detail the con-
of parton densities at small) These facts complicate estab- flicting treatments of polarized production 6] and [9].

lishing color octet mechanisms precisely in those processe2€ction V is dedicated to a comparison of the extracted color
where experimental data is most abundant. octet matrix elements from fixed-target experiments with

Cho and Leibovich9] studied direct quarkonium produc- those from photoproduction and the Tevatron. We argue that
tion at moderatep, at the Tevatron collider and were kinematical effects and smatl-effects can bias the extrac-
able to extract a value for a certain combination of un-tion of NRQCD matrix elements so that a fit to Tevatron data

Known parameters((’)g'(ls(,» and (0?(3Po)) (H=J/ at large p; requires larger matrix elements than the fit to
o' Y (1S),Y(29)). A first test of universality comes from fixed-target and photoproduction data. The final section sum-

photoproductior{10—12, where a different combination of Marizes our conclusions.
these two matrix elements becomes important near the elas-
tic peak atz~1, wherez=p- kwlp. k7' andp is the proton Il. QUARKONIUM PRODUCTION CROSS SECTIONS
momentum. A fit to photoproduction data requires much AT FIXED-TARGET ENERGIES
smaller matrix elements than those found[#]. Taken at
face value, this comparison would imply failure of the uni-
versality assumption underlying the nonrelativistic QCD ap- We begin with the production cross section {6t which
proach. However, the extraction from photoproductiondoes not receive contributions from radiative decays of
should be regarded with caution since the NRQCD formalhigher charmonium states. The-2 parton diagrams pro-
ism describes inclusive quarkonium production only afterduce a quark-antiquark pair in a color octet state or
sufficient smearing iz and is not applicable in the exclusive P-wave singlet staténot relevant to)') and therefore con-
region close te=1, where diffractive quarkonium produc- tribute to ¢’ production at orderZv’. (For charmonium
tion is important. v?~0.25-0.3, for bottomoniuny?~0.08-0.1) The 2—3

In this paper we investigate the universality of the colorparton processes contribute to the color singlet processes at
octet quarkonium production matrix elements in fixed-targebrdera§v3. Using the notation in Eq2),

A. Cross sections

5732

o(gg—y')= 12(2—mc)3335(><1><2—4m§/5)

) 3 , 4 ,
(04 (1SO)>+W<O§0 (®Po))+ 5m2<08"’ (3P2)>}

20m2a’ o Al O (350 52 1-7%+2zinz  1-272—2zInz 4
+wmc)5 (X1Xp—4mc/s)(Of (°Sy))z (1-27 + a+r2® |’ 4
o(gg—y')=0, (5
3,2
A )= T XS _ap? v (3

3s

Herez=(2m.)%/(sxX,), Vs is the center-of-mass energy, angis normalized at the scalen® . Corrections to these cross
sections are suppressed by eithey 7 or v2. Note that the relativistic corrections to the color singlet cross section are
substantial in specific kinematic regioms-0,1[17]. For \s>15 GeV these corrections affect the total cross section by less
than 50% and decrease as the energy is rdispdrurthermore, notice that we have expressed the short-distance coefficients
in terms of the charm quark madd,,,~2m,, rather than the trug¢’ mass. Although the difference is formally of higher
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order inv?, this choice is conceptually favored since the short-distance coefficients depend only on the physics prior to
quarkonium formation. All quarkonium specific properties which can affect the cross section, such as quarkonium mass
differences, are hidden in the matrix elements.

The production ofP-wave quarkonia differs frons-waves since color singlet and color octet processes enter at the same
order inv? as well asas in general. An exception ig.;, which cannot be produced in—22 parton reactions through
gluon-gluon fusion in a color singlet state. Since at ordér the x.; would be produced only in gq collision, we also
include the gluon fusion diagrams at ordﬁ, which are enhanced by the gluon distribution. We have xfqr

773a2
(99— Xc0) = W5(X1Xz 4mZ o/s) <(9X°°( Po)). (7
(99— Xc0) =0, ®)
(00— 7Tga’§ 2 Xco(3
U(quXco)=27(2—mc)335(X1X2—4mc/S)<08 (*Sy), 9
for xc1,
27%a’ 47°%Inz(Z8+ 927 + 2628+ 2825+ 172* + 723 — 4022 — 42— 4)

(99— Xc1) = 9(2m, )5®(X1X2 ami/s) 2<0X°1( P1))

(1+2)°%(1—-2)*

22+ 3978+ 1457+ 251284+ 119°— 153*— 1728 — 14722— 82+ 10 10
" 3(1-2)%(1+2)* ’ (10
. m2al 5 N 2 473—9z+5
0(90— Xc1) = W®(X1X2 4mg/s) 2<O 1(3Py))| —Z%Inz+ - a— (11
(T e = % (ot A1) O CS,) (12
(o2 — = =3 0( X1 Xo—4m./S ¢ s
a9— Xc1 27(2m)3s 212 c ) 1
and for yo,
~ Wsag 2 1 Xc2(3
0(99—>Xc2):45(2—mC)3S5(X1X2—4mc/S)E§<01 (°P2)), (13
0(99— xc2) =0, (14
. 16W3a2 ) Xeor3
a(qd— Xc2) = m5(xlxz Ame/S)(Og%(°Sy)). (15)

