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Color-octet quarkonia production. Il
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We calculate the lowest order hadronic cross sections for producing colored heavy quark-antiquark pairs in
L=S=0 andL=S=1 configurations. SucR Q[*S{¥)] andQQ[3P {*)] states hadronize intgq quarkonia at
the same order in the NRQCD velocity expansion as previously consid@®@ds{®)] pairs. Their contribu-
tions to prompty and Y production at the Fermilab Tevatron bring the shapes of theoretical transverse
momentum distributions into line with recent CDF measurements. We find that the best fit values for the linear
combinations oQQ[*S{] and QQ[3P ¥)] long distance matrix elements which can be extracted from the
data are generally consistent with NRQCD scaling ryl€6556-282196)04109-4

PACS numbegs): 14.40.Gx, 13.87.Fh

[. INTRODUCTION Quarkonia are described within the NRQCD framework
in terms of Fock state decompositions. The wave function of
The study of quarkonia has yielded valuable insight intoan S-wave orthoquarkonium vector meson schematically
the nature of the strong interaction ever since the discoveripoks like
of the J/+4 resonance in 1974. During the past two decades,

QQ bound states have provided useful laboratories for prob- _ A1 3a(l) A7 3p(8)
ing both perturbative and nonperturbative aspects of QCD. [0)=0(IQQL™S"]) + O(w)|QQL*P;™g)

Recently, investigations of charmonia and bottomonia sys- +0(v?)|QQ[ 'S®1g) + 0(v?)|QQ[ 2Si*¥1gg)
tems have uncovered some striking surprises. Order-of- o
magnitude disagreements have been found between old pre- +0(v?)|QQ[ *D{P1gg)+--- . (1.2

dictions and new measurements @fand Y production at
several collider facilities. These large disparities have calledhe spin, orbital, and total angular momentum quantum
into question the simplest model descriptions of quarkonianumbers of theQ Q pairs in each Fock component are indi-
and stimulated the development of a new paradigm for treateated within the square brackets in spectroscopic notation,
ing heavy quark-antiquark systems based upon QCD. Alwhile the pairs’ color assignments are specified by singlet or
though much theoretical and experimental work remains tactet superscripts. The order in the velocity expansion at
be done before a truly consistent picture of quarkonia is eswhich each of these Fock states participategignannihila-
tablished, ongoing studies of these heavy mesons are leaditign or creation processes is governed by simple NRQCD
to a better understanding of some basic aspects of strongpunting ruleq2]. For instance, suppose a heavy quark and
interaction physics. antiquark are produced almost on shell with nearly parallel
Quarkonia bound states are qualitatively different fromthree-momenta in some high energy reaction. The low en-
most other hadrons since they are inherently nonrelativisticergy hadronization of this pair into a physiaa), bound state
The physics of quarkonia consequently involves several ertakes place aO(v?) if it has the same angular momentum
ergy scales which are separated by the small velacif  and color quantum numbers as those displayed in the first
the heavy constituents insid@Q bound states. The most Fock component of1.1). The long distance evolution of all
important scales are set by the magg, momentumM v, other QQ pairs generated at short distance scales it
and kinetic energw Qu2 of the heavy quark and antiquark. mesons occurs at higher orders in the velocity expansion.
In order to keep track of this scale hierarchy, an effective If the relative importance of various quarkonia production
field theory called nonrelativistic quantum chromodynamicschannels depended solely upon the order it which pairs
(NRQCD) has been establishéti]. This effective theory for hadronize into physical bound states, those modes which
QQ bound states shares several similarities with the heavproceed through the leading Fock components in quarkonia
quark effective theoryHQET), which describes the low en- wave function decompositions would generally be dominant.
ergy QCD structure of heavy-ligig g mesons. For example, This assumption coincides with the basic tenet of the so-
NRQCD is based upon a double power series expansion icalled color-singlet moddl3—7]. Quarkonium production is
the strong interaction fine structure constagtg2/47 and  presumed in this model to be mediated by parton reactions
the velocity parameter ~1/In M which is similar to the that generate colorless heavy quark-antiquark pairs with the
HQET'’s double expansion ias and 1Mq. Both theories same quantum numbers as the mesons into which they non-
also incorporate approximate spin symmetry relations whiclperturbatively evolve. Transverse momentum distributions
constrain various multiplet structures and transition ratescalculated within this picture badly underestimate experi-
But most importantly, NRQCD systematizes one’s under-mental observations fop, =2Mq. The breakdown of the
standing of charmonia and bottomonia just as the HQETcolor-singlet model stems from its neglect of all high energy
methodically organizes the physics BfandB mesons. processes that crea@Q pairs with quantum numbers dif-
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FIG. 1. Lowest order Feynman graph which mediates S +e
g+9—Q+Q scattering. p‘\ y
ferent from those of the final state meson. In particular, it +
overlooks short distance contributions to quarkonia cross
sections from intermediate color-octet states which can be 4 N
orders of magnitude larger than those from color-singlet P2 ;—q

pairs. Even if the long distance hadronization of the former is

suppressed by several powersafompared to the latter, the  FiG. 2, Lowest order Feynman graphs which mediate
color-octet components of quarkonia distributions can domiy+ g—Q+Q scattering.

nate overall.

In a previous pap€i8], we examined the contributions to

hadron collider quarkonia cross sections from processege fit color-octet quarkonia distributions to receaand Y
which create colored heavy quark-antiquark paird R0,  measurements and determine improved numerical values for
S=1 configurations at short distance scales. Suchseveral NRQCD matrix elements. Finally, we summarize our
QQ[*s{?] pairs may emit or absorb a soft chromoelectric findings in Sec. V and close with some thoughts on the im-

dipole gluon and evolve aD(v°) into xqg mesons. These plications of our results for quarkonia production in several
P-wave quarkonia can later radiatively decay to lowerdifferent experimental settings.

