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Quarkonium production through hard comover scattering
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We propose a qualitatively new mechanism for quarkonium production, motivated by the global features of
the experimental data and by the successes or failures of existing models. In QCD, heavy quarks are created in
conjunction with a bremsstrahlung color field emitted by the colliding partons. We study the effects of per-
turbative gluon exchange between the quark pair and a comoving color field. Such scattering can flip the spin
and color of the quarks to create a nonvanishing overlap with the wave function of physical quarkonium.
Several observed features that are difficult to understand in current models find simple explanations. Trans-
verse gluon exchange produces unpolarizeds, the x.; and x., states are produced at similar rates, and the
anomalous dependence of tha) cross section on the nuclear target size can be qualitatively understood.
[S0556-282199)02701-0

PACS numbgs): 13.85.Ni, 14.40.Gx, 24.85.p, 25.75.Dw

I. INTRODUCTION AND SUMMARY We shall study the effects of perturbative gluon exchange
between the heavy quark pair and a comoviag] color

) ) field. The interaction is assumed to occur at an early stage,
Quarkonium production has turned out to be a challenggefore the pair has expanded to the size of physical quarko-

as well as an inspiration for our understanding of hard QCDnium Hence only comovers which are creatsth brems-
processegl'—ﬂ. In the case of stgndard mc;luswe processes'strahlung in the hard process itself are relevant, whereas
the th_eor_etlcal framework IS uniquely defined by the .QCDinteractions with beam fragments at typical hadronic dis-
factonzatlo_n theoren(8]. This theorem allows a phy_5|cal tances~ 1 fm are ignored. In this sense our approach differs
cross sectionr to be expressed as a product of universal '

parton distribution and fragmentation functions multiplied byfrom that of the _color evaporation modeICCEI_\/I) [14’1.3’
a subprocess cross section which is calculable in pertur- which only considers late, non-perturbgtl\{e interactions of
bative QCD(PQCD). The factorization theorem relies on a the heavy quarks. On the other hand, similarly to the CEM
completeness sum over the final state and does not apply f3!" auark pairs are produced near threshold. Hence many of
the quarkonium cross section, which constitutes only a smaff® Phenomenological successes of the CEM concerning the
fraction of the total heavy quark production cross section. dependence of quarkonium cross sections on various kine-
While a theoretical description of quarkonium production matical variables are incorporated in our model. The “color
is thus more model dependent, it can potentially reveal mor@ctet model” (COM) [16], also considers late interactions,
about the dynamics of hard processes than can be learn#darough an expansion in powers of the relative velooityf
from, e.g., the total heavy quark cross section. In particularthe bound quarks as specified by nonrelativistic QCD
it is intuitively plausible that the quarkonium cross section is(NRQCD) [17]. This expansion is general and should hold
sensitive to reinteractions with partons created along with théor any description of quarkonium production, including
heavy quark pair. Thus quarkonium production can serve asurs. The higher ordew(c)" terms need not, however, give
a “thermometer” of the environment, as has been recoga dominant contribution to the cross section. To our knowl-
nized in the search for a quark-gluon plasma in heavy ioredge, the COM assumption that the heavy quark pair is un-
collisions[9]. In this paper we wish to explore the possibility affected by earlier reinteractions with its environment has
that rescattering of the heavy quarks causes the puzzlingst peen proven.
anomalies seen in quarkonium hadroproduction. _ Data on charmonium and bottomonium production is
There is independent evidence that the environment i aijaple for a wide variety of beams, targets and kinematical
charm hadroprOdUCtion is rather “hot.” Im"N—DD+ X conditions. Comparisons with the COM and CEM ap-
the observed spread in relative azimuthal angle of thgyroaches have met with some successes, but also with diffi-
D-mesons requires an average intrinsic transverse momegylties [1_7] The data suggests a production dynamics
tum of the incoming parton&?)=1 Ge\? [10]. The “lead-  which in some respects differs from the late and soft reinter-
ing particle” asymmetry betweeb ~ andD ™" is larger than  action scheme of the CEM and COM. In particulék) the
expected from PQCD, and persists formesons produced heavy quark pair turns color singlet at an early stage, while
with k<10 Ge\? [11]. Both effects are weaker for photo- the pair is still compacti.e., small compared to the size of
produced charnp10,12. the quarkonium wave function(B) in hadroproduction there
is at least one secondary gluon exchange after the primary,
heavy quark production vertex, aii@) the “anomalies” of
*On leave from L.A.P.T.H., “Laboratoire d’Annecy-Le-Vieux de quarkonium production depend only weakly on the quark
Physique Therique,” L.A.P.P., Chemin de Bellevue, B.P. 110, massm, on the c.m. energy and on the transverse momentum
F-74941 Annecy-le-Vieux Cedex, France. p,.

A. Introduction
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FIG. 2. A perturbative interaction between the quark pair and a
(}: Ihy gluon from the color field creates an overlap between tQ€

‘))533)5’ b) wave function® from the ggHQa process with the physical
guarkonium wave functio®’. There is a second diagram where the

gluon attaches to the antiquark.

% ! é heavy quarks and a classical color fidldFig. 1(c)]. This

""" C): field is assgmed to originate from gluon bremsstrahlung in
::;“ o the gg— QQ subprocess. The reinteraction can occur long

after the heavy quarks are created provided the fielid
comoving with the quark pair. Hence we shall assumi®
FIG. 1. Basic processes fafy hadroproduction in the CSM P& isotropic in the pair rest frame. The scaleof the sec-
[(@ and (b)] and in our mode[(c)]. ondary interaction is smaller than the quark mass stedé
the CSM but larger than the bound state saale of the
COM.! The existence of the comoving color fieltlin ha-
We discuss the experimental basis for these features igiroproduction is our main postulate, motivated by the data.
Sec. Il and then develop our QCD scenario in Sec. Ill. ThisThere should be no corresponding field in the current frag-
scenario applies to quarkonium production at both moderatgentation region of photo- and leptoproduction, since pho-
and large transverse momentum. However, we shall limit outons do not radiate gluor&t lowest ordey.
discussion and the calculations presented in Sec. IV to the Our quarkonium hadroproduction amplitude is essentially
total quarkonium cross section, i.e., moderate and p, given by the perturbative diagram of Fig(tdgether with the
~m. In the rest of the present section we summarize ougliagram corresponding to rescattering of the antiquatkre
results. Conclusions and an outlook are presented in Sec. W is the(color octe} wave function of the heavy quark pair
produced in the fusion procegg— QQ andV is the(color
singled quarkonium wave function.
B. Summary As we shall see, there are two production mechanisms for

