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Color-octet ¢ production at low p,
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We study contributions from color-octet quarkonium formation mechanisms-iotegratedy,’ production
cross sections in pion-nucleon reactions. The observed polarization ¢f tisenot reproduced by calculations
where leading-order, leading-twiQ production mechanisms are combined with the color-singlet and color-
octet mechanisms of bound state formation. This shows that there are other important quarkonium production
mechanisms at lowp, .

PACS numbe(s): 13.85.Ni, 12.38.Bx, 13.88.e, 14.40.Gx

[. INTRODUCTION still falls short of the data by as much as a factor of 5 for
J/(1S) production and a factor of 30 fap’ (2S) produc-

The production of heavy quarkonium has been widelytion.
studied using perturbative QCD. Because of the large masses A number of possible resolutions have been suggested to
of the ¢ and b quarks, quarkonium production amplitudes explain the observed’ surplus[5-8]. In particular, Braaten
can be factorized as products of perturbat® production and Fleming have proposed that nonperturbative transitions
amplitudes and nonperturbative quarkonium formation ambetween color-octet and color-singtat states be included in
plitudes. In the conventional model of hadroproducfibh a  the fragmentation calculatiof8]. The inclusion of color-
color-singletQQ pair with the appropriate quantum numbers Octet matrix elements is attractive both from the theoretical
is produced by the leading-order perturbative mechanisms ignd phenomenological point of view. Theoretically, octet
the collision of two partons, i.e., at leading twist, and thecontributions are an essential part of the perturbative picture
formation process is represented by a color-singlet Schrd9,10l. Phenomenologically, octet contributions can boost
dinger wave function. the cross section of heavy quark production, not just at high

In S-wave quarkonium production, only the value of the P., but also at lowp, , where large discrepancies are also
wave function at the origin of coordinate spa®(0), is Observed11].
probed, because the size of the perturbatively produced A Systematic procedure for the factorization of quarko-
QQ pair, O(1/my), is small compared to the width of the nium production and decay amplitudes, knowr_1 as nonrelativ-
wave function. On the same basR{0) can be related to the 1Stic QCD (NRQCD), has been formulated during the recent

observed leptonic width of th8-wave state: e.g., years[12]. NRQCD is an effective field theory which pro-
vides an expansion of quarkonium cross sections and decay

) L widths in terms of the relative velocity of the heavy quark
M, T (' —7777) and antiquark. The nonperturbative physics is factorized into
402 €2 (L.D an infinite number of color-singlet and color-octet matrix
elements which are related to different Fock states of the

quarkonium wave function. These matrix elements are free

Thus the normaliz_ation of hadroproduc.tion. Cross Seaio”%arameters of the theory, but their scaling properties as func-
can be expressed in terms of the leptonic widths. tions ofmq andv can be predicted.

The Collider Detector at FermilatCDF) Collaboration  cqjor-gctet mechanisms were originally introduced as
has recently reﬂ)rted several measurements of quarkomughrt of a rigorous treatment ¢¥-wave charmonium decays
production inpp collisions atys= 1.8 TeV [2,3] which  [10]. In the color-singlet model some of these decay widths,
contradict the predictions of the conventional model. Posxs well as the corresponding leading-twistwave produc-
sible theoretical explanations of these experimental resultgon cross sections, are infrared divergent. These divergences
include parton fragmentation into quarkonium, which wascan be absorbed into the nonperturbative color-octet matrix
first studied in perturbative QCD by Braaten and Yydh  glements. Ir5-wave production and decay, such divergences
Unlike the conventional parton-parton fusion mechanismgjg not appear. Color-octet production mechanisms neverthe-
[1], fragmentation is consistent with the approximatp?l/ |ess provide an attractive explanation of the wrong normal-
shape of the cross sectiods/dp, (pp— #(1S,2S)+X) at  jzation of quarkonium production. Note that CDF has also
large p, . However, if the quarkonia are treated as color-gbserved a surplus &wave bottomoniuni3] with respect
singletQQ systems, the normalization of the cross sectiongo the color-singlet parton-parton fusion predictions. The

bottomonium surplus appears also gt <m,, where
parton-parton fusion mechanisms are expected to dominate
*Present address: NORDITA, Copenhagen, Denmark. over fragmentation mechanisms.
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FIG. 1. Braaten and Fleming’s color-octet fragmentation mecha- |
nism of ' production.
(b s—v
In the largep, mechanism proposed by Braaten and