S-wave ¥, levels. Alternatively,QQ[*S{®)] pairs may un-
dergo double chromoelectric dipole transitions and directly
hadronize aO(v’) into g mesons. The first channel for-
mally represents the dominant color-octet production mecha-
nism. But sincexq;— o+ y branching ratios in both the Il. ¢hq PRODUCTION IN 2 -1 COLLISIONS
charmonia and bottomonia sectors are numerically compa- Color-octet quarkonia production startsGa 2) with the
rable tov 2=0.23 andv2=0.08 thesecond mode is phe- scattering processas+g—Q+Q andg+g—Q+Q. The
nomenologically important as well. Consistency then re-Feynman diagrams which mediate these reactions are illus-
quires thatO(v”) color-octet contributions tg/q production  trated in Figs. 1 and 2. In the first quark scattering channel,
from coloredL=S=0 andL=S=1 states also be consid- the heavy quark-antiquark pair appearing in the final state
ered. Therefore, we calculate in this article tihg cross must share the same quantum numbers as its intermediate
sections arising fronQQ[ *S{¥'] andQQ[ *P{¥] intermedi-  virtual gluon progenitor. Angular momentum, parity, and
ate channels. As we shall see, inclusion of a fully consistentharge conjugation conservation restrict the spin, orbital, and
set of color-octet quarkonia cross sections brings theoreticabtal angular momentum quantum numbers of(ﬂé pair to
predictions into line with experimental observations of L=0 or 2, S=1, andJ=1. In the second gluon scattering
prompty andY production at Fermilab. process, the allowed values forS, andJ are not so tightly
Our paper is organized as follows. In Sec. I, we computeprescribed. In Ref[8], we examined the important special
the amplitudes forgg—QQ[ *SP] and gg—QQ[°P{]  case where gluon fusion produc@g[ 3s{¥'] pairs. We now
scattering which mediatés production at small transverse generalize our earlier analysis and consider @ex 2) for-
momenta. We then utilize these amplitudes in Sec. Il tomation of other pairs with different sets of quantum num-
determine theQQ[ 'S{¥] and QQ[ *P®] contributions to  bers.

g differential cross sections in-22 collisions. In Sec. 1V, To begin, we write down the on-shell scattering amplitude
, (P — (P P Y[ P2— P+ 24+ 2Mg]y
7 . . _ 2 v — . 1% 14
=/75(ga(pl)gb(p2)_>Ql §+q,sl)Qj(§—q,sz))——2938”(p1)s (p2)U 5+q,sl){(TaTb)} (p2—P1+20)7—4M3

. —p,+2¢+2M
+(TbTa)} YLl P1— P2 “12 Q]ZY,L
(P2—pP1—20)°—4Mg

i ) p
- SMé fabc(Tc)}[gW(pz_ P1)+2(P1Yu— DZM%)]]U(E—Q;SZ) , 2.9
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which corresponds to the sum of the three graphs displayed in Fig. 2. The reduced amplitude which describes the creation of
a QQ pair in a particular angular momentum and color configuration is obtained from this expression by applying a series of
projection operations:

d3 <2 R
Qa1 Go(P2)—~ QQL * LG (P))= RRPIPY f Wé(q()—%)Yth(qx%sl:%s2|8&><LLz:sszlJJz>

S; 51,5y 1]

P P
5 ta; sl)Qj( 5~ & 32)) . (2.2

X (30;3j]1,8). /(ga(pl)gb(pz)ﬁQ'

Several points about this projection formula should be notedamplitude for two gluons to fuse into an arbitrary color-octet
Firstly, aQQ pair has negligible overlap with a nonrelativ- combination. We list below the formation amplitudes for
istic quarkonium bound state unless the relative momentur@Q[ 3s{®], QQ[ 1S{¥] andQQ[ 3P{®’] pairs which all had-

q between the heavy quark and antiquark is small comparerbnize intoy; bound states a(D(v7) in the velocity expan-
to their combined momentu. We have therefore incorpo- sion:

rated aé function into(2.2) which restricts the triple integral

over q to the two-dimensional surface defined b| _

= \Mq? where @®=Muv2<M=2M,. The squared invari- - #(da(P1)9n(P2)—QQ[ *S*'].)

ant mass of theQQ pair thus equal$?=M?2 up to small

relativistic corrections. Inclusion of théfunction also prop- | Py

er_Iy converts the mass dlmensu_)n of the-2 scattering am- 4(27T)3w / 0% apee™(p1)e"(P2)e”(S)*

plitude into that for a 2»1 reaction. Secondly, the angular

integration over the spherical harmonic projects out the

pair's specified partial wave. The sums over the Clebsch- p1 p2
Gordan coefficients similarly project out the spin and total Xm[(Pz P18t 2(P1,9u0— P2,900) ],
angular momentum of th@Q object. Finally, the sum over ! (2.49

the SUS3) coefficients,

@iSn=al/Ne (3ii3il80)= V2Tl 23 y(g,(py)gu(po)—QQL 'SPT0

combines together the color quantum numbers of the quark __ | 47M 24 Meéyr.,PTP2E*(P1)e"(P2)

and antiquark into either a singlet or octet configuration. - 2(2m)° 0 sGave p§+ pg— M?2 '
Inserting the gluon scattering amplitutz) into the pro-

jection formula in(2.2), we can readily calculate the reduced (2.4b

AJa(P1)Gb(P2)— QQ[ 2P

S il ol Me*(py)e"(py)
:2(277)3 ?ggdabcl_;sz (1L7;18,]33)e*(Lp)* e#(Sy) ﬁ GapP1,(P2—P1)g

+0auP2u(P1—P2) g+ (P5— PI—MG,,05,+ (PI—P5—M?)G,,94,

2

+ M2_ 22 v - 0(+ v - [e3
Mz—pi—pg[g“ P1s(P1=P2) ot 9usP25(P2—P1) 4]
M2+ pi+p3

+W[guﬁplv(p2 P1)at9usP24(P1=P2) o] (- (2.49
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As required by gauge invariance, these expressions vanish — Cahort _
when pi=p3=0 and e*(p)—p{ or &"(pp)—p3. The  o(ab—=QQU* L") = ra= (0|7 2(**"'L,)[0).

generalP-wave result listed i2.4¢ may be further reduced Q 2.8
by employing the Clebsch-Gordan identitie&g '

The general structure of the operator whose vacuum-to-
1L,:1S,|00)e (L) * £4(S,)* vacuum matrix ele_ment appears on _the right-hand side
LZZSZ (1L2:15]002%(L)"e%(S,) (RHS) of this matching condition looks like

\/I ap PP QQ/ 2S+1 T r2s+1; (1,9
“N3\9 T m ) O =X Kw(g |QQ[ S *L5H9])

2 (1L2:18]137)2%(L)" oP(Sp)* x(QQI ZS+1L<f'8>]|) 'Ky, (29
Z1°Z

i where ¢y and y represent two-component Pauli spinor fields

=— e“ﬁﬁPys&(Jz)*, (2.5 and the matriXK denotes a product of color, spin, and cova-

V2m riant derivative factors. The intermediate quark-antiquark
state sandwiched in the middle,

> (1L7:1S,]23)e%(L)* eP(Sp)* =e*F(Ip)* .