Note that in the NRQCD formalism the infrared-sensitivewhere B denotes the corresponding branching fraction and
contributions to thejg-induced color singlet process at order the directJ/¢ production cross sectiowr(J/ )y, differs

3

((’)X”(Ssl» so that theqq reactions at order are truly

ag are factorized into the color octet matrix elementsfrom o, [see Eq(4)] only by the replacement af’ matrix

elements withd/¢ matrix elements. Finally, we note that

suppressed by, . These reactions are numerlcally insignifi- charmonium production througB decays is comparatively

cant, as is seen from the fact that the ordgtterms initiated
by qq interactions are smaller than the ordér gluon inter-

negligible at fixed-target energies.
The 2— 2 parton processes contribute only to quarkonium

actions. The production oP-wave states through octet Production at zero transverse momentum with respect to the

quark-antiquark pairs in a state other thi8) is higher order
in v
Taking into account indirect production df¢ from de-

beam axis. The transverse momentum distributiorHoin
reaction(1) is not calculable in thg,<Aqcp region, but the
total cross sectioiwhich averages over aj,) is predicted

cays of¢’ and y.; states, the)/ ¢ cross section is given by even if the underlying parton process is strongly peaked at

oyy=0 ()it J;O)l Bxer=3uX)a,

+B(y' = pX)oy, (16)

zerop; .
The transcription of the above formulas to bottomonium
production is straightforward. Since more bottomonium
states exist below the open bottom threshold than for the
charmonium system, a larger chain of cascade decays in the
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TABLE |. Matrix elements(ME) for the direct production of &wave quarkoniunH. All values in

GeVe.

ME NI W' Y(1S) Y (29) Y (3S)
(O (3s))) 1.16 0.76 9.28 4.63 3.54
AN 6.6x1072 4.6x10°3 5.9x1073 4.1x1073 3.5x1073
Ag(H) Fitted Fitted 5.x 1072 3.0x107? 2.3x1072

bottomonium system must be included. In particular, there i$19). Similar results within+30% could be obtained from
indirect evidence fromY'(3S) production both at the Teva- leptonic and hadronic decays of quarkonia for some of the
tron [18] as well as in fixed-target experimen® be dis- states listed in the tables. The matrix eIeQO§(381)) are
cussed belowthat there exist yet unobserveg(3P) states taken from the fits to Tevatron datal[ii] with the exception
below threshold whose decay into lower bottomonium statesf the 3S and 3P bottomonium states. In this case, we have
should also be included. Our numerical results do not includehosen the numbers liyatherad hog extrapolation from the
indirect contributions from potentiaD-wave states below 1S, 2S and 1P, 2P states. The combination of matrix ele-
threshold. mentsAg(H) turns out to be the single most important pa-
All color singlet cross sections compiled in this sectionrameter for direct production af y» and«’. For this reason,
have been taken from the revigd]. We have checked that we leave it as a parameter to be fitted and later compared
the color octet short-distance coefficients agree with thosevith constraints available from Tevatron data. For bottomo-
given in[9], but disagree with those that enter the numericahia we adopt a different strategy sindg(H) is of no im-

analysis of fixed-target data [14]. portance for the totaldirect plus indiregt bottomonium
cross section. We therefore fixed its value using the results of
B. Matrix elements [9] together with some assumption on the relative size of

egog‘(ls(,» and (O (®Py)) and an ad hoc extrapolation for
the 3S state. SettingAg(H) to zero for bottomonia would
change the cross section by a negligible amount.

The number of independent matrix elements can be r
duced by using the spin symmetry relations

(O1(°Py))=(23+ 1)(OF(*Py)),

Ill. RESULTS
(O43Py))=(23+1)( O} (3Py)), (17 Figures 1-6 and Table Il summarize our results for the
charmonium and bottomonium production cross sections.
(O§°3(3Sl)>=(2.]+ 1)((9)1(c0(331)>, We use the CTEQ3 leading ordérO) [20] parametrization

for the parton distributions of the protons and the ¢&hu

and are accurate up to corrections of ordér(y=J/¢,',  Reya-Vogt(GRV) LO [21] parametrization for pions. The
identical relations hold for bottomoniumThis implies that quark masses are fixed to m.=1.5 GeV andm,=4.9
at lowest order inag, the matrix element$O4 (1S,)) and ~ GeV, as was done if8]. The strong coupling is evaluated at

(O5(3Py)) enter fixed-target production df  andy’ only ~ the scalgu=2mq (Q=D,c) and chosen to coincide with the
in the combination value implied by the parametrization of the parton distribu-

tions[e.g.,as(2m;)~0.23 for CTEQ3 LQ. We comment on

o 7 s these parameter choices in the discussion below. The experi-
Ag(H)=(05(*Sp)) + —7 (Vs ("Po)). (18)  mental data have been taken from the compilatioiijrwith
Q the addition of results fronfi22] and the 800 GeV proton

beam at Fermilap23,24). All data have been rescaled to the
nuclear dependenca®9 for proton-nucleon collisions and

A%87for pion-nucleon collisions. All cross sections are given
for x>0 only (i.e., integrated over the forward direction in

9 9 the c.m. systenic.m.s) frame where most of the data have
H/3 2 H/3 2
(O1( 31)>:—27T|R(0)| , (O1( Po)>:—27_r|R'(0)| : been collected