Fleming, the fragmenting gluon first produces a color-octet |
cc pair in a 3S; angular momentum state. The color-octet Qa[SSgS) ]
pair then evolves into g’ by a nonperturbative double chro-
moelectric dipole transition. This process is illustrated in Fig. |
1, where the nonperturbative transition is represented by the N

i i ; ; 7
blob. The cross section is proportional to the nonperturbative © A [ FSs— ' + Cross Tem

matrix element(0 6‘*8”'(381)|0), which is related to the <&
weight of the|ccgg) Fock state in they’ wave function. |
This matrix element is suppresseddsyrelative to the color-

singlet matrix element<0|ér*f'(381)|_0}=(3/277)|R:b(0)|2.
On the other hand, the color-oct&Q production process

* H H _Ql _
9 H?(Q is of lower order inas than the colori smglet pro color-octety’ production mechanisms. We omit diagrams that cor-
cessg* —QQgg. Hence the color-octet contribution to the respond to vanishing amplitudes.
cross section could be comparable to the color-singlet con-
tribution. Because the color-octet matrix element is not con-

. N . . , The polarization of the)’ gives important information on
strained by other existing data, it can be adjusted to fit the : : o
CDF data. The value obtained in RE8] is fts production mechanisms. Measurements of polarization

actually indicate that there must be other production mecha-

W3 s nisms in addition to the leading-twist color-singlet and color-
(0|¢ (°S;)[0)=0.0042 (GeV)®. octet mechanisms.

adl's® ]

FIG. 2. The Feynman diagrams which describe the lowest-order

Cho and LeibovicH13], on the other hand, have combined
color-octet transitions with a formula that smoothly interpo-
lates between parton-parton fusion mechanisms and frag-
mentation mechanisms @ Q production. They find that

II. COLOR-OCTET PRODUCTION MECHANISMS

At leading order inag and up to next-to-leading order in
v?, the subprocesses faf’ production through color-octet
<0|67‘g'(381)|0>20.0073 (GeV)®. intermediate states are

~T 8 ’
The predictions of the color-singlet parton-parton fusion 99—cc [BPS T-v'+g, 2.1
model disagree with fixed-target hadroproduction data as
well. We have earlier showf11] that the model fails to ag—cc [°SP1— ¢’ +gg, (2.2
reproduce the relative production rates of the, x, and
x> states[14] and the polarization of thd/ [15] and '
[16] observed in pion-nucleon reactions. We interpreted
these discrepancies as evidence for important higher-twist . ) )
mechanisms of charmonium production. It is, however, necThese are illustrated in Fig. 2. The process

gg—cc sy +g. 2.3

essary to check whether the data could be reproduced withifid— cc [ *P§Y]— ¢’ +g is of higher order inv? since the
the leading-twist picture by including the color-octet transi-lowest-order nonperturbative transitigsingle chromoelec-
tions. At the same time, such an analysis could provide affic dipole) is forbidden by charge conjugation. We also find
independent determination of the color-octet matrix elementthat the subprocess amplitud¢gg— cc_[3S(18)])vanishes in
whose values have previously been extracted from CDF dat#éhe leading order ineg. Note that charge conjugation or
In this paper, we study thp, -integratedy’ production Yang's theoreni17] do not require this amplitude to vanish
cross section in pion-nucleon collisions. The analysis alsdecause thec pair is not in a color-singlet state.
applies to the direct component dfy production, i.e., the The polarization of the final stat¢’ is measured by the
component which is not due to the decays of higher-maspolar-angle distribution, + acos6, of its decay dileptons in
states. Total/ s production is a somewhat more complicatedtheir rest frame. The parameter in the Gottfried-Jackson
process because there are significant contributions from thieame angular distribution is related to the polarizgdpro-
decays of they; and ' stateq14]. duction cross sections in the following way:



do(A=1)—2do(A=0)+do(A=—1)
do(A=1)+2do(A=0)+do(A=—-1)"

a= (2.9

where A is the helicity of they'. If the polarized cross
section is written asr(\)~1+ad\o, thena=—al/(2+a).
Because of rotational and parity
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(chromgelectric dipole transition. In(2.2), it is a double
electric dipole transition and if2.3), a magnetic dipole tran-
sition. In the electric dipole transitions, the helicities of the
heavy quark and antiquark are not flipped, whereas in the
magnetic dipole transition one of the helicities is flipped. In

invariance, processe$2.1) and (2.2, the helicity\ of the ¢’ therefore

do(A=1)=do(N=—1). Since the transverse momenta of equals thez component of the spin of the color-octet
the initial partons and the momenta of the soft gluons emitstate. This is similar to the spin symmetry of heavy-flavor
ted in the nonperturbative transition are small, the helicity ofmesons in heavy quark effective theof¥8]. In process

the ¢’ is approximately equal to trecomponent of its spin.