The basic color singlet mechanis{@SM) [18], which is spin triplet Swave quarkonia suph as t,hyl/l' In the gg .
known to grossly underestimate ti#y hadroproduction —QQ subprocess the quark pair can either be produced in
cross section, is shown in Fig(a. The gluon emission takes anS=L=0 state, followed by a spin-flip interaction with a
place in a(propej time 7~1/m, simultaneously with the transverse gluon from the color field, or_the pair can t_)e
heavy quark production process. This is compatible with feaProduced withS=L =1, followed by a spin-conserving in-
ture (A), but since there are no relevant later interactions thdéraction with a longitudinal gluon. The first contribution
CSM does not agree wittB). The situation is qualitatively 9ives unpolarized quarkonia, since the quark pair is produced

the same for loop corrections to the CFig. 1(b)], since  With total angular momenturd=0 and the color field" is
the space-time scale of the loop isrl/ isotropic. The second contribution turns out to give quarko-

Prior to the heavy quark production vertex the colliding nia with a transverse polarization. The striking experimental
partons radiate gluons as part of the normal QCD structuréct [19-21 that theJ/y and ¢ are produced unpolarized
function evolution. The space-time scale of this process i§at moderatep,) thus implies that the former mechanism
determined by the virtualitk? of the partons which couple dominates, i.e., that the gluons Ihare transversely polar-

to the heavy quark line. As is characteristic of evolutionized. _

processes, th&? distribution a(k?)dk?/k? is logarithmic The P-wave quarkonium stateg, are produced from

between a lower cutoff determined by tierturbative fac-  duark pairs withS=0, L =1 followed by a spin-flip interac-

torization scale and an upper limit given by the heavy quarkion with a transverse gluon frori. The calculated cross

massm. Thus the effective value dk?| is given by a per- section ratioo(x1)/ o(x,) = 3/5, in agreement with the ratio

turbative scale which we denote hy?. This scale grows

with m? but satisfiesu?<m?. We will investigate the effects

of rescattering at this hardness scale For the charmonium system, some of these scales are numeri-
The approach presented in Sec. Ill is based on a pertugally similar, but should be distinguished for reasons of principle.

bative reinteraction of momentum transfer u between the The scales do differ for bottomonium.
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measured in 7N collisions for charmonium, 060.3  color single}l while it is still in such a compact configuration
[22,23. We also find that due to the indiregt;—J/¢+y  then the production rates of allS states are proportional to
contributions the total/ ¢ polarization is slightly longitudi- |R,(0)|?, the square of their wave functions at the origin.
nal, \=—0.14 [cf. Eq. (36)]. Taking into account also the Analogous proportionality holds for the othefS*1L,
CSM mechanism, which dominantly producgs,’s with  quarkonium states.
J,= =2 that decay into transversely polarizétk)’s [24], The above argument requires no assumption about how
the expected ratio-(x1)/o(x,) <3/5 and\>—0.14. Thisis the compact pair is produced. TheR(0) proportionality
compatible with data as long as the CSM does not dominattest” is thus a good indication of whether the color neutral-
the rescattering mechanis(hig. 2) for y, production. ization occurs early or late, as measured by the size of the
The x; wave function® (Fig. 2) vanishes at the origin, quark pair. This test should moreover be quite sensitive since
which suppresses its overlap with small sizeell{m) heavy the higher radial excitations have a mass near open flavor
quark pairs. Thus in the CSM the relative production rate othreshold. Late scattering of trex system will thus affect
P- and Swave charmonium states is governed by the smalthe i’ (44 MeV belowDD threshold more than they (630
ratio |R},(0)/2m|%/|R,,(0)|?=0.01[25]. In our approach the MeV below thresholy This is supported by the observation
initially compact quark pair expands, with velocityu/m, that thea(¢')/o(3/¢) ratio is significantlyreducedin cen-
before the gluon exchange in Fig. 2 gives the quark pair théral nucleus-nucleugSU) collisions [29], as would be ex-
bound state quantum numbers. The wave funciois thus  pected due to late interactions with comoving nuclear frag-
an expanded version of the quark pair wave function createthents(or plasma.
in the gg— QQ subprocess. We model this by a scale factor It has been pointed o{i80] that due to the moderate mass
p, which we fit to the measuredl(x.,)/ oqi,(3/ ) cross sec- Of the charm quark the wave function of charmonium is
tion ratio. We find that we needzgl Suggesting Significant prgbed beyond its Ol’igin. In partiCUlar, since the diffractive
expansion of the quark pair before reinteractionyiny pro-  QQ photoproduction amplitude is proportional to the square

duction. of the transverséQQ separation, the overlap integral be-
Our approach can also be applied to quarkonium producyween the quark pair and the bound state wave functions gets
tion at highp, >m, where the dominant production mecha- 3 negative contribution beyond the first node in the radial
nism is gluon fragmentatiof26]. The fragmenting gluon is \ave function of the '. The predicted [30] ratio
initially highly virtual and radiates gluons with hardness 4(y")/o(J/)=0.17 is thus smaller than tH&(0)|? ratio
ranging from the factorization scale uppe . The gluons of  and agrees with a recent measurement at the DEfS%0I-
relatively small hardness-u can form a color field comov- |ider 0.150+ 0.027+ 0.018+ 0.011[31].
ing with the quark pair. We plan to study the detailed pre- The o (y')/o(J/¢) ratio is remarkably universal in in-
dictions of our scenario for high, quarkonium production  ejastic hadroproduction processes, being nearly independent
in a future publication. of the nature of the beam hadron and the target nucleus, and
We shall also not discuss here the special features ofso of the energy and of- [24,29,33. This also holds for
quarkonium production which appear at high, and may  y(nS) states. The measured ratio for the directly produced

be related to intrinsic charf27] and scattering from light 3/, cross sectiorifrom which decay contributions have been

of the charmonium cross section only, whigt fixed target

energiey originates from partons with(x)~0.1 and

(p)~m. o(y')  T(y—e'e) M3,
oair(Jy)  T(dgy—ee) l\/lsw,

~0.24. (1)