19

Up to corrections inv?, all relevant color singlet production
matrix elements are related to radial quarkonium wave func
tions at the origin and their derivatives by

Ay
We are then left with three nonperturbative parameters for The total 4’ production cross section in proton-nucleus
the direct production of eacB-wave quarkonium and two collisions is shown in Fig. 1. The color singlet cross section
parameters foP states. . . .
The values for these parameters, which we will use be- TABLE II. Ma_trlx eIements(ME_) for the direct production of a
low, are summarized in Tables I and II. Many of the octet”ave quarkoniunH. All values in GeV.
matrix elements, especially for bottomonia, are not estab-
lished and should be viewed as guesses. The numbers given Xco Xoo(1P)  xoo(2P)  Xvo(3P)
in the tables are motivated as follows. All color singlet ma-(0(®P))/m3 4.4x10°2 8.5x102 9.9x102 0.1
trix elements are computed from the wave functions in thq@g(351)> 3.2x10°3 0.42 0.32 0.25
Buchmiller-Tye potential tabulated if19] and using Eq.
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TABLE lll. Comparison of quarkonium production cross sections in the color singlet mMi@&¥) and
the NRQCD predictiontheor) with experiment aE=300 GeV andE=185 GeV (last line only. The
“y fraction” is defined by EJZMB(XCJHJ/«/JX)omlaw. The “xq1/xce” ratio is defined by

B(xc1—d/¢X)o, , [[B(xca— I ¢¥X)a, ]

pN theor. pN CSM pN expt. 7 Ntheor. 7 N CSM 7~ N expt.

Ty 90 nb 33nb 14321 nb 98 nb 38 nb 17821 nb
() gl T30 0.63 0.21 0.62 0.04 0.64 0.24 0.56 0.03
7y 1031 ) g 0.25 0.67 0.2% 0.05 0.25 0.66 0.28 0.05
y fraction 0.27 0.69 0.3t 0.04 0.28 0.66 0.37 0.03
Xe1/xe2 ratio 0.15 0.08 - 0.13 0.11 1404

is seen to be about a factor of 2 below the data and the fit, We see that the color octet mechanism substantially en-

including color octet processes, is obtained with hances the direcl/ ¢ production cross section compared to
. 5 the CSM, as shown by the dashed and dotted lines in Fig. 2.
Ag(y')=5.2¢10"° Ge\~. (200 The total cross section includes feeddown fray states

which is dominated by the color singlet gluon fusion process.
As expected from the cross section in Sec. I, the largest
gldirect contribution originates frony., states, because
<1 production is suppressed by one power af in the
luon fusion channel. The diredf ¢y production fraction at
Js=23.7 GeV E=300Ge\} is 63%, in excellent agree-
fent with the experimental value of 62P25]. Note that this
agreement is not a trivial consequence of fitting the color
octet matrix elemeni g(J/¢) to reproduce the observed to-
has been expressed in terms ah2=3 GeV and not the ':)al crcl)ss ;ec;[ion sin;:]e the indir%cthconfcriblution is_dorlninated
physical quarkonium mass. Choosing the quarkonium masy ¢0'or sing et mechanisms and the singlet matrix elements
are fixed in terms of the wave functions [df9].

reduces the color singlet cross section by a factor of 3 com- o
ared to Fig. 1, leading to an apparent substagtiadeficit? One could ask whether t_he Iarge_sensmwt_y to the cha_rm
b - | uark mass could be exploited to raise the direct production

As explained in Sec. Il, chqosipg quark masses s preferreﬁaction in the CSM, thus obviating the need for octet con-
bggrllealgr?o\}von Elr:g?mnogr;ri“fnag?: xﬂfcirtggns:gsogluebéo ;T?ributions altogether? As shown in Fig. 3 this is not the case,
poorly d ' y Palsince the charm mass dependence cancels in the direct-to-

tially eliminated if the color singlet wave function were ex- . . . .
f : ) total production ratio. It should be mentioned that expressing
tracted fromy’ decays. If, as in open charm production, a

small charm mass were preferred, the data could be repro-
duced even without a color octet contribution. Although this L A T

The contribution fron1<(9§’"(381)) is numerically irrelevant
because gluon fusion dominates at all c.m.s. energies consi
ered here. The relative magnitude of singlet and octet contriX
butions is consistent with the naive scaling estimat
mlag-v*~1. [The color singlet cross section acquires an
additional suppression, because it vanishes close to thresh
when 4mZ/(x;X,S) —1.]