— d3q
L7.S; 25+11 (1,97 —
B |QQ[ LJ ]> LZESZ S%z lzl: j (277)32q0
We then find that gg—QQ[°P{®] as well as gg —
—QQ[ 35{®)] scattering vanishes when both incident gluons x 8 q°— q_) YEL(0)(351:35,|SS)
go on shell[8,9]. M ‘

The projection formula irf2.2) can obviously be general- ) e (e A .
ized to I[())thjer parton channels besi%Qa[gS+1€51'8)]. X(LLz: 8§ (303 |1.8]Q' (a5 Q) G s2)).
We may insert any QCD amplitude which has a heavy quark (2.10
and antiquark appearing in the final state and project out a ) . . .
reduced color-singlet or color-octet expression. Applying'S défined in the NRQCD effective theory in the same way as

. . = . - 7in full QCD. As a result, any arbitrariness in the definitions
this general technique to tlgg]— QQ scattering process pic- . i .
tured in Fig. 1, we find of the heavy pair production cross section and NRQCD ma-

trix element cancel out of their ratio. The short distance co-
efficient appearing on the RHS @2.8) is convention inde-

kfg(q( pl)q( p2)_> Qa[ 385_8)]61) pendent_
1 Py All information related to the hard scattering process
= 27 —qo—giﬁ(pz) Yo TaU(P)e?(S)*. (2.6)  which creates th€Q pair is encoded withirCgp,qy. This

same coefficient enters into the physical quarkonium produc-

— . _tion cross section:
In Ref.[8], we performed a less general projection operation

Whi(.:h did not explicitly involve a rela}t.ive momentum inte- a(ab—>Q6[ zs+1L81,8>]_>¢Q+X)

gration or a partial wave decomposition .0£(qg— QQ).

The corresponding reduced amplitude listed in €410 of Cshort y

Ref. [8] thus differs from the result displayed above by an = WWIQ%( 2St1Ly)0). (211
overall multiplicative factor. Q

The squares of 21 amplitudes enter into the differential 5 the other hand, the accompanying long distance matrix
cross section for heavy pair production: element which specifies the probability that a
— QQ[ 25" 1L{®)] pair hadronizes into a, bound state is
2S+1y (1,9 Q
do(a(py)b(pz)—QQ[ Ly71(P)) completely different from its counterpart {2.8). The opera-
_ tor

" 4p;- pzz
Xd®,(p;+p2;P), (2.7

/(ab—QQ[2S+1L(L97)|2

RS =xTKy| 2 3 |wQ+X><¢Q+X|)¢*KX
(2.12

where the barred summation symbol indicates that inftial _ . . _

nal) spins and colors are averag&simmed andd®, de- has one unit greater mass dimension trietR(251L;) as
notes a one-body phase space factor. High and low enerdign be verified by comparing the dimensions of heavy inter-
effects are intertwined in this expression. In order to disenmediate pair and nonrelativistically normalizeg, states.
tangle it, we follow Ref[1] and match the integrated cross The inverse powers dfl, in cross section equatior(8.8)
section onto the product of a short distance coefficient and &nd(2.11) consequently differ by unity. The nonperturbative
long distance NRQCD matrix element: matrix element(0 ﬂf"‘f"g( 25t1 ;)|0) also cannot readily be
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calculated within  NRQCD unlike its perturbative ¢ 99— QQ[ 'S short 11730[5( MZ)
— |, (2.20

(0]723(?5*1L4)|0) counterpart. Simple multiplicity rela- VESE =9 ME
tions such as Q

and the gluon fusion cross section in matching condition

(0144 °spl0y=3(0] g 10)[0), 21 ‘
(2.13

(0] g 3P)|0)=(23+1)(0| g *P0)|0) 1a(1) 2 Ta § M?2

(99— QQ 'Sy 1— mo)=5 1775 9| 1-

are obeyed exactly by the latter and approximately by the S

former. But the color-factor relation ;
X(0]7]°(1S,)|0).

2 (2.2
<0|/ (%51Ly)]0),

NE—
(0|75 (25*1LJ)IO>— . .
If we recall the relation between the NRQCD matrix element

(214 and squared;, wave function at the origifi1],

which holds foerQa, certainly does not apply when

mQ 1 2 4
H=14qo. Numerical values for0|~}3(25*1L ;)|0) matrix (0]F1%("S0)|0)= _R(O) [1+0(Y], (222
elements must be extracted either from experimental data or
lattice calculations. we see that our result is consistent with B¢« 2) cross

In order to clarify the meaning of these NRQCD matchingsection
ideas, we explicitly evaluate the matching conditions speci- 1 202 5
fied in Egs.(2.8) and (2.11) for one simple example. We . 00r s, _ T T as M- 2
consider the gluon fusion formation of ap, pseudoscalar o(99-QQI =)= 3 m% o1 5 /RO
meson through an intermedia@Q[ 'S{M] pair. A straight- (2.23

forward computation yields the color-singlet cross section . . .
P y 9 previously reported in the literatuf&].