Il. QUALITATIVE FEATURES OF THE DATA

The data on quarkonium production shows many interest-i-
ing features and regularities. Several of them are left une
plained (some are even contradicledy the dynamics as-
sumed in the color octet modglCOM) and the color
evaporation mode{CEM). Here we wish to make the phe-
nomenological case for the three general feat{ifd$—(C)]
of the production dynamics that we listed in Sec. I.

he hadroproduction rati¢l) is somewhat larger than the
Xdne measured in diffractive photoproduction, indicating that
in hadroproduction the inelastic cross section is more closely
proportional to the wave function at the oridin.

Interesting subtleties aside, the data clearly suggests the

relevance of the perturbati\lea wave function for quarko-
nium photo- and hadroproduction. In the COM and CEM
approaches, on the other hand, the heavy quark pair turns

A. Early color neutralization

Heavy quarks are produced @Q pairs of (transversg 2In the approach discussed in this paper, the scattering amplitude
size ~1/m, wherem is the quark mass. The pair is thus s proportional only to thdirst power of theQQ separation. There
initially much smaller than the Bohr radius of quarkonium is also highp, data from the Tevatrof8] which indicates that the
bound states, which is of order &#fm). If the quark pair o (y')/a(I/y) ratio is still larger than in Eq(1). This may imply
ceases to interact with its surrounding@s particular, turns  an even more pointlike production dynamics at lapge
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into a color singlet only after it has expanded to a size comeharmonium momentum fractiox-. This, and the similar
parable to that of the bound state. There is then no reason #&-dependence aof/ ¢ and ', indicates that the nuclear sup-
expect the cross section ratio to satisfy EQ.(although this  pression is not due to an expansion of the inside the
value is also not excluded by those moglee believe that target. A plausible explanation is that a further interaction,
the agreement of the quarkonium cross section ratios witlveyond the nucleus, between the heavy quark pair and co-
expectations based on the wave function of the quarks cranoving gluons is required for charmonium formation.

ated in the hard subprocess is not an accident. This implies Based on the measured-dependence of charmonium
that the pair decouples from its environment while it is still production an effective “absorption” cross sectian,,

compact(except in the presence of nuclear como\ds3)). =7.3+0.6 mb was obtaine@i38] in a Glauber framework.
This cross section is too large for a compant pair
B. Reinteraction with a color field [29,39,4Q and should, in the present framework, be inter-

Quarkonium data provides two indications that a rescat—pre'“.Ed as the joint cross section of tpe pair and the co-
moving gluon field. The size obr,,s is then reasonable,

tering of the heavy quark pair with a comoving color field is . . .
important in hadroproduction. since the gluons are at a relatively large distandéu from

the quark pair. An analogous interpretation of the nuclear
suppression, albeit in a different dynamical picture, was ear-
) lier put forward in Ref[41].

Photons do not radiate gluoAsAt the early stages of  There is no evidence for a nuclear target suppression of
heavy quark creation through thgg— QQ subprocess we inelastic J/s photo and leptgproduction. On the contrary,
should therefore expecio comoving color field in the pho- there is an indicatiofp42] of a slight nucleaenhancemerst
ton fragmentation region. With the rescattering process okr=0.7 (a=1.05+-0.03), in stark contrast to the strong
Fig. 1(c) thus eliminated, the production process should benuclear suppression seen at tkjsin hadroproductio29].
dominated by the color singlet mechanig@SM) of Fig.  Due to the absence of comoving gluons and the validity of
1(a). It is indeed one of the remarkable facts of quarkoniumthe CSM we expectr=1. The enhancement may signal a
production that the CSM works very well for inelastityy  slight antishadowing of the nuclear gluon distributie].
photoproductiof33—-35, whereas the same model underes- The COM and CEM assume that the process which turns

timate_s the hadroproduction cross section by an order ohe color octeQQ into physical quarkonium is independent
magnitude 2—4]. This suggests that hadroproduction dynam-of the nature of the beam and target. Both models expect
ics is coupled to initial parton bremsstrahlung. photo- and hadroproduction of charmonium to have the same

The COM parameters which fit s hadroproduction tend  t5rget A-dependence, which should moreover equal that of
to overestimate the photoproduction cross sedtio84,33,  gpen charm.

although it is possible that the discrepancy could be due to
higher order effect§36].

1. Photoproduction

C. Dependence om, E¢y and p,

2. Nuclear target dependence The available data shows that the “anomalies” of quarko-

Cross sections of hard incoherent processes on nucleBiUm production are rather insensitive to the quark nmass
targetsA are expected to scale like the atomic number of the= M, My and to variations in kinematic variables such as
target, o(A) =A%, with a=1. Modifications due to the\- the total energ¥ ¢\ and the quarkonium transverse momen-
dependence of the quark structure functions are minor in th&imp, . ) .
presently relevant kinematic range. This is verified by high ~The measured cross section¥o{3S), which presumably
mass lepton pair productiofthe Drell-Yan process for is directly produced, ex_ceeds the CSM predlctlpr_\ by an order
which a=1.00 is observefi29]. of magnitude [3,44], in analogy to the prlgmal '

Charm quark pairs produced in the beam fragmentatio@nomaly.” TheY(1S) and Y (2S) cross sections are more
region have large Lorentz factors and expand only after leavcompatible with the CSM, which predicts them to originate
ing the nucleus. While compact, the uncertainty in the energ@lmost exclusively fronP-wave decays. The situation is thus
of the ¢C pairs is large and they couple both to open charmsimilar to that of the charmonium system before theave
(DE,SAC ,...) and toquarkonium /4,4 ,...) channels. In contributions were experimentally separated and found not to

the absence of effects due to partons comoving with the pair

one should therefore expect the satdependence for open 2y k) a
and hidden charm, witlr=1. v i Q(p1)

Data shows thatr=1.02+0.03+0.02 for D/D produc-

tion at (xg)=0.031[37], whereasa=0.92+0.01 for J/ ¢ —<— _
and ¢’ [29]. The deviation ofa from unity for charmonium 8 (ky }‘2;}3_933?‘ I QCp.A)

appears to be independent Bf),, and increases with the

FIG. 3. Notation for the CM amplitudé(p). The spin projec-
tions\y ,==*1 and\, A==1/2 all refer to thez-axis, taken as the
3Except via higher order resolved processes which are unimpomirection ofk;. Only one of three contributing Feynman diagrams
tant here. is shown.
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TABLE I. The amplituded!8] of the gg— QQ process to first order itp|/m.