It is important to mention that the color singlet prediction

appears unlikelysee beloy, we conclude that the totat’ 40 L N
cross section alone does not provide convincing evidence for 3 1
the color octet mechanism. If we neglect the color singlet - total ..., ]
contribution altogether, we obtaifig(/')<1.0x 10 2 GeV | singlet ... . ]
3. This bound is strongly dependent on the valuengy. 30 L i

Varying m; between 1.3 GeV and 1.7 GeV changes the total -~ .

cross section by roughly a factor of 8 @=30 GeV and § ]
even more at smallet/s. Compared to this normalization § ]
uncertainty, the variation with the choice of parton distribu- E 20 .
tion andag(u) is negligible. This remark applies to all other § 1
charmonium cross sections considered in this section. % ]

B. I/ to

The J/ ¢ production cross section in proton-nucleon col-
lisions is displayed in Fig. 2. A reasonable fit is obtained for

Ag(J/h)=3.0x10 2 Ge\~. (21)

2This together with a smaller value for the color singlet radial FIG. 1. Total(solid) and singlet only(dotted ¢’ production
wave function could at least partially explain the huge discrepancyross section in proton-nucleon collisions-0 only). The solid
between the CSM and the data that was reportd@3 line is obtained withAg(4')=5.2x10"% GeVS.
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FIG. 2. J/4 production cross sections in proton-nucleon colli-  FIG. 4. Total (solid) and singlet only(dotted ¢’ production

sions forxg>0. The dotted line is the diredf s production rate in ~ Cross section in pion-nucleon collisions=¢>0 only). The solid line

the CSM and the dashed line includes the contribution from thes obtained withAg(y')=5.2x 102 GeV?.

color octet processes. The total cross sectawmlid ling) includes

radiative feeddown from the.; and ¢’ states. The solid line is evidence for an essential role of color octet mechanisms for

obtained withAg(J/ ) =3.0X 10" 2 GeV?, directJ/ ¢ production also at fixed-target energies.

The comparison of theoretical predictions with the E705
all cross sections in terms of the respective quarkoniungxperimen{25] is summarized in Table Ill. Including color
masses increases (J/¢)gir/ o3y, becaUSEchJ>MJ/¢/- octet production yields good agreement for diréc¥ pro-

However, the total color singlet cross section then decreaséiction, as well as the relative contributions from gll,
further and falls short of the data by about a factor 5. WeStates andy’. Note that the total cross section frdi25] is
therefore consider the the combination of taléds produc-  rather large in comparison with other dasse Fig. 2 In the

tion cross section and direct production ratio as convincing=SM. the direct production cross section of 7 nb should be
compared with the measured 89 nb, clearly demonstrating

the presence of an additional numerically large production
! T R mechanism. Note also that oyt cross section in the CSM
is rather large in comparison with the direldt¥ cross sec-
tion in the CSM. A smaller value which compares more fa-
singlet+octet__ N vorably with the data could be obtained if one expressed the

o8 singlet ... _ cross section in terms of quarkonium masg&s From the
L . point of view presented here, this agreement appears coinci-
- . dental since the cross sections are dominated by octet pro-
506 . duction.
T T T Perhaps the worst failure of the theory is thg to x.o
= i ratio in the feeddown contribution that has been measured in
§ o4 i ] the WALl experiment aE =185 GeV[26]. We see that the

prediction is far too small even after inclusion of color octet

contributions. The low rate of; production is due to the

i fact, as already mentioned, that the gluon-gluon fusion chan-

0.8 1 . nel is suppressed by./7 compared toy., due to angular

L . momentum constraints. Together wifthys (and ') polar-

- : ization, discussed in Sec. IV, the failure to reproduce this

- ] ratio emphasizes the importance of yet other production

0 e L mechanisms, presumably of higher twist, which are naively
m, suppressed by gcp/m [2].

FIG. 3. Ratio of direct to total/ ¢ production in proton-nucleon
collisions as a function of the charm quark mass in the CSM and
after inclusion of color octet processestat 300 GeV. The experi- The ¢’ andJ/y production cross section in pion-nucleon
mental value is 0.620.04. collisions are shown in Figs. 4 and 5. The discussion for

C. Pion-induced collisions
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FIG. 5. J/4 production cross sections in pion-nucleon collisions  FIG. 6. Total(direct plus indire¢t’Y (nS) production cross sec-
for xg>0. Direct J/¢ production in the CSMdashed lingand tions (for xz>0), consecutively summed over. The data point
after inclusion of color octet processgotted ling. The total cross  refers to the sum ofi=1,2,3.
section(solid ling) includes radiative feeddown from the.; and

' states. The solid line is obtained withg(J/)=3.0x 10 2
éeva_ s(J/V) <O§b°(381)> (extracted from Tevatron data [®]) as com-

pared to the singlet wave functignpomparey o with xpg in
Table 1I), leads to domination of quark-antiquark pair initi-
ated processes. Consequently, the didethS) production
cross section is at least a factor 10 below the indirect contri-
butions fromy, decays. This observation leads to the con-
lusion that the number oY (3S) observed by the E772
xperimen{27] can only be explained if,;(3P) states that
ave not yet been observed directly exist below the open

proton-induced collisions applies with little modification to
the pion case. A breakdown of contributions to &ie cross
section atE=300 GeV is given in Table Ill. The theoretical
prediction is based on the values &df(H) extracted from
the proton data. Including color octet contributions can ad
little insight into the question of why the pion-induced crossE

sections appear to be systematically larger than expecte ottom threshold. Such indirect evidence has also been ob-

This issue has been. ex}engwely dlspusseﬁlﬂn The d.'s'. tained from bottomonium production at the Tevatron collider
crepancy may be an indication that either the gluon dIStI’Ibu[18]

tion in the pion is not really understoddlthough using pa-
rametrizations different from GRV LO tends to yield rather
lower theoretical predictionsor that a genuine difference in
higher twist effects for the proton and the pion exists.