(2.3), the total spin of the quark-antiquark system changes

It is determined by the perturbative dynamics of the subprofrom s=0, S,=0 in the color-octet state t&(y')=1,

cesses)q, gg—cc and by the heavy quark spin symmetry
of the nonperturbative transition. Because of the nonrelativ-
istic nature of thecc system, the nonperturbative transition

S,(#')=\=*1in the final state.
In terms of the matrix elements of nonrelativistic QCD,
the squares of the amplitudes for the proceggeh, (2.2),

can be treated using the familiar machinery of atomic Ol (2.3 are

positronium physics. In the proceé3.1), the transition is a

E AQ@g—cc[*PY]— ¢ (M) +X)|=5,—

A(Ag—ce [*SP]— ¢/ (M) +X)| =5, —

|A(gg—cc s ]—y (x)+X>I2:—<0|/

<0|N< Pl>|0>2 |A(gg—cc[(L=S=1)®;a,5,=\,L,])|%,

(2.5

<0|/*"<3sl>|0>2 |A(qg—cc[°S?;a,5,=1])|?, (2.6
) _

'(15)]0) > 52 |Agg—ce s a))? 2.7

wherea,S,,L, are the color index and the angular momen-four-vector PlS Pgo are the covariant spin projection opera-

tum components of the color-octet states. In deriving Eq.
(2.5, we made use of the relation

(0l@ 7§ (*Pg)|0).

Because the color-octet states with differdrdo not propa-
gate as resonances of different masses, the sumJamethe

(2.9

right-hand side of Eq(2.5) is easily done. The perturbative

amplitudes are

A(gg—cc[(L=S=1)®;a,S,,L,])

= \2Thge* “(L,)
XTI 48 o P.a)P1s,(P.0)]lg=o0. (2.9
A(dg—cc[%s;a,S,])
= \2Tae O e (P P15 (P.0)]lg=0,  (2.10
A(gg—cc['s;al)
= \2T3eTH 7 4o et P ) Pool P, @) Ig-o, (2.19

where P is the total four-momentum andg2the relative
four-momentum of thecc pair, € is a spin-1 polarization

tors defined in, e.g., Ref13], and

B P = Tk Ay, TEoln(Ka k)
gg—cc q (k +k)2vC 1:M1 7;/, cDYD\R2:A2
X yHTAB (2.12
and
O hacetP.@) = 4mag (ToTp)*Péa(ky N y)
(12P+d4—Kky+m,
kl(P+2q) éb(k2’)\2)
+(TpTa) Bép(ka N\ 2)
12P+dg—k,+m
Wapra—korme, ool @213

ko- (P+20)

are the perturbative amplitudes for the production afca
pair with color indicesA,B. The momenta and helicities of
the colliding partons are denoted ky, and\ , ,. Taking the
four-momentum of they’ equal toP, the ¢’ production
cross section is
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U(TFN—”//’()\)JFX):% f dxedXofi/7(Xq, e)

=

X f- _
fJ/N(X21MF)5( 1 XXpS

Xz [AG = ) +X)?

v

=> ¢ij/wN(M2/SvﬂF)M4
g

xS |AG =o' )+ X1
(2.19

wheref;; .(x1,ug) andfj;N(xz,ug) are the distributions of
partons of type andj in the pion and the nucleop, is the
leading-twist factorization scale, ahd=2m, is the mass of
the charmonium system. The contribution from the color-

octet subprocessd®.1), (2.2), and(2.3) simplifies to

Tootel TN—= ' (\) +X) = 04(0|7 (3P1)[|0)(3—26)0)
+0,(0]7 ¢ (*Sy)|0) (1~ 8y0)

Y CS[0)(1-5y0),
(2.19

+04(0

where
5mlal , -5
Olzwq)gg/wN(M /s,ug)=76 nb(GeV) >,
(2.19
57T3a§ 2 -3
OZZW%WN(M /s,up) =390 nb(GeV)~,
(2.1