(B> S=0 s=1
S,=0 S,=*1
L=0 NGapcd, 2 0 0
L=1 L,=0 M)\ if.. 5 M M X2 0
z 1T abc N 3am abc M
lpl L, S, <8 oL
L==x1 0 0 " 3m Gapd 5"i5)‘2+ 5"15";)
account for the bulk of thd/ ¢ cross section. It would obvi- A. The basic heavy quark creation process

ously be very important to measure the directly produced The hadroproduction of heavy quarks proceeds mainly via

fractions of theY states. . & —

Al Y(nS) states have similar nuclear target the gluop fusion subprocesgg—QQ. In our approachas
A-dependence, witlk=0.962+ 0.014[45]. The nuclear sup- well as in _that of COM aqd CEM, but not of CSMeolor
pression is thus smaller than that for charmonium discusse'gieu'[rallza'[Ion occurs at a time scale which is large compared

to the time scale b of the gluon fusion process. This im-

in Sec. 1l B2, but still significant compared to_the DreII-Yan(g)IieS that the heavy quarks are produdeéarly on their
case. In our approach, the smaller suppression for bottom - 2ss shell

nium is related to the effective distaneel/u between the ; - . .

. . : A basic building block of our rescattering process of Fig.
comoving gluon field and the heavy quarks, which decreases ' _
as the inverse of the quark mass. 2 is thus the amplitudé!8! of the 99— QQ fusion process

The Y (39) total cross section anomaly has been observe@hoWn in Fig. 3, evaluated at leading order in the heavy
at both fixed targeit45,46 and collider energiet4], i.e., for ~ quark momentunp in the c.m. frame, and with the quark
4.2<E¢y/My=190. Similarly, the nuclear target suppres- Pl in a color octet state. _
sion of charmonium production seems to be independent of 1hiS amplitude is given in Table I in terms of the sgB)
the projectile type(w or p) and energy(for 150 Gev  and angular momentui) of theQQ pair[see Sec. IV, Egs.
<E_Ag<800 GeV) [19,29. The discrepancy between the (6) and(7) for definitiond. -

CSM and data on direcl/ ¢ production is somewhat larger The gluon fusion amplitudé!*! for QQ pairs in a color

at high transverse momentunp,(>m) than for the total singlet state, which is relevant for the CSM, can be obtained
cross section. The relative contribution Biwave decays to from Table | by the substitutionsf,,c—0, dapcT;;

J/ 4 production is roughly independent pf [3]. — 0ap0ij IN¢. It has two parts, with spin and angular mo-

The above features suggest that the anomalies observednimentum S=L=0 and S=L=1, respectively. The former
quarkonium production are “leading twist” in the quark can directly form*Sy(#) quarkonia, while the latter couples
massm, in the total energ¥c), and inp, , in the sense that 10 3P0,2(X0,2) states. They; decouples since foB=L=1
the effects do not vanish as inverse powers of any of thosthe amplitude is symmetric i, and S,, whereas the

variables. Clebsch-Gordan coefficients for the correspondidg={,
In the COM, the color octet contributions which accountJ;) State are antisymmetric ihzsandsz (Yang's theorem
for directJ/ s and«’ production scale by a facter relative The color octet amplitude®!®! of Table | has contribu-

to the contributions fronP-wave decays, and thus are rela- tions fromS=L=0, S=L=1 andS=0, L=1. The near-
tively less important for bottomonia than for charmonia.threshold heavy quark cross section is dominargly L
Thus P-wave decay contributions domina¥(nS) produc- ~ —0-In the CEM[14] the S=0 quark pair is assumed to turn
tion in the COM. In particularY (3S) production can only Nto physicalS=1 quarkonia through soft, nonperturbative
be understood by assumitig6,47] that it results from the gluon interactions. This contradicts the conservation of

; ; y heavy quark spin in soft interactions, which is believed to be
decay of anas yet undetectgchigher lyingP-wave state. a general feature of QCD and follows from the nonperturba-

tive concept of heavy quark symmet{48].
IIl. A HARD RESCATTERING SCENARIO In the COM[16] the suppression of heavy quark spin-flip
appears as extra powers of the veloaity « of the bound
In this section we address how the featugs)—(C)] of
guarkonium production, mentioned in Sec. | and discussed in
more detail in Sec. Il, can be unders'Food_ in a QCD frame- “We neglect light quark fusiogg—QQ, which is unimportant
work. We put forward a scenario which is consistent withfor the total cross section. Similarly, higher order “gluon fragmen-
those features, and which forms the basis for the explicitation” diagrams[26] are irrelevant for quarkonia produced with
model studied in Sec. IV. p,=m.
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quarks. COM production ofS; states is suppressed b in The 3-momentum exchandjés of orderu. For the heavy
the cross section, compared to the CSM. quark propagators in Fig. 2 to be nearly on-shell the energy
component satisfied®|<|l| in the quarkonium rest frame.
B. Scenario for perturbative rescattering The field I' effectively acts as a time-independent color

) _source in the rescattering process.
For the quarks to form a quarkonium bound state their By gauge invariance we havgl'#=0. Hence the field

relative .momentum _must be of ordem<m. In current T* can be expressed in terms of its transveise (1) and
quarkonium production models the quarks are created dipngijtudinal (\ =0) components as
rectly in the gluon fusion process with a relative momentum
of this magnitude. It is thus implicitly assumed that all later
interactions are soft, commensurate with the bound state mo- r)= ; s (D), 2
mentum scale.