To obtain our numerical results shown in Fig. 6, we as-
sumed that thesg,;(3P) states decay intd(3S) with the
same branching fractions as the correspondirg® states.
The total cross sections are compared with the experimental
value 195-67 pb/nucleon obtained from[24] at

D.Y(nS) E=800 GeV for the sum o¥ (nS), n=1,2,3 and show very

If higher twist effects are important for fixed-target char- good agreement. The color singlet processes alone would
monium production, their importance should decrease fohave led 6 a 9 times smaller prediction at this energy. We
bottomonium production and facilitate a test of color octetshould note, however, that integration of the distribution
production. Unfortunately, data for bottomonium productionfor Y (1S) production given if27] indicates a cross section
at fixed target energies are sparse and do not allow us @bout 2—3 times smaller than the central value quoted by
complete this test. [24]. The theoretical prediction for the relative production

Because of the increase of the quark mass, bottomoniumates of Y (1S):Y(2S):Y(3S) is 1:0.42:0.30 to be com-
production differs in several ways from charmonium produc-pared with the experimental rafig27] 1:0.29:0.15. This
tion, from a theoretical standpoint. The relative quark-comparison should not be overinterpreted since it depends
antiquark velocity squared decreases by a factor of 3; thudargely on the rather uncertain octet matrix elements for
the color octet contributions to direct production b{nS) P-wave bottomonia. Because of lack of more data, we also
are less important since they are suppressedbyat the hesitate to use this comparison for a new determination of
same timeag(2mg) decreases much IgssThe situation is  these matrix elements.
exactly the opposite for the production Bfwave bottomo-
nia. In this case the color singlet and octet contributions scale™
equally inv2. The increased quark mass, together with an These numbers were taken from the raw data with no concern
increased relative importance of the octet matrix elementegarding the differing efficiencies for the individual states.
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IV. &' AND J/¢ POLARIZATION A simple check can be obtained by applying E2R) to
the calculation of the gluon fragmentation function into lon-

In this section, we deal with” and J/y polarization at itudinally polarizedy’. Since the fragmentation functions
fixed-target energies and at colliders at large transverse mg-t Kp i K o 3p8 tgt follow from[28]
mentum. Before returning to fixed-target production in Sec!Nt0 guark-antiquark pairs n ar;,, state foflow from

Il B, we digress to discuss largg- production. We recall DYy & change of color factor, the sum (@2) can be com-
that, at Iargept2>4mé, ¢’ and directd/y production is pute(_i. The r_esult_ not only dlffe_rs frorr_1 the frag_mentanon
dominated by gluon fragmentation into color octet quark_fun_ctlon obtained if16] but contains an infrared dlverg(_ance
antiquark pairs and expected to yield transversely polarized/Nich cannot be absorbed into another NRQCD matrix ele-
quarkonia[15]. The reason for this is that a fragmenting Ment. ,

gluon can be considered as on shell and therefore transverse. 10 See the failure of Eq22) more clearly we return to
Becuase of the spin symmetry of NRQCD, the quarkoniun’?he NRQCD factorlza_ltm_n f_ormahsm. Aft_er Fierz rearrange-
inherits the transverse polarization up to corrections of ordef?€nt of color and spin indices as explained 34, the cross
4m?/p? and v®. Furthermore, it has been shovib6] that ~ SECtion can be written as

including radiative corrections to gluon fragmentation still
leads to more than 90% transversely polarizgd (direct
J/). Thus, polarization provides one of the most significant

tests for the color octet production mzechanism at Iarge_ trr:ms(indsai;bj is the soft(nonperturbativepart that describes the
verse momenta. At _moderamj~4mc, nonfrﬂgmentatlon “hadronization” of the color octet quark pair into @’ plus
contributions proportional t60g (*S)) and(Og(°P,)) are  jight hadrons. Note that the statement of factorization en-
sizable[9]. Understanding their polarization yield quantita- tajled in this equation occurs only on the cross section and
tively is very important since most of the-integrated data ot on the amplitude level. The indicés and ab refer to
come from the lowep; region. The calculation of the polar- spin and orbital angular momentum in a Cartesian basis
ization yield has also been attempted[8]. However, the L,S (a,i=1,2,3=x,y,2). Since spin-orbit coupling is sup-
method used is at variance with6] and leads to an incorrect pressed by? in the NRQCD Lagrangiari, , andS, are good
result for S-wave quarkonia produced through intermediategyantum numbers. In the specific situation we are consider-

quark-antiquark pairs in a color octetwave state. In the jng, the soft part is simply given bythe notation follows
following subsection we expound on the method discussed i[5,16])

[16] and hope to clarify this difference.

o™ ~Haipj- S - (23

In this equationH ,;.,; is the hard scattering cross section,

Mt Nt A
‘/’aw' a, boT

. . s -:<0XTO'-TA< e
A. Polarized production aibj : 2D?

For arguments sake, let us consider the production of a
¢' in a polarization statex. This state can be reached X
through quark-antiquark pairs in various spin and orbital an-
gular momentum states, and we are led to consider the inte
mediate quark-antiquark pair as a coherent superposition
these states. Because of parity and charge conjugation sy
metry, intermediate states with different sggnand angular
momentumL cannot interferd, so that the only nontrivial
situation occurs foPP; states, i.e.5=1, L=1.