. Y M2 Working in a similar fashion, we can decompose any
g(gg_>QQ[1$<01>])=—SzTa(1 ) (2.15  color-singlet or color-octet cross section into products of
384m° g’s short and long distance factors. We tabulate in the Appendix
all O(a2) short distance squared amplitudes fer 2 color-
octet reactions which yieldig bound states a(v’) in the
5 — — NRQCD velocity expansion. The corresponding long dis-
ﬂ?Q( '50)[0) =(0[x"¥1QQL 1881)]><QQ[ 1551)]|¢TX|0> tance factors are simply given by appropriate NRQCD ma-
N, M3 trix elements for specific production channels. For example,
“ 1285 (2.16  the total squared amplitude fgrg—QQ[ * (8_)]—>ng scat-
tering equals the product of the process-independent high

We derived this last result within the NRQCD effective €N€rgy expression listed in EqA2a) and the process-

and matrix element

(0

theory by decomposing the Pauli fields specific low energy matrix eleme(®|52( 1Sy)|0):
2 d®p = _
Vel)=2 j 5b'(p;S)£,(p,S)e P %, > |- A(99—QQL 'S - vo)I?
s=1 (2m)
5(4mag)?
oo (0175%(*S0)[0). (2.24

2 3
> fd—pc*(p's)n (p.9)eP, (217
& (271_)3 i ) a 1 ) .
Color-octet pair production in-21 collisions could rep-
in terms of two-component spinors normalized according taesent an important source of quarkonia in fixed target ex-
periments, and its impact needs to be studied. But before
definite predictions can be made, numerical values for color-
2 «(P.S)ER(P,S) = 2 7(0,S) 75(P.S) = octet matrix elements must be known. Therefore, we now
turn to consider quarkonia production at hadron colliders
(2.18) . .
where we can use experimental data to determine these ma-

and single fermion creation and annihilation operators whic{rix element values.
satisfy the nonrelativistic anticommutation relations

i~ Trmr e\ S~ A Tl -o!
{b'(p;s).bj(p’;s")}={c'(p;s).cj(p";s")} In order to be experimentally detectable, quarkonia must
=(27-r)35} 85903 (p—p"). (2.19  be created at collider facilities with nonvanishing transverse
momenta so that they are not lost down the beam pipe.
Taking the ratio of(2.15 and (2.16, we deduce the short Hadrons resulting from 21 scattering processes typically
distance coefficient in matching conditid®.8), have smallp, comparable to the QCD scale. The pro-

N

2

. o PRODUCTION IN 2 —2 COLLISIONS
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FIG. 3. Feynman diagrams which mediate

(b) (@ qg— o9, (b) gg— ¥qd, and(c) gg— g

scattering through intermedia®@Q[ *P{®] and
243 P3
N 4
7 N\
p2 Ps

QQI 'si?] pairs.
w

+ +  BOX GRAPH
PERMUTATIONS
AR
(©
duction of quarkonia with non-negligible transverse 35— M?2 .
momenta therefore mainly proceeds through—22 p4=2—\/§(1,0,5|n9,—c039),

collisions. Such reactions start@{« 3) via the parton chan-
nels qg—QQ[ 5**L§"*]g, gq—QQ[ **"'L{"¥]q and gg
—QQ[ 257 1L(*®g. In Ref.[8], we calculated the differen-
tial production cross sections fdr=0, S=1 color-octet
pairs. In this section, we generalize our previous results and
consider the formation of colored=S=0 andL=S=1  Wwe next boost the heavy pairs’'s four-momentum from its

pairs. primed rest frame to the unprimed laboratory frame:
The Feynman diagrams which mediate quarkonia produc-

tion in these color-octet channels are illustrated in Fig. 3.
The shaded circles appearing in the figure represent the
99— QQ[*s®] and gg—QQ[ *P®] amplitudes in Egs. o
(2.4b and (2.49. The qg— ¥og and gg— ¢oq diagrams —p3= stM 0,— s—M sing —S_M cosd

pictured in Figs. 8) and 3b) can readily be squared using 3 2\Js 2\/§ ’ 2\/§ '

standard spinor summation techniques. On the other hand, (3.2
conventional evaluation of the gluon channel graphs in Fig.

3(c) represents a formidable computational task. It is therewe also Lorentz transform the rest frame polarization vec-
fore advisable to find a more tractable method for calculatingors
the color-octet contributions tgg— ¢og scattering.

We adopt a simple helicity amplitude technique to sum
and square the gluon graphs in Figc)3 We first choose the
following explicit representations for the gluon momenta and
polarization vectors shown in the figure:

V5 —__ Lo
p1=7(1,0,0,]), 81+=82=_$(0,1J,0)7 B 1 1
(s4h==D *:i\[i | (3.3

V5

— 1 H
P2=7 (100-1), ey=e;="5(0.1,-10),

1
(e4)* = ﬁ(o: 1, cosd,i sind).

p3=(M.0,0,0

(Sé(h:O))* —

O OO

(3. and polarization tensions
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Xd—z(ab—@a[ 251 e gio) octen (3.5

0
0 -1 0 0 dt
(5" =3 ,
3o o -3 0 which is a function of the/, and recoiling jet rapiditiey,
0 1 andy, and their common transverse momentpm. With
this hadronic distribution in hand, we can determine color-
octet contributions t@/g production in any hadronic process.
0 0 We apply it to the study of charmonia and bottomonia at
0 1 Fermilab in the following section.
0

- IV. & AND Y PRODUCTION AT THE FERMILAB
i 0 TEVATRON

o O o o
=~ O O O

During the past few years, striking disparities have arisen
between old predictions and new measurement¥ ¢f /',
andY production at the Tevatron. The Collider Detector at

' Fermilab(CDF) Collaboration has detected these heavy me-
sons at rates which exceed theoretical expectations based
upon the color-singlet model by orders of magnitudé—

_ 12). In Ref.[8], we examined the impact afc[ 3S{¥)] and

of J=1 andJ=2 QQ pairs. Given these explicit represen- bB[ 38(18)] intermediate states uporr and Y production.

tations, it is easy to work out all possible scalar contractionssince numerical values for most NRQCD color-octet matrix
and express the answers in terms of the Mandelstam invarelement were unknown, we simply fitted the magnitudes of
ants §t=—(5-M?)(1-cos))2 and U=-(5-M?)  do/dp, (PP— o+ X)octer CTOSS Sections to the CDF data.