Here we shall consider reinteractions with momentum
transfers of0(w), related to the hardness scale of the bremswheree{ is the gluon polarization vector. As we shall see in
strahlung field in the fusion subprocess. Sinceu/m<1  Sec. IV, the quarkonium data requires thef(l)|<|T'(1)],
the relative momentum of the quarks created in the fusiowhich is equivalent toI'y ()| <|T'y—.4(I)| sincel  &f
process is fairly large. The rescattering is hard and allows=0 and|I%<[l|. Hence data suggests that the transverse
perturbative spin-flip interactions. componentd’..; of the color field dominate.

It might at first appear that the rescattering physics we Quark pairs that in the gluon fusion process are created as
have in mind is contained in the loop correctigiig. 1b)]to  color singlets can evolve directly intt, and *P, , quarko-
the CSM lowest order process of F|g(al However, the nia, as in the CSM. The influence of the color fi¢ldn this
logarithmic enhancements which favor collinear and weePfOCe€ss is disruptive. To first order in the dipole interaction
gluon bremsstrahlung are absent in the I8&onsequently, the pair turns into a color octet, thus losing its overlap with

the loop momentum is of orden and the spatial size of the the quafkoni“m wave function. .
loop is of order 1. The loop should be thought of as a Since the direct CSM process does not require any pertur-

vertex correction to the primary process, not as the rescattelk')-"’mv.e re;cattermg, one might expect thqt it wil domlnate_ the
. . : ' contribution of Fig. 2 for, e.g.y, production. However, di-
ing envisioned in poin{B) of Sec. I.

In order to have a rescattering which is well separate ect production oP states is suppressed because the quarko-
: . 9 P ium wave function vanishes at the origin. In the rescattering
from the primary fusion process we must assume that th

initial | diati . . lassi | Brocess the quark pair is produced with a comparatively high
initial state gluon radiation gives rise to(alassical color relative momentum o®(u) and the spatial size of its wave

field I which is comoving with theQQ pair. The compact function increases before the rescattering. The expansion fac-
color octetQQ will dominantly interact withI" as a color tor p depends on the time interval between the gluon fusion
monopole(massive pointlike gluon In these relatively soft and rescattering processes. Our model can explain the rela-
interactions the internal structure of the pair is preserved, ifiive rates ofxc,, xc1 and J/¢ production providedp=3.
particular it remains a color octé49]. The.expansion will have a smaller effect &wave cross
The color structure and spin of the quark pair can, how-Sections as long as the pair stays compact compared to the
ever, be changed in a harder, color dipole interaction wittsiZ€ Of the quarkonium wave function. o
the comoving field, as depicted in Fig. 2. Here we consider N the next section we construct a simple, specific model
only a single such interaction, and evaluate it perturbatively].cor our scenario and derive its quantitative pr,edlcnons. we
The main unknown in Fig. 2 is then the postulated color fieIdShOW how the observed fact that #ig) and ¢ are pro-

. T . “duced unpolarized requires the field to be dominantly
I'*(l). Quarkonium production in fact offers an opportunity
: : . . transverse. We then have two free parameters, the strength of
of detecting whether such fields are created in hard intera

tions Ghe transverse fielf and the spatial expansion parameier

sical color sourcd #(l) of gluons with momentunh should
have the following properties.

Since Fhe fieldl” origingt.es.from bremstrahlung in the IV. QUARKONIUM CROSS SECTIONS
gluon fusion subprocess it is independent of the beam and AND POLARIZATION
target.

Since only those components of the radiated field which A. The quarkonium production amplitude

are comoving with the quark pair are relevant, the spatial g jllustrated in Fig. 2, the production amplitude can be

distribution ofI" is isotropic in the rest frame of tf@Q pair.  \ie\wed as a transition from a color 00@6 state, created in
the gluon fusion process and described by the wave function
@, to a quarkonium state specified by the wave function
SLeading logarithms in hard processes originate from tree diaThe transition is mediated by a gluon excharigevith the
grams. It is also straightforward to verify the absence of logarithmscolor fieldI'. The transition amplitude can be expressed as an
directly from the loop integral. overlap integral,
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ds3 ds3
M= 3, (LSS 3 o
\\,o00 ( ) ( 77)
X PR ol POV 22(g)* 3

which can readily be derived starting from the usual Feyn-
man formulation. We work in a non-relativistic approxima-
tion where all quark lines are on-shell and have 3-momenta

much smaller than the quark mass The zaxis is taken
along the direction of the initial gluon momentum in Fig.

PHYSICAL REVIEW D 59 034011

It is instructive to express the amplitudé4a),(4b) in
terms of the spirS and orbital angular momentuin of the
QQ pair. The amplitudes>S% of definite QQ spin are de-
fined by

O= — (Dyyp_ 1+ P _1/9110)/V2 (6a)
Vs — (D15~ P _111)/V2 (6b)
Q=D g . (60

2. The orbital angular momentum and spin components of

the quarkonium state are denotedlbyandsS,, vihereas}\,f
and o,o are the spin projections of th® and Q along the

The angular momentum components are defined via a par-
tial wave expansion,

z-axis before and after the rescattering, respectively. The

relative momentum between ti@andQ is 2p before and g
after the rescattering, while=P;—P; is the momentum of
the exchanged gluon. In the quarkonium rest frafae 0
andl=-P;.