In [9] it is assumed that intermediate states with differen
JJ,, wherel is total angular momentum do not interfere, so
that the production cross section can be expressed as the s
over JJ, of the amplitude squared for production of a color
octet quark-antiquark pair in aPJJZ state times the ampli-

(N W (3 ™ j
tude squared for its transition into thg. The second factor Saibj = (0 (°P0))Gape™ (M €'(N). (25)
ceandbe mfer][fe_d_ from spr;n symmetry to be a simple Clebschyig gecomposition tells us that to calculate the polarized
ordan coefiicient so that production rate we should project the hard scattering ampli-
o tude onto states with definitg,=\ andL,, square the am-
a$)~% a(cc[3P§Jz])|(JJZ|1(JZ—)\);1)\>|2. (22 plitude, and then sum over, [2|_ea(L,) €p(L,) = dap in the
z rest framé. In other words, the soft part is diagonal in the

. . L : ) . L,S, basis.
We will show that this equation is incompatible with spin 5" siraightforward to transform to thaJ, basis. Since
symmetry which requires interference of intermediate state§ _| +s,, there is no interference between intermediate

with differentJ. states with different),. To see this we write, in obvious
notation,

- 'ggb)x‘0>, (29

vhere af/f,) destroys ay' in an out-state with polarization

. To evaluate this matrix element at leading ordes inwe
may use spin symmetry. Spin symmetry tells us that the spin
of the ¢’ is aligned with the spin of thec pair, and so
Sihjce* (M) €l(N). Now all vectorsS{}),; can depend on
having been utilized, and thus by rotational invariance, only
the Kronecker symbol is left to tie up andb. The overall
hgrmalization is determined by taking appropriate contrac-
tions, and we obtain

4Technically, this means that NRQCD matrix elements with an
odd number of derivatives or spin matrices vanish if the quarko- o 33;3919,7233,,0130
nium is aC or P eigenstate. 33,93,
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and using Eq(25) obtain (i) The 38(18) subprocess yields pure transverse polariza-
tion. Its contribution to the total polarization is not large,
(\) _ /Y (3 . Y . because gluon-gluon fusion dominates the total rate.
S, ., =(0§ (°Py) IM;IN|IIH(I'I,|1IM; 1), © : -
33,19'3; (05 Py >% { A ) (i) For the 3P{® subprocess is not specified, because

(27) interference between intermediate states with differént

hich is di i v aft . could occur as discussed in the previous subsection. As it
which is diagonal in §J,)(J"J;) only after summation over ;g out, interference does in fact not occur at leading order

A (unpolarized productionIn general, the off-diagonal ma- j, , "pecause the only nonvanishing short-distance ampli-

trix elements cause interference of the followidd, states:  ,qes in thelJ. basis are 00. 22. and 2(2), which do not
00 with 20, 11 with 21, and X 1) with 2(—1). While the  itorfere. o ’

diagonal elements agree with Eg2), the off-diagonal ones
are missed in Eg22).

To assess the degree of transvegse(direct J/ ) polar-
ization at moderate,, the calculation of9] should be re-
done with the correct angular momentum projections.

(i) The S subprocess vyields unpolarized quarkonia.
This follows from the fact that the NRQCD matrix element

A A b
(0lx"TAyal) Tal)) yi TAx|0)= 5 (0§ (*y)),  (31)
B. Polarization in fixed-target iment _ . N :
o olarization in fixed-target experiments independent of the helicity state At this point, we differ
Polarization measurements have been performed for botfiom [13], who assume that this channel results in pure trans-

¥ [22] and ¢’ [29] production in pion-scattering fixed-target verse polarization, because the gluon in the chromomagnetic
experiments. Both experiments observe an essentially flat agtipole transition * (8)H33(18)+g is assumed to be trans-

gular distribution in the decay—u "™ (¥=3/4,¢'): verse. However, one should keep in mind that the soft gluon
d is off shell and interacts with other partons with unit prob-
i %1+ aCoL, (2g)  ability prior to hadronization. The NRQCD formalism ap-
dcosy plies only to inclusive quarkonium production. Equati@d)

here th & is defined as th le betw the th then follows from rotational invariance.
where the angle’ Is getined as the angie between e three- ;) since the3P® and 's{®) subprocesses give different
momentum vector of the positively charged muon and thq o I : ) .

_ ) ngitudinal polarization fractions, the' polarization de-

beam axis in the rest frame of the quarkonium. The observed o _ o
values fora are 0.02-0.14 for ¢, measured at/s=21.8 Pends on a combination of the matrix elemeft (*Sy))
GeV in the region>0.25, and 0.0280.004 ford/ ¢, mea-  and(OF (3Py)) which is different fromAg(').
sured at/s=15.3 GeV in the regioxg>0. In the CSM, the To obtain the total polarization the various subprocesses
J/y’s are predicted to be significantly transversely polarizedhave to be weighted by their partial cross sections. We define
[2], in conflict with experiment.