X (1+cog)/2. The gluon channel amplitudes are functionsyye found that including th@Q[ 3S{¥)] channel significantly

of these Lorentz invariant dot products. diminished discrepancies between the shapes of the predicted

Using the high energy physics packalYNCALC [14],  and measured transverse momentum distributions. We now
we calculated each individual _helicity amplitude for ypgate our earlier analysis and incorporate cross section con-
gg—QQ['s{lg and gg—QQ[°P{’]g scattering. tributions from QQ[ 'S] and QQ[*PP] pairs. As we

Parity and crossing symmetry relations between differentpa)| see, the fully consistef(v’) set of color-octet differ-

heIici}y amplitude§ provided valuablle.checks on our Math-gntial cross sections yields substantially improved fits to the
ematica code. Since separate helicity amplitudes do nQigia.

interfere, the total squared amplitude simply equals the sum \ye first plot in Fig. 4 the ratio
of the squared helicity amplitudes. The final results

for gg—QQ[2*1L{]g channel are displayed in the 2 4
Appendix alongside those for thgg— QQ[ 25*1L{®)1g and S 7 (op—QQ] PB4 X g+ X)
J

= O
o

h=x2
(Sé( ))*:

N
O o o o
.|_

o O O o

o
(@]

— (
99— QQ[ >***L{1q modes. For completeness, we include R(p,)= =0 dp,
in this list theQQ[ S{®)] squared amplitudes which we cal- + do — 1@ ’
culated in Ref[8]. H(pﬁHQQ[ Sy ]+ X—= g +X)
The products of short distance color-octet squared ampli- 4.0

tudes and long distance NRQCD matrix elements enter into

the partonic cross section where we temporarily se{t@g‘?(3Po))= Mé((@‘g‘?( 15y)) for
comparison purposésThe solid curve’s nearly constant
valueR(p,)=3 for p, =5 GeV indicates that the shapes of
the ccf 1S{®] and ccf 3P®)] differential cross sections are
practically identical in the charmonia sector. As a result, all
fits for the NRQCD matrix elements in these color-octet

do —
57 (@b—QQL* L5 e — ) octer

1 = _
ZWE | Z(ab—QQ[ 25" *L¥1C) spord 2 channels become degenerate when performed over the trans-
S verse momentum range 5 Ge\y, <20 GeV wherel/ ¢ and
><(0|@§Q( 25+11 )| 0). (3.4 ¢/ differential cross sections have been measured. We con-

sequently can only extract the linear combination

(O¥(C3P)) M2+ (78(1S))/3 along with (7%(3S,)) from
After folding in distribution functionsf,/a(x,) andfyg(Xp)  the CDF data. In the bottomonia sector, the shapes of the
that specify the probabilities of finding partoasandb in-
side hadron®A andB carrying momentum fractions, and

Xp, We obtain the hadronic cross section . . . . . .
b The differential cross sections which enter into results displayed

in Fig. 4 and all subsequent figures were calculated using the

d? P . _
— (AB— X -9 XX f o (X)) Frorm( X MRSDO parton distribution functions evaluated at the renormaliza-
dy3dy4d pL( ¢Q )octet Py gc a’*b a/A( a) b/B( b) tion scale,u: pLJer.
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FIG. 4. RatioR(p,) of the total QQ[*P{®)] and QQ[ 'S®] FIG. 5. Theoretical transverse momentum differential cross sec-

contributions to thejq transverse momentum differential cross sec-tion for prompty’ production at the Tevatron in the pseudorapidity
tion in the limit where the long distance NRQCD matrix elementinterval |7<0.6 compared against preliminary CDF data. The
(ﬁ‘gQ(3Po)> equalsMé(ﬁgQ(lso)>. The solid and dotted curves dashed curve depicts the direct color-singlet contributiog'tpro-
illustrate R(p, ) for the charmonia and bottomonia sectors, respec-duction. The dot-dashed curve illustrates t@ ®S{®] cross sec-
tively. tion, and the dotted curve denotes the combicef®P®] and

cT| 1S§)8)] distributions. The solid curve equals the sum of the color-
bB[ 1388)] and bB[gpgg)] distributions are not exactly the singlet and color-octet contributions and represents the total theo-

. ical iction for they' diff ial ion. All
same throughout thesfp, <15 GeV interval wheré&' data :ﬁﬂﬁ%liﬁﬁstﬁz r?]rutor?// br(:nfﬁ?nngliracgﬁ’;s}(ffit'%Mf)c urves are
exist. As indicated by the dot-dashed curve in FigRép, ) '

varles_around 5 over this transverse mom_er;tu(r;; range. Yef nia production are sizable. Inclusion of the latter color-
the differences in shape between thm[°P;”] and  qctet channels into the total differential cross sections yields
bb[ *S?] contributions to the totaly' differential cross theoreticaly’ andJ/y distributions which fit the data quite
section are not sufficiently great so that a full three-well. Their respectiver® Npe=0.5 andy?/Npg= 0.9 figures
parameter color-octet matrix element fit can be reliablyof merit are nice and small.
performed. So we will simply determine estimates for the |n Fig. 7, we plot the transverse momentum distribution
linear combination (73 (3Pg))/ M3+ (73 (1Sy))/5 along  of I/ mesons which result from radiative,; decay. The
with ((éf?{( 33)). dashed curve in the figure shows the color-singlgtdiffer-
Our new fits to prompt charmonia production at the Teva-ential cross section multiplied b¥(x.;—J/¢+7y) and
tron within the pseduorapidity interva|<0.6 are illustrated summed oved=0, 1, and 2. The dot-dashed curve illustrates
in Figs. 5 and 6. All contributions frorB meson decay have

been removed from the data sets displayed in these figuresz L B I e
and radiativey.; decay feeddown to thd/ differential S ot _
cross section has been separated out as well. The dashed E e 3
curves depict the direct color-singlet production predictions g L ]
based upon the charm quark mass vallie=1.48 GeV and S i N .
the Buchmiler-Tye charmonium wave functions at the ori- § 100 \ -
gin tabulated in Ref{13]. The dot-dashed and dotted curves = v E
illustrate the best fits for theet[ °S®] and combined & N ]
ccl *P®] plus ccl 'SP] channels. The solid curves show 3 )
the sums of the color-singlet and color-octet components andx 107! |- \\ —
represent the total predicted differential cross sections. N E R ]
Following the interpolation procedure described in Ref. = N ]
[8], we have calculated leading logarithmic corrections into & \ N
the cc[ 3S{®'] differential cross sections so that they ap- 1072 =l ol L L -
proach Altarelli-Parisi improved gluon fragmentation distri-
butions for p,>M.. In the large transverse momentum P, (GeV)

limit, gluon fragmentation represents the dominant source of

prompt charmoni@15—21. This asymptotic behavior can be FIG. 6. Theoretical transverse momentum differential cross sec-