1. The gluon fusion amplituded®

A standard calculation of the gluon fusion process

—QQ of Fig. 3 gives th&Q Q wave function, to first order in
the quark c.m. momentum, as

4

p”. -
- lfabc)<sl><sz>zaﬂ

@' %(p) = ngﬁ{i(dabc+

1 _7
+20dapc — [£1-82 P-&(0)* 6,

—(e1-p & €(2N)*

+eyp sl~e<2x>*)m§]] (4a)

q)[l_]

5 @b

[8]{fabc‘>0 dabc i abéij/Nc}-
As indicated, the amplitud®!*! for a color singlet pair can
be obtained from the color octet amplitudd®! by a trivial

substitution. The incoming gluons have colarb, momenta
m(1,0,,%1) and polarization vectors;,e,. The quarks
Q,Q of colorsi,j have momentar, =p) and spin projec-

tions A, A along thez-axis. The spin polarization vecteris
defined conventionally by

e(+1)=(0,%1,—i,0)/v2 (5a)

e(0)=(0,0,0,1. (5b)

Lorentz transforming from theggHQa c.m. to the

L, S
%5=3 ArLIDY 0. OVGTIORE, (7

WhereY'[Z are standard spherical harmonj&§]. The ampli-
tudes@f? are given in Table [see alsd47]).

2. The rescattering kerneRR

The rescattering kern® has two terms, describing gluon
scattering from the quark and from the antiquark,

I
Raroo(P.Q)=(2m)38° p-a+ 5
|
XRSZ(T;(LQ)+(27T>%@<p_q_ E)
xRS nowhd)s )
where
Sy 1
RS{,UE(I’q):_lg _Tr 5:% u(qg,o)
X y*u(g—1I,\)
M() i
a'E(l q) +|g 8 _U( q )
X ytv(—0q,0). (9)

To first order inl/m,g/m this reduces to

Q (1) - 1
Ry osha)=ig —"2— 5~‘ B+ 5

x[ax( _ZQ)i+i6ijk|ij;o'kX)\]]

guarkonium rest frame shifts any four-vector by an amount — 0) _ 1
of O(|l|/m). In particular, €;Xe,)* is shifted to €, — (La)=ig _2_ 50[ 555%+ St —
X g5) 1+ O(12/m?)]. To the accuracy of our calculation we 77 2m

can ignore the boost and use the c.m. amplitidde directly
in Eq. (3).

X[‘S%(_l_Zq)i_"ifijklj)(i)\a'k)(—rr]}- (10
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Here oy are the Pauli matrices ang, the spinorsXT+
=(10), x'=(01).

We note that the rescattering kerrigl consists of two
parts. Au=0 spin-conserving part which is @(1), and a
m=i part which also contains spin-flip and
O(l/m,g/m).

3. The quarkonium wave functiordr

The quarkonium wave functioW in Eq. (3) is

LS W% _ap* 1 _ D
V" =W (@) 5 01— 40 Peg(G - Qu(G0),
(13)

whereW, () is the usual non-relativistic bound state wave

function and the spin-projection opera@gg is given by
[51]

_ 1
Pss(P1P) =50 2 (3 M1, 3 \ISS)
1.2
Xv (P2, N2)u(pr,Ng)
_ 1 ppm — YP+1 pytm
2m \p%+m 5% ov2 Vpi+m

1 —
Zm(pz_m)ﬂsg(m*'m) 12
— —vs (S=0)
Hes™las) (s-1). )

Here we usedp,=P¢/2+qg=(m,q), p,=P{2—q=(m,
—q) and terms of ordeg? were neglected in the last line of
Eqg. (12). A simple calculation gives for th8=1 case

1
PlheSeqy* = p* - oy, 14
(9 '—Lz(q)‘/ze(SZ) X-o0Xo (14

oo

It is now straightforward to use Eg&}), (10)3nd(14) in

Eq. (3). We contract over both pairs of indices\ ando, o,
and work to first order i/m,g/m. The color structure of the
field " in Eqg. (10) is made explicit by

(19

"

1 d d
F,L(D_"/_j Tj’i’r (M

whered is the color index of the rescattering gluon ang’

are the colors of the quark and antiquark just before theDd

rescattering. The factor 3 is from the color singlet bound
state wave function.
Finally, we use forSwave states

f d3q T* Q)= Ro
2n)? OO(Q)——rﬂ_m

PHYSICAL REVIEW D 59 034011

d?°q L
f qu’oo(cﬂ—o- (16)

whereR, is the value of théswave function at the origin.
is of ForP-wave states

dq
f (277)3 \IrlLZ(q)zo

P i Rie(L )
f(ZT)Sqq}lLZ(Q):| 2o Rae(k)™,

where R; is the derivative of theP-wave function at the
origin.

17

B. The S, quarkonium cross section

We find for the 3S; quarkonium production amplitude

2ig%Ry 1
NG 12

+T(N[ - 5;1”2|2522+ e(xl).mgzz

M(®$,,8,)=D"

{8, 2T () X1 e(S)*

+e(hz)-15¢/T}, (18)

where the color factor is proportional th,.,

1
D=3 danc CTO (19)
andX\ ;,\, are thez-components of the spins of the incoming
gluons (; ,=*1). As can be readily inferred from the form
of Egs.(4) and(10) the 1st and 2nd term of E¢18) corre-
spond, respectively, to the production of Q& pair in an
S=L=0 state, followed by a spin-flip interaction with a
gluon from the color field”, and the production of the pair in
anS=L=1 state, followed by a spin-conserving interaction
with a gluon from the color field™.

The result for the amplitude squared, summed over the
quark color indice$,j and averaged oveéf,j’ and the gluon
spin components; ,\,=*1, is for a given spin component
S, of the quarkonium

_ _ 2N*-4 ¢RI 1
> |M(381’SZ)|2:§WWI_4
X{ T X1+ ()T H(h[3,
(20)

where ¢(S,=0)=1 and c(S,=*1)=3. We have used

DY = 5‘3'(N2—4)/2N and the fact that the color field is
isotropically distributed. Thus, for instance,