The polarization yield of color octet processes can be cal- B (05(*sy))
culated along the lines of the previous subsection. We first g(H) = Ag(H) (32
concentrate oy’ production and defing as the fraction of
longitudinally polarizedy’. It is related toa by and obtain
1-3¢ 3c(1)
- o, (S
e 29 £=028" {3 6o u)+ H 1 o))
For the different intermediate quark-antiquark states we find oyt (8)+3P(8))
the following ratios of longitudinal to transverse quarkonia: Y J
O'l//r
3a(l) . _
S 1:335 £=028, =0.16+0.1155(¢"), (33

1a(8) . _
Sg 12 g=103, where the last line holds ats=21.8 GeV(the energy de-

(30) pendence is mild and the above formula can be used with
PO 116 £=1/7, little error even atys=40 Ge\). Since 0<8g(H)<1, we
have 0.162£<0.27 and, therefore,

3g(8) - =
S’ 0:1 ¢=0, 0.15< @< 0.44. (39

where the number for the singlet procéfisst line) has been ] ] )
taker? from [2]. Let us add the following remarks. In quoting this range we do not attempt an estimate of
dg(#'). Note that taking the Tevatron and fixed-target ex-

tractions of certain (and different combinations of

SThis number isx; dependent and we have approximated it by a((’)gl/”(lso)) and(Os‘/"(3Po)> seriously(see Sec. V A a large
constant at lowx-, where the bulk data are obtained from. The value of §g(¢') and therefore lowa would be favored.
polarization fractions for the octet-22 parton processes arg Within large errors, such a scenario could be considered con-
independent. sistent with the measurement quoted earlier. From a theoreti-
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cal point of view, however, the numerical violation of 3
velocity-counting rules implied by this scenario would be (0F(*sy))+ W<O§/¢(3Po))=6.6>< 1072,
rather disturbing. ¢

In contrast, the more accurate measurement of polariza- 3
tion for J/¢ leads to a clear discrepancy with theory. In this <(’)§”’(1So)>+ _2<@g’(3p0)>= 1.8x1072, (37
case, we have to incorporate the polarization inherited from me
decays of the higher charmonium stajes and ¢'. This
task is simplified by observing that the contribution from
Xco and x., feeddown is(theoretically small as is the octet 7
contribution to they., production cross section. On the other (OY(r5))+ —(OFV(3Pg))=3.0x 1072,
hand, the gluon-gluon fusion process produges states Me
only in a helicity £ 2 level, so that thd/ ¢ in the subsequent 7
radiative decay is completely transversely polarized. Weight- ¥ 1 i3 _ —2
ing all subprocesses by their partial cross section and ne- (O CSon+ m§<08 (*Pg))=0.5<10"%. (38)
glecting the small)’ feeddown, we arrive at

to be compared with the fixed-target valfies

If we assume(OyY(*Sp))=(OY"(3Py))/m? the fixed-
£=0.10+0.1155(J/ ) (35) target values are a factor () smaller than the Tevatron
values ford/ ¢ ('). The discrepancy would be lower for the

at Js=15.3 GeV, again with mild energy dependence. This'adical choicg O3 *(*Pg))=0.

translates into sizable transverse polarization While this comparison looks like a flagrant violation of
the supposed process independence of NRQCD production
0.31< < 0.63. (36) ~ Matrix elements, there are at least two possibilities that could

lead to systematic differences.

The discrepancy with data could be ameliorated if the ob- (1) The 2—2 color octet parton processes are schemati-
served number of., from feeddown were used instead of cally of the form
the theoretical value. However, we do not know the polar- (0) 1
ization yield of whatever mechanism is responsible for copi- —
ous x¢; production. 2me M5
Thus, color octet mechanisms do not help to solve the ! . . .
polarization problem and one has to invoke a significanf’Vhere,Mfzde”OteS the final state invariant mass. To Iga@ng
higher twist contribution as discussed[@. To our knowl-  Order inv®, we haveM=2m.. Note, however, that this is
edge, no specific mechanism has yet been proposed thglflysmally u_nreallstlc. Since color must be_ emitted _from the
would yield predominantly longitudinally polarized’ and quark pair in the_octet stafce and neutr_allzed by fmallstate
J/ i in the lowxg region which dominates the total produc- Interactions, the f'!"a' state Is a quarkonium accompanied by
tion cross section. One might speculate that both the loW/9ht hadrons with ‘invariant mass squared of order
Ye1/Xep ratio and the large transverse polarization follow M#~(Mu+Myv®) since the soft gluon emission carries an
from the assumption of transverse gluons in the gluon-gluo@nergy of ordeM v, whereMy, is the quarkonium mass.
fusion process, as inherent to the leading twist approximaThe kmemayc effect of this ldlff_ere_nce in invariant mass is
tion. If gluons in the proton and pion have large intrinsic Very large since the gluon d|st_r|but|on rises steeply at small
transverse momentum, as suggested byghspectrum in X and redu_ces the cross section by at least a factor 2. The
open charm production, one would be naturally led to highef‘true” matrix elements would therefore be larger than those

twist effects that obviate the helicity constraint on on-shell€Xtracted from fixed-target experiments at leading order in
gluons. NRQCD. Since the}’ is heavier than thd/ s, the effect is

more pronounced fog', consistent with the larger disagree-

ment with the Tevatron extraction f@r' . Note that the effect

is absent for largey production, since, in this case,
Direct J/¢ and ¢' production is sensitive to the color XiXoS>4p{>M7 If we write M;=2m¢+O(v?), then the

octet matrix elemenhg(H) defined in Eq(18). In this sec- difference between fixed-target and lange-production

tion we compare our extraction afg(H) with constraints stems from different behaviors of the velocity expansion in

from quarkonium production at the Tevatron and in photo-the two cases.