. i 3c(8) . tions for promptJ/¢ production at the Tevatron in the pseudora-
seen in the dot-dashet] °S;”] curves of Figs. 5 and 6. But pidity interval |%/<0.6 compared against preliminary CDF data.

throughout the &p, <20 GeV region, they are not over- Thecyrves in this figure are labeled in the same way as those in

: : 8
whelmingly larger than the comblned:t[3PS )] and Fig. 5. All curves are multiplied by the muon branching fraction
ctl 1Si®] components whose contributions to prompt char-B(J/¢—pu* u™).
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FIG. 8. Theoretical transverse momentum differential cross sec-
FIG. 7. Theoretical transverse momentum differential cross secggn for Y (1S) production at the Tevatron in the rapidity interval
tion for J/¢ production at the Tevatron in the pseudorapidity inter-|y|<0.4 compared against preliminary CDF data. The dashed curve
val |7/=<0.6 resulting from radiativey., decay compared against gepicts the color-singlet contribution which includes dir¥gtl.S)
preliminary CDF data. The dashed curve depicts the color-singlefoquction as well as radiative feeddown frogy,,(1P) and
contribution, the dot-dashed curve illustrates thef °S{®)] cross Xbi(2P) states. The dot-dashed curve illustrates uﬁ{3s(18)]
section, and the solid curve represents their sum. All curves argross section, and the dotted curve denotes the combined
multiplied by the muon branching fractid®(J/y—u " u"). bb[ 3P{®] and bb[ 1S{®] distributions. The solid curve equals the
sum of the color-singlet and color-octet contributions and represents
the c[ 38(18)] channel contribution. The solid curve corre- the total theoretical predigtiqn for thé(1S) differential Cross sec-
sponds to their sum and represents the t()]éulzs) Cross tion. All curl/eé are multiplied by the muon branching fraction
section prediction. As indicated by its poa/Npe=2.3 BOY(1S)—p n).
value, this solid line does not fit the data well. We believe T .
that a better match could be achieved if subleading Colorgherefore gxclude points in I:2|gs. 8_and 9 W'IDZS&S_GeV
octet contributions were included. The first subdominant Cor]‘rom our fits. We then find¢*/Npe=0.3 andy*/Npr=0.9

rections enter aO(v°) in the NRQCD velocity expansion for the remaining points in these f|gur_es. .

from the lona distance evolution Oan[sp(g)] NRQCD power counting rules provide useful consistency
3 (8) g 10(8) S J b checks on all our fits. We list in Tables | and Il the numerical

QQ[°Dj™], and QQ["P1™] pairs into xo, bound states. \4jyes for color-octet matrix elements which we extracted

Since short distance production cross sections for the lattgfom the data along with their scaling dependence upon the
two pairs have not yet been calculated, we cannot legiti-

mately include into Fig. 7 subleading contributions from the
first pair which we have computed.

We turn now to the bottomonium sector and consiter
production at the Tevatron within the rapidity interval
|y|=<0.4. Our new fits to CDFY'(1S) and Y (2S) data are
displayed in Figs. 8 and 9. No separation between prompt
and delayedY sources has been experimentally performed.
The dashed curves in the figures therefore include both direct] -2 |-
Y production and radiative feeddown frogg ; states. These & i

10—1_.\..,...|.... ——— T
By

T
-
T B R

(2S)+X)/dp, {nb/GeV)

color-singlet distributions are based upon the bottom quarkE
mass valueM,=4.88 GeV and the Buchiflar-Tye botto-
monia wave functions at the origin tabulated in Rfef3].
The dot-dashed and dotted curves illustrate biog >S{®)] ‘
and combinedbb[ *P®)] plus bb[ 'S®)] fits. The solid NN
curves equal the sums of the color-singlet and color-octet % 2.5 5 7.6 10 125 15
contributions and represent the to¥adifferential cross sec-
tions. As we previously discussed in R¢8], the color-
singlet and color-octet distributions are corrupted at Very g g Theoretical transverse momentum differential cross sec-

small transverse momenta by collinear divergences whickjon for Y(25) production at the Tevatron in the rapidity interval
should be factored into incident parton distribution functions.|y|<0.4 compared against preliminary CDF data. The curves in this

Soft gluon effects also need to be resummed before the croggure are labeled the same as those in Fig. 8. The dashed color-
section turnover which is evident in Fig. 8 can be properlysinglet cross section includa§(2S) production and radiative feed-
described. Since we have not incorporated these effects, odown fromyy;(2P). All curves are multiplied by the muon branch-
cross section predictions are not trustworthy at low. We ing fractionB(Y(2S)—u*u ™).

Br(1(2s) » u*u7)

p. (GeV)
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TABLE |. Color-octet matrix elements.