8773a§ ) )
Og= o5 2 [Pqaran(M?s,p) + Pgran(M?/S, )]
q
=100 nb(GeV) 3. (2.18

In evaluating the numerical values, we toak=0.26,

pne=M=3.686 GeV, ancE 4(7) =300 GeV, and used the

parton distributions of ther™ and N from Ref.[19]. The

octet contribution is dominantly transversely polarized; eac

of the three components alone correspondsate 1/2,

a=1, and a=1, respectively, in the angular distribution
1+ acos6 of the ' decay dileptons in the Gottfried-

Jackson frame.
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I1l. BOUNDS ON COLOR-OCTET MATRIX ELEMENTS

Together with the experimental measurement of gHe
cross sectior[15,16 and our earlier determination of the
leading-twist, color-singlet componeft1], Eq. (2.15 can
be used to set a bound on a linear combination of the three
NRQCD matrix elements involved. Within the accuracy of
this calculation, the experimental cross section is unpolarized
(«=0.02+0.14[20]). We shall, therefore, write, for any he-
licity \,

1
Uexpl(ﬁfNaw’()\)—l—X): §0‘E§(tpt, (3.

where o9 =25+4 nb at Eju(7)=300 GeV [14]. The

expt
color-singlet componerjtl1] is

1+ad\o
3+a 0'singletv

Usingle(WN_"p’()\)'Fx): (3.2

where o= 3.2 nb anda= —0.41.

Since both the color-singlet and color-octet contributions
are dominantly transversely polarized<(0), they cannot
make up all of the unpolarizedaE&0) experimental cross
section. An upper limit obryyiS Obtained by assuming that
the unknown component is totally longitudinally polarized:

FTunknowd TN— " (N) +X) = 5)\00{10r$known' (3.3

In this case,
1 tot 3 1 3 1 tot
§ Texpt— 301< P1> + 02< SO> + O3< Sl> + m T singlet
+| =20:(°P1) — 05('Sp) — 03(*Sy)

tot tot
+ Usinglet+ T unknown 5)\0 ’

3+a (3.4

where we used the shorthand notation
(3T ) =(0| ¥ (25*1L1)|0). The coefficient ofs, o on the
right-hand side of Eq(3.4) should vanish, which leads to

O inowr= 201(3P1) + 05(*Sp) + 03(°S,)

_ a tot
3+a Usinglet

tot tot

= Oexpt Osinglet 701<3P1> - 202<150>
—204(3s,). (3.5

The bound on the color-octet matrix elements then is

%30,(3P,) + 0,(1Sp) + 0(%Sy)

1 1

<ot _ ot —7 nb.

3 O expt 3+a Osingle (3.6)
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We have not assumed aiy factors in the theoretical com- production mechanisms which proceed through intermediate
ponents. If we include a factdt=2 in each of the theoreti- color-octetcc states. By combining this result with the ex-
cal components, the right-hand side of E§.6) is dimin-  perimental measurement of tljé cross sectiofil4,16 and
ished to 3 nb. our earlier determination of the contribution from color-
singlet production mechanismd 1], we have derived a
IV. DISCUSSION bound on a linear combination of three matrix elements of

We have evaluated the leading-order, leading-twist Conponrelatlwstlc QCD:

tribution to 4" production in fixed-targetrN collisions from

230 nb (GeV) %(0|7¢' (3P;)|0)+390 nb (GeV) (0|7 ¢ (1S,)|0)+100 nb (GeV) ~%(0|7¢ ' (3S,)|0)<7 nb.
(4.1)

By considering thg polarization of thg’, which follows a(y')y  M3QAYT,(¢')
from the perturbative-QCD dynamics ot production and T MR (3 =0.24, 4.3

: , a(Ily) My, ()
from the heavy quark spin symmetry of the nonperturbative
transition, we were able to set a stronger constraint thawhereM andIl’ ,, are the masses and leptonic decay widths
would have been possible by considering the total cross seof the J/¢ and ¢'. The experimental photoproducti¢@l]
tion only. Because the leading-twist color-singlet and coIora_nd fixed_—target hadropr_oducticﬁZZ] Cross sections are con-
octet contributions are dominantly transversely polarizedsistent with Eq.(4.3). This supports our conclusion that the
whereas the observed cross section is unpolarized, tH@ilure of the conventional mod¢l] in reproducing fixed-
leading-twist component could at most make up about half ofarget data is due to neglected production mechanisms
the observed cross section. We therefore conclude that thefather than to the neglected color-octet mechanisms of
exist importantcc production mechanisms beyond leading quarkonium formation. It is interesting to note that the CDF
twist. measurements are actually also consistent with(E®).