@9 x @91y x1yY—o

|(rd(|)><|)2|2_é IRORYE (21)
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The fixed target datfl9—21] shows that the polarization s e 3
of both theJ/ and they’ is small and consistent with zero. M:J d°X;d°Xod %3P (X1~ X2)
We see from Eq(20) that the condition for thedirectly
produced 3S; quarkonium states to be unpolarized is XT'(Xg) U* (X1 —X%2) [ D(Xg— X3) + D (Xo—X3) ]
d T . X1+X2
ORI ROEYR (22) xXexp —i(P—P): ——|. (26)
In the following we shall therefore take Herexy,X, are the positions of the heavy quarks at the rein-

teraction time, andD stands for the exchanged gluon propa-
gator. Since¥(0)=0 for P-wave quarkonia the amplitude

d —
(=0 (23 (26) is sensitive to the spatial extent of the quark wave func-
tion ®(x;—Xx,) at the time of reinteraction. o
which implies[cf. Eq. (2)] that the color field is made of According to our discussion in Sec. Il B, tlgQ pair is

transversely polarized gluor@in the QQ rest framg, and ~ created in the gluon fusion process with a sizé/m and a
that Qa pairs that form3S, quarkonia are created wit8 relative momentum of(w), which is large compared to the
—L=0 relative momentumq of the quarkonium bound state

L - ~|I|>1q|. In the (prope) time interval r before the pair re-
We thus have, foPS; production via gluon fusion, interacts withl" it thus expands a distance

160 R2 |T9(1) < 1|2 Yl

S M08 51 e a2 g O g A= 7 @

The expansion time must be at least of the order of the spa-
tial size of the comoving fieldr=1/u, henceA|x|=1/m is
comparable tgor even larger tharthe initial size of the pair.

We shall parametrize the expansion by a fagiorl, and
rescale the initial coordinate space gluon fusion amplitude
— LRI R OPYIE accordingly,

r EJ (2,”_)3 |4 (25)

The cross section will involve an integral of this expression
overl. Hence the weighted average

1 1
CD(Xl_Xz)HF CD(;(Xl_XZ)) (29

is the main free parameter of our model, which can be deyhere the factor 1 preserves the normalization of the

termined, e.g., using the measureitect J/¢ cross section.  gqyared wave function. In momentum space, the rescaling
The ¢’ cross section then satisfies H@), as discussed in  (2g) implies

Sec. Il. As we shall see below, tiewave production cross

sections are also proportional &%, but in that case an ad- ®,(p)— D, x(pp) (29)
ditional parameter enters, which is related to the length of the

time interval between the gluon fusion and rescattering proy gqs. (4a),(4b).

cesses. Intuitively it is clear that the rescaling of the argument of
Since the CO|OI‘ fl€|(f ariseS through gluon radiation in ()] by P W|” increase the Over|ap W|th th@_wave quarko_
the primary gluon fusion process it should be the same for alhjum wave function by the same fact@nd hence result in a
charmonium(as well as open chamamplitudes. In the pro- ;2 enhancement of the cross seclioBonversely, the effect
duction ofbb pairs, on the other hand, the gluon radiationfor Swaves vanishes in the limit where the quarkonium
and thus also the color field paramet2b) will be different. bound state radius- p/m. Formally, the enhancement of the
P-wave amplitude can be seen from E4g), where thef ;¢
part (which due to charge conjugation invariance contributes
to P-wave productiohis linear in p, and thus gets multiplied
The P-wave production amplitudes are obtained similarly by p in the rescaling29).
to the Swave ones, by substituting Eggla), (4b), (10) and We find for the spin tripleP-wave production amplitude,
(14) into Eq. (3). However, since th@-wave function van- taking into account Eq23),°
ishes at the origin it is now important to take into account the

spatial expansion of th@ﬁ pair between its creation in the

gluon fusion process and its reinteraction with the color field &ypen Eq.(23) is satisfied, the rescattering kerrielis linear in
L. the small quantitied/m,g/m [see EQ.(10) with the u=0 term

The production amplitudé3) can equivalently be ex- removed. For 3P, production, the only contributing part b8! of
pressed in coordinate space as an overlap between the wawg. (4a) is the termef ,;,, which is also linear. The amplitudg0)
function of the quark pai(®) and that of the quarkonium thus arises from auadratic term ~q-1/m?, however ourlinear
bound statdV) at thesamespatial separation, approximation inl/m,g/m is perfectly justified.

C. The P-wave quarkonium cross sections

034011-9
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TABLE II. Relative 3P, cross sections and inducédiys polar-
izations.

3P0 3P1 3P2
J, 0 1 0 2 1 0
o(°Py,J) 3 3
_— r 5r 0 0 5r 2r
o4ir(*S) 2 2
1 1 3
Ningir(3S 0 _z 1 1 _z
|nd|r( 1) 3 3 —g
—2ig3v3R;/m 1 _ _
MEPy ) =pFd ————— 5in8, T x1]
6mm?° | M

XLESZ<LLZ;sszlJJz>eZ<Lz>*ei<sz>*, (30)
where

d
J'/i/ .

1
|=d=E fabel 0T

ij (31)

Here theQa pair is created with'S=0, L=1 and experi-
ences a spin-flip interaction with the color field An ex-

plicit expression for the spin sum in the last factor of Eq.

(30) may be found in Ref{51]. Thus,

2ig3R;/m1  _
M(3PJ ,JZ)Zde W |—2 I)\15)\1)\2
[T <177 (J=0)

X4 =i \/g [e*(J,)x T4 xN]? (I=1)

—v3e5(I[ () X1 (J=2).

(32
The polarization tensoe,,, for a J=2 system is given in
Ref. [47].

The P-wave amplitudeM(3P;,J,) depends on théiso-
tropic) color fieldI" through the vectol¥(l) XI. In the am-

PHYSICAL REVIEW D 59 034011

where the numerical values are from RE25], with m,
=1.5 GeV andn,=4.5 GeV. Note that Table Il refers only
to quarkonium hadroproduction through our rescattering pro-
cess(cf. Fig. 2. The CSM mechanism may contribute sig-
nificantly to 3P, production(see below. Table Il is not rel-
evant for quarkonium photoproduction, to which our process
does not contribute sindé=0 (in the photon fragmentation
region due to the absence of gluon radiation from the beam
photon.

As can be seen from Table I, the toRdwave rates sat-
isfy

o(xo0):o(x1)io(x2)=1:3:5. (34)

There is no data on(x.o), but oury.,/xco ratio is consis-
tent with the value 0.60.3 measured inwN collisions
[22,23. The experimental ratio allows a CSM contribution
to x> production which is about equal to the one given in
Table Il [o(x1) is small in the CSM There is no experi-
mental information on the polarization of th&P; states.
Nevertheless, it is interesting to note that we fingP,,J,
=+2)=0, contrary to the CSM where only this polarization
is produced 24].