Color-octet Numerical NRQCD
matrix element value (Ge\P) scaling order
(0|2 (3s))|0) (6.6+2.1)x10°3 M3
<0|ﬁg(c1(3$1)|0> (9.8i1.3)><1073 M gvg
(0] (3sy)|0) (4.6£1.0x10°3 M3
(0|73 M9 (3sy)|0) (5.9+1.9x10 3 M
(0| 7P (35| 0) (4.2+1.3x10°* M3vp
(0|73 ?9(3s))|0) (4.1+0.9x10°° Miv
(0]3012P)(35)) |0) (3.2+1.9%x10°* Mivp

heavy quark mas#l g and velocityv, . The values for all  tematic errors which arise from parton distribution functions
the charmonia matrix elements were derived directly fromand higher order QCD corrections can also be assessed by
the CDFJ/¢ and ¢/ data. On the other hand, insufficient performing several fits with different choices of distribution

experimental information exists to independently extracfunctions and renormalization scale. We have not attempted
(0 0?{(”5)(381)|O> and (0 @gbl(nP)(s(Sl)|o> in the botto- 1O carry out a detailed analysis of the combined impact of all

monia sector. We therefore determined the latter fromthe these systematic uncertainties. Our color-octet matrix ele-
" ent values therefore represent reasonable estimates rather
data after having scaled up the former from the correspon%

) | el ina NROGD an precise predictions.
ing ¢ color-octet matrix elements using NRQCD power  comparing the numbers in Table | with their predecessors

countllrylﬁgns)rulles. The . rema|n|ng<.0|(wg(n8)(3P0)|0)/M-§ in Table Il of Ref.[8], we see that thQ-Q[.ss(lS)] matrix_
+(0[7g " (*S)[0)/5 linear combinations were obtained glement values have all diminished. This is not surprising,
directly for the bottomonia cross section data. for some color-octet contributions to quarkonia production
The error bars listed in Tables | and Il are statistical andgre not taken into account by thQ6[3p58)] and
do not reflect systematic uncertainties in heavy quaera[ 15®)] channels. We also observe that the NRQCD
masses, color-singlet radial wave functions, parton distribugqnting “rules are more faithfully followed by some
tion functions, and next-to-leading order corrections. Themgatrix elements than others. For instance, the magni-
magnitudes of all these different sources of uncertainty can A3 ' (3 '3 2
be estimated. For example, the different charm and bottor{[]Ude?//, OI“/B "CS). (75 CS), a.nd (8 .( PO)>./MC
quark mass values which enter into the power law, logarith-t (©’8 (*So))/3 are all mutually consistent with their com-
mic, Coulomb plus linear, and QCD motivated Buchies  mon scaling rule. On the other han@/;°!(®S;)) is some-
Tye potentials tabulated in Reff13] span the ranges 1.48 what low, while (7% "(3Pg))/M2+(7)?(1S,))/3 is some-
GeV=m.=<1.84 GeV and 4.88 Ge¥m,=<5.18 GeV. These what high. Sincev £=0.23 is not very small, none of the
intervals may be regarded as setting reasonable bounds foharmonia NRQCD order-of-magnitude estimates should be
the heavy quark mass parameters. The spread in values foverly interpreted. We view the general consistency of the
radial wave functions at the origin calculated in these fourfitted matrix elements with the power counting rules as an
different potential models similarly provides an approximateencouraging indication that the color-octet quarkonia pro-
indication of color-singlet matrix element uncertainties. Sys-duction picture is sound.

TABLE II. Color-octet matrix element linear combinations.

Color-octet matrix element Numerical NRQCD
linear combination value (Ge\®) scaling order

(O3 (3Py)|0) N (0] (1y)|0)

i 3 (2.2+0.5x10 2 M3
[
oV (3p (1
M2 3
c
olzY(193p )0 0loYas) 1 0
M2 5
075 ?¥(3Pg)|0) (0|75 *(*Sp)|0

M2 5
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V. CONCLUSION DuBridge Foundation and by the U.S. Dept. of Energy under
. : . DOE Grant No. DE-FG03-92-ER40701. The work of A.K.L.
In this article, we have calculated the cross sections fo(/vas supported in part by the U.S. Dept. of Energy under
producing coloredL=S=0 and L=S=1 heavy quark- DOE Grant No. DE-EG03-92-ER40701.
antiquark pairs in hadronic collisions. Intermediate
QQ[ *s{®] and QQ[ °P¥] states evolve intasq mesons at
the same order in the NRQCD velocity expansion as

QG[ 35(18)] pairs. Consistency therefore requires that contri- APPENDIX: COLOR-OCTET SQUARED AMPLITUDES
butions to quarkonia production from all three color-octet

channels be considered together. We have found that the full (\jN;jszt belot\':v s_hort distance squr?rehd amg_lntjdes reﬂz ot
O(v’) set of color-octet distributions yields good fits to an scattering processes which mediate color-octe

prompt  and Y data collected at the Tevatron. Numerical quarkonia production. These expressions are averaged over

. : ) initial spins and colors of the two incident partons. The he-
values for the long distance matrix elements which can b‘ﬁcity levels of outgoingl=1 andJ=2 pairs are labeled by

extracted from thege data are generally consistent Wit'ﬂwe subscripth. The total squared amplitudes for creating
NRQCD power scaling rules. _ specific quarkonia states are obtained by multiplying these
Many of the results in this paper can be applied to a rang@qcess-independent short distance expressions with appro-

of other interesting problems in quarkonium phenomenol-priate long distance NRQCD matrix elements.
ogy. In particular, the NRQCD matrix elements which we

have extracted from CDF data are universal and hold for

color-octet charmonia and bottomonia production at other— ~—~r2s+1, (8 )

experimental facilities besides the Tevatron. They can bgq—>QQ[ LS | channel:

used, for example, to refine the analysis of ¢ differen-

tial cross section measured at the CERNSollider which — _

was performed in Ref[21]. It would be interesting to see > |- 2(q99—QQ[ *s?'])|?=0, (Ala)

whether disparities between gluon fragmentation predictions n=0

and UA1 data are diminished by includir@Q['S{)] and L 5

QQ[3P ¥ channelg22]. The NRQCD matrix elements can | Aqq—QQ[ 3])|2= (4mas)

also be applied to the study of quarkonia production at lepton \r% . ! 2™

colliders. Gluon fragmentation has been shown to represent

the Iarge+st source of prompt andY vector mesons at the

CERN e"e™ collider (LEP) [23,24. Its incorporation into —Tos+1; (8 .