; At the final stage of this work we learned of a related
( gfgsﬂ;r@? ::thS;Znm(?;rt:rs‘iz;r;:zmozlt):]:;emeelzzqiztswdy by Cho and Leibovicf23] of quarkonium production
"8 "> ' Uia 3581, QQ[3P®], and 1s®)] intermediate
ments, namely the CDF charmonium production d&ta3], QQI"S;"), QQIPS7I, QQI"S”’]

di d4'in the Introduct Usina th | ; . states. By making fits to the CDF data they obtain values of
as discussed In the Introduction. Using the valué given . g or-octet matrix elements which are consistent with
Ref.[13], one obtains

NRQCD scaling rules. Analytical expressions for the total
cross sections of 21 subprocesses are also given in Ref.
[23]; our results are consistent with these.

i.e., only about 10% of the right-hand side of the constraint
equation(4.1). On the one hand, this means that the color-
octet explanation of the CDF’ surplus is not inconsistent The authors are grateful to S.J. Brodsky, M. Cacciari, and
with the existing fixed-target measurements. On the otheP. Hoyer for important comments. The work of W.-K.T. was

hand, the octet mechanisms appear to be incapable of exupported in part by the Department of Energy Contract No.
plaining the pattern of quarkonium production at lpwand  DE-AC03-76SF00515 and DE-AC02-76ER03069. M.V. was

04(0|¢'(33,)|0)=0.7 nb, (4.2)

ACKNOWLEDGMENTS

fixed-target energies. supported by the Academy of Finland under Project No.
Note that in the color-singlet model, the ratio of they  8579. He wishes to thank the theory group of SLAC for their
and ' cross sections is predicted to be warm hospitality during a visit when this work was initiated.
[1] R. Baier and R. Rekl, Z. Phys. C19, 251(1983. [7] P. Cho and M. Wise, Phys. Lett. 846, 129(1995.

[2] Collider Detector at FermilaCDF) Collaboration, V. Pa- [8] E. Braaten and S. Fleming, Phys. Rev. L&#, 3327(1995.
padimitriou et al., presented at the 30th Rencontres de Mori- [9] M. E. Peskin, Nucl. PhysB156, 365 (1979.

ond, Meribel les Allues, France, 1996npublishedl [10] G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Re#6D
[3] CDF Collaboration, F. Abeet al, Phys. Rev. Lett75, 4358 1914(1992.

(1995. [11] M. Vanttinen, P. Hoyer, S. J. Brodsky, and W.-K. Tang, Phys.
[4] E. Braaten and T. C. Yuan, Phys. Rev. L&, 1673(1993. Rev. D51, 3332(1995.
[5] P. Cho, S. Trivedi, and M. Wise, Phys. Rev. &1, 2039 [12] G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Re§1D

(1995. 1125(1995.

[6] F. E. Close, Phys. Lett. B42, 369 (1995. [13] P. Cho and A. K. Leibovich, Phys. Rev. 58, 150 (1996.



4856 WAI-KEUNG TANG AND M. VA NTTINEN 53

[14] E705 Collaboration, L. Antoniazat al, Phys. Rev. Lett70, [19] J. F. Owens, Phys. Rev. B0, 943(1984; Phys. Lett. B266,

383(1993. 126 (199)).
[15] C. Biino et al, Phys. Rev. Lett58, 2523(1987). [20] J. G. Heinrichet al,, Phys. Rev. D44, 1909(1991).
[16] E537 Collaboration, C. Akerlogt al, Phys. Rev. D48, 5067  [21] M. Binkley et al, Phys. Rev. Lett50, 302 (1983.

(1993. [22] For a recent review, see G. A. Schuler, CERN Report No.
[17] C. N. Yang, Phys. Revi7, 242 (1950. CERN-TH.7170/94, hep-ph/9403387, 19@publishedl

[18] N. Isgur and M. B. Wise, Phys. Lett. B32 113(1989; 237,  [23] P. Cho and A. K. Leibovich, Phys. Rev. @ be publishel
527(1990.