production at fixed-target experiments and the DERYtol- (i) It is known that smalk effects increase the open bot-

lider HERA. tom production cross section at the Tevatron as compared to

8(X1Xp5— M%), (39

V. OTHER PROCESSES

A. Quarkonium production at large
Q P g¢ Py 8Since there is a strong correlation between the charm quark mass

An extensive analysis of charmonium production data atnd the extracted NRQCD matrix elements, we emphasize that both
p:>5 GeV has been carried out by Cho and Leibo8®],  Egs.(37) and (38) as well as Eq(40) below have been obtained
who relaxed the fragmentation approximation employed earwith the samen,=1.5 GeV (or m,=1.48 GeV, to be precigeOn
lier [6,7]. At the lowerp; boundary, the theoretical predic- the other hand, the apparent agreement of predictions for fixed tar-
tion is dominated by théS®®) and 3P{® subprocesses and get experiments with data claimed[ib4] is obtained from Eq(40)
the fit yields in conjunction withm,=1.7 GeV.
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collisions at lower/s. Since even at large, , the typicalx is  tion with color octet matrix elements of the expected gize
smaller at the Tevatron than in fixed-target experiments, thisot somewhat smallgmwithout having to invoke small val-
effect would enhance the Tevatron prediction more than theies of the charm quark mass. This was found to be true for
fixed-target prediction. The “true” matrix elements would bottomonium as well as for charmonium. Comparing the
therefore be smaller than those extracted from the Tevatrotheoretical predictions within this framework with the data
in [9]. implies the existence of additional bottomonium states below
While a combination of both effects could account for thethreshold which have not yet been seen directly. In addition,
apparently different NRQCD matrix elements, one mustwe find that about 60% of all/¢ are produced directly at
keep in mind that we have reason to suspect important highefs~ 25 GeV, in agreement with experimental observations.
twist effects for charmonium production at fixed-target ener- On the other hand, the present picture of charmonium
gies. Theoretical predictions for fixed-target production areproduction at fixed target energies is far from perfect. The
intrinsically less accurate than at largg where higher twist  x.1/x¢, production ratio remains almost an order of magni-
contributions due to the initial hadrons are expected tdude too low, and the transverse polarization fraction of the
be suppressed by cp/p; (if not AéCD/ptz) rather than J/¢ andy’ is too large. We thus confirm the expectation of

Agcp/mg. [2] that higher twist effects must be substantial even after
including the octet mechanism.
B. Photoproduction The uncertainties in the theoretical prediction at fixed-

. f oh . ith fi target energies are substantial and preclude a straightforward
A comparison of photoproduction with fixed-target pro- yoqt of yniversality of color octet matrix elements by com-

duction is more Idlrect since tg'ed sarge hcoLnblnathn Ofharison with quarkonium production at large transverse mo-
NR?CD Irlnam)l( elements '?_ %ro € ban ¢ Ie INeMAtCs 1,6n1ym. We have argued that snallas well as kinematic,
similar. All analyse§10-132 find a substantial overestimate g0 .15 could bias the extraction of these matrix elements in

of the cross section if the octet matrix elements of 8) gifterent directions at fixed-target and collider energies. The
are used. The authors pE1] fit large uncertainties involved, especially due to the charm
7 quark mass, could hardly be eliminated by a laborious cal-

(OF"(rs))+ —(OFY(3Py))=2.0x1072, (400  culation of as-corrections to the production processes con-

Me sidered here. To more firmly establish existence of the octet

mechanism there are several experimental measurements

consistent with Eq(38) within errors, which we have not which need to be performed. Data on polarization are pres-
specified. While this agreement is reassuring, it might also be o€ p ’ . P ton are p

. . . . éntly only available for charmonium production in pion-
partly accidental since the extraction[dfl] is performed on

the elastic peak, which is not described by NRQCD Colorinduced collisions. A measurement of polarization at large

octet mechanisms do not leave a clear signature in the totérlansverse momentum or for. bottomonium is of crucial im-
inelastic photoproduction cross section. The authorELof portance, because higher twist effects should be suppressed.

argue that the color octet contributions to the energy spe Furthermore, a measurement of direct and indirect produc-

trum of J/¢ are in conflict with the observed energy depen-ct 'on _fractl_ons in the bottom system would prow_de further
confirmation of the color octet picture and constrain the color

o e i s IS Ml lemes fr botormarium
b : pancy gely P~ Note added in proofAs in the case of direcV/s produc-

pear if the smaller matrix element of E(88) or (40) were tion, x; production is likely to be dominated by color Octet

ufggerszthsi;tth?Sjgi?{:;:ggymOrze’rr'lsl:r;(t:itleneamcitc;g)dr Ol;ft contributions of higher order it?. These contributions could
p g HU ’ raise they; to x, ratio to be~0.3.

are kinematically not accounted for, the NRQCD prediction After this work was submitted for publication we received

for the energy distribution should be smeared over an inter- .
val of size 5z~v?~0.3. Thus, the steep rise of the energya paper by Braaten and Che80] that also points out the

distribution close ta=1 is not necessarily physical presence of interference terms in polarized production.
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