Z—Jl ¢y, Z— ', andZ—Y branching fractions reduces siz- 99— QQl L §%] channel:

able differences between predictions based upon color-

singlet heavy quark fragmentation and recent LEP measure- — _ 5(47ag)?

ments. Color-octet contributions have similarly been found > - 2(99—QQ[ 1588)])|2=W, (A23)

to play an important role in charmonia production at CLEO

[25,26. Finally, the color-octet mechanism may eliminate

disagreements between theory and experiment in fixed target — . 5(47rag)?

settings. 2 [ A9g-QQU P DIP=—grs .  (A2D)
We look forward to confronting the color-octet produc-

tion picture with a variety of experimental tests in the near

future? It will be interesting to see how well this simple idea

can resolve several problems which currently exist in

guarkonium physics.

(Alb)

M

. 4(99—QQ[ *P¥'])|?=0, (A2¢)

=y
I

0

(99— QQ[ *P¥']|?=0, (A2d)
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:_2(477%)3 M4 :_(47ms)3 2M?s 21000
aM3  t(t—M)%* 1443 (s—M?)?
A(s M?)(2t+0)— 02 _ 27(st+t0+08)—19m*
x| 824+ 02+ 25% = . A4 . -
it (s—Mm%* (Ad) “G-MBHE-MEG-MI T2’ (ASh)
99— QQ[ >**1L®¥1g channef
Sy — SR, 732877 (2
> | Agg—QQ[ 'SPg)|? ‘hél | 2(99—QQ[ *S;”'19)|
5(47TC¥S)3 "2 n 202 | ~hn 2 ~ ) _ (477“5)3 gz a 2\4 34 "4
_16—M[S (S—M*?)“+stu(M-—2s)+(tu)“] VY VE 5=M?)? (s—M5)*+t*+u
(82— M35+ M*)2—t0(2t%+ 3th+202) A5 +2M4(tu) 27(st+ta+08)—19M* (450
S A MA@ maE 0 A% (G- E-MyE- w45
5(4m n
2 | (99— QQ[*PP1g)|?= W{s 74(8%—7%)*+ M?87%(8%— 7°)%(35%— 27%) (25— 65%7% + 37%) (A5d)
+M*4[9812— 8481072+ 265887*— 3828575+ 276578 — 8852210+ 9712]
—M®5[54510— 3575872+ 84 45°7* — 8985%7° + 4395228 — 81719]
+M[153510- 7985872+ 1415657* — 104 15*7%+ 3015%28— 187%9]
—M105[ 27058 - 108%°%7%+ 13652 — 6165225+ 8728] + M1 32458 — 9515572
+7695%7%— 1895228+ 978] —9M 145(65%— 22) (58% — 95272+ 37%)
+3M168%(515%— 598272+ 127%)
—27M1883(282—72) + 9M 9%}/ [Z2(5— M?)4(BM 2+ Z22)4].
S | A9g—QQL P g) = —(JA‘ZS) S (27— 2MP82— M4(F+220) + M)
X[(8%—2%)?—M?8(28%°—7%) + M*&?]/[(5— M?)4(sM 2+ Z2%)4], (A5e)

3The gg— QQ[ *P{¥]g squared amplitudes are expressed in terms of the variatdes z= .



6216 PETER CHO AND ADAM K. LEIBOVICH 53

— _ 5(4 8 o
‘g -/%(gg—>QQ[3P§8)]g)lz=%MZ{Z(SZ—22)2(36—45“22+822“—26)
hj=1

—M?25(28%—7%) (585 — 175%7% + 9527* — 28) + M4(2158 — 495572 + 218%7* — 45278+ 28)
— MO5(245°— 30872+ 65%7* — 2°) + M83?(165% — 9527°+ 27%) — M 1983(65%— 7?)
+MIBH[(8—M?)4(EM2+Z2)4], (A5f)
= — Aray)®
> |-#(99—QQ[ 3P<28>]g)|2=(W§)—é”zz{é2<éz— 2%)4— M287%(8% - 22)X(118*+ 22%)
h=0
+M4[88— 128572+ 418474 — 208228+ 28] — M85 48° — 265%7% — §27* — 575]
+M8[2988— 114572+ 108622* — 10281 — M 1%[ 655* — 1048272 — 337*]

+ M1 545%— 208272 + 72*]1— M145(2382+ 57%) + TM 1982}/ (— M?)8(sM 2+ Z22)4],
(A5g)
g (477015)3

2(00— 00 3P® 1) 2= L M2f282(82—52)2(36— 48452 1 825456
2 19— QQI PP g) [P~ MP28% (8~ 2785 450+ 2 2)

—M?§[ 1080 37522 + 196°2* + 1152° - §22° - 4717

+ M4 25810 618872 + 27857 — 345476 + 235278 — 2717]

—MO5[4258 7758572+ 4157 — 225275+ 1778]

+M?8[53s%— 88557+ 695*7* — 68527°+ 37%]

—M105[ 5485 — 85572+ 605%7* — 9781+ M 1282[ 438* — 475272+ 207*]
—M148%(2252—97%) + 5M 1884/ [ (s— M?)8(sM 2+ 72)4], (A5h)

p— _ Arrag)’ on . L on L an pn ~on ~
“%2 |.2(g9—QQ[ 3P(28)]g)|2=% M 4287 §12— 851972 + 228824 — 245578 + 108°28 — 357210+ 212 (A5i)

— M8 1681%— 1051922+ 21 (887* — 158575+ 365478 — 652210+ 4212
+ M4 6052 30651072 + 48 8874 — 2715%7° + 775478 — 1852719+ 2712
—MO3[140810— 578872+ 7108%7% — 3448%75+ 915278 — 1879
+M8[226510— 7415872+ 7378574 — 316428 + 77528 — 4719

—M%5[ 26458 — 6868572 + 5418*7* — 1776°28 + 2528]

+ M1 22658 458572+ 2615%7* — 556°7° + 278]

—M5[1408° — 2015%7% + 715%7* — 62°] + M 1657 605* — 535272+ 87%]

—2M 83852 — 372+ 2M 2561 /[ 8Z%(5— M?)8(8M 2+ Z2)].
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