The measurefl2?] cross section ratio

o(Xc2)

———=5r=1.8+-04
o4ir ()

(39

implies using EQ.(33) a value p=2.7...3.8, where the
lower value corresponds to the CSM contributing 50% of the
Xco rate. The rather large valye~3 of the expansion pa-
rameter is a consequence of the theoretical suppression of
3p, production due to the vanishing of tiiewave function

at the origin[cf. Eq. (33)] and the fact that the measured
o(xc1,2) nevertheless are similar @y (J/ ).

The radiative decayg,; ,—J/¢+ 7y contribute [22,23
~40% of the totall/ ¢ cross section. Since the. states are
polarized the indirectly produced/’'s will in general be
polarized as well. The polarization is conventionally param-
etrized in terms of a parametgrin the J/y— u* u~ decay
angular distribution(we use the Gottfried-Jackson frame,
where thez-axis in theJ/y rest frame is taken along the
beam direction

plitude squared, averaged over the incoming gluon spins and do

over the momentum transférthe I'-dependence thus enters

through the same parameter as Swaves,I'? of Eq. (25).

— 1+
T cos Gﬂocl \ co¥ 6

Hence the relative production rates and polarizations of all

3P, quarkonia are predicted, and their cross sections can be
compared to those of th&S, states in terms of the expansion

parameterp. The ratiosa(3P;,J,)/ 04, (3S,) are given in
Table Il, whereo4;, (3S,) is the total(unpolarized 3S; cross
section calculated in Sec. IV Ef. Eq. (24)]. All cross sec-
tions satisfyo(°P;,J,) = o(3P;,—J,). The effective param-
eterr of Table Il is defined as

(co),

"~ (bb),

3 _(RyYm\? (25102 p2
Az 2

5 R, 6.510 2 p?

_0(S,=+1)~0(5,=0)
" 0(S,=+1)+0(S5,=0)"

(36)

As discussed above, the conditi¢®3) implies that the di-
rectly producedl/¢'s are unpolarized) 4;,=0. A radiative
decay contributes to the indire2s, cross section according
to [52]

"Referencd 23] gives a larger value 3:40.9+0.5 for this ratio.
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Tingir(3S1,S,) systematic studies of the environment of partons created in
hard collisions are called for. Besides quarkonium produc-

—Br(3p,—3S, + J11(3,—S,):1S )2 tion, the flavor and azimuthal angle correlations as well as
(Po="5 7)% (32203, =7):18)] the spin dependence of open heavy flavor production should

be informative.
Our scenario for quarkonium production was based on
_ L several striking features of the data, which we interpreted as
We3 ShO_W in Table Il the‘_]/‘_ﬂ polarization parameter the propertiesA)—(C) listed in Sec. | A. We also built on the
Ningir(*Sy) induced by the radiative decay Ofg@J state of o ionsive experience gained from previous model studies of
given |J,|. It happens that the inducelly polarization is quarkonium production. Many of the “successes” of the

. . 3 . _
longitudinal (. <0) for aII. the PJ.states Wh'qh are pro resent approach were thus built in from the start. Neverthe-
duced by our mechanism. Using branching fract|ons|p

(1 31 ) 1 2739000 1350 1 g At oy o 0 40 et bt o mary o
respectively [50], we estimate an overall polarization v u quairtatively u ' Imp

parametéh\ (J/¢)=—0.14. The measuremer(ts9,20 tend theoretlcalfframewgrli. ng r?lso flgundt ere tc.je.ta'![eg Cfrlse'
to prefer a value closer to zero. There is thus room for somduences ol our model which could not be anticipated. Let us

roduction via the CSM mechanism, which gives risemention wo successes .an.d one c_;lifficulty_. .
t)f)cz F]:u"y transverse X=1) J/y's. For o g(x ) Theo(xc1)/o(xc2) ratio is consistent with datarhis ra-
— (1/2)0(xe) the total) (/) ~ — 0.02 CSMiAc2 tio is found to be much too low, compared to data, in both
- tot\A'c2 - . .

The ¢’ is only produced directly and in our mechanism isthe color singlet(CSM) [24] and color octet(COM) [46]

unpolarized for a color field" satisfying Eq.(23). This is approaches.

; ; ; "n_ The (non-)polarization of the/d and ¢'. We find, in
iogsll‘sltent with the experimental valyel] x(y’)=0.02 agreement with data, that the directly produé&q states are

unpolarizediat moderatexg), provided that the reinteraction

is dominated by transverse gluon exchange; cf. (28). In
V. CONCLUSIONS both the CSM and COM thé/'s are produced with trans-
verse polarizatiorj24,46,53. The color evaporation model

Our motivation for investigating the reinteraction scenario ; X .
of Fig. 2 for quarkonium hadroproduction was due both to(C.EM.) pqstulgtes that soft interactions flip the heavy quark
spin, in violation of heavy quark symmetf8].

regularities in the data and to shortcomings of alternative Spatial expansion of the heavy quark pafhe initially

mechanisms, as explained in Sec. Il. Here we shall briefly ; . : ;
compact pair expands by a factprbefore its reinteraction
comment on some aspects of our results.

We made several simplifying assumptions, some of WhiChW|th the color field creates an overlap with the quarkonium

may need to be modified in future studies. In particulay, \rlgi\a/se ;?\;‘/Ct'?n' dWe ngeg;h: : I;taor fét ;hea?:f:rzvgftr:gat'\/;k
we considered only a single hard reinteraction with the co- v Xcz- SU g€ expansi qu

moving fieldT, (2) we assumed’ to be isotropic and inde- pair may be inconsistent with our approximation, which con-

pendent of time, and3) we assumed that only the origin of siders only the quarkonium wave function at the origin.

the quarkonium wave function is relevant in the overlap in-

tegral (26).

These assumptions seem reasonable in a first attempt to ACKNOWLEDGMENTS
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