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Color-singlet ¢ production at e*e™ colliders

Peter Cho and Adam K. Leibovich
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(Received 10 June 1996

We calculate in closed form the complet@(aﬁ) color-singlet differential cross section for
e*e’—>y*_>sz+X scattering. The cross section reduces at high energies to a heavy quark fragmentation
form. We find that the energy scale at which the approximate fragmentation result becomes reliable exceeds the
g mass by more than an order of magnitude. We also discuss the color-singlet model's predictions for
directJ/ ¢ angular and energy distributions at CLES0556-282(96)00623-9

PACS numbgs): 14.40.Gx, 13.87.Fh

I. INTRODUCTION singlet cross section is also expected to be quite accurate for
all energies except near the end-point regi@d]. In this
During the past few years, there has been renewed interegaper we therefore build upon previous studies reported in
in the study of heavy quarkonium systems. Much of the rethe literature[15—-18 and calculate the complet@(ai)
cent work on this subject has been stimulated by large diseolor-singlet cross section fa&"e™— y* — g+ X scatter-
crepancies between old predictions and new observations ¢rfig. We examine the contribution iy production from the
g andY produc'gion at several experimental facilities. Ordersshort  distance modese” e —QQ[3S{V]+g+g and
of magnitude disagreements between theory and data haye o-_, QQ[ss(ll)]+Q+Q,1 and we derive a closed form

seri;)ulflycsl:\;l]de_rminedf the ‘ Co_n\;ention_al “golfr-sr:_nglet expression for the differential cross section. We then discuss
model” ( ) picture of quarkonia formatiof.-3|. In this the implications of the CSM result for dired{ ¢y observa-

model,. charm.onia and bottomonig mesons are presumed {ons at cLEO. Finally, we compare heavy quark fragmenta-
exclusively originate from short distance processes that Cr&on predictions with the color-singlet cross section and de-

ate heavy quark-antiquark pairs in colorless configurationS, mine  the energy scale at which fragmentation
The quantum numbers of pairs produced in high energy COIépproximations become reliable

lisions on time scales short comparedAgcp are required
to precisely match those of the final state hadrons into which
they nonperturbatively evolve. Although this CSM picture is Il. INCLUSIVE ANGULAR DISTRIBUTIONS
simple, it does not explain several gross features of recent IN ELECTRON-POSITRON COLLISIONS
charmonia and bottomonia data collected at the Fermilab . . .
Tevatron[6—8]. It consequently must be abandoned as a It is 'useful to note some 995‘9“"" fe'atu.res of .|ncl.u3|ve,
complete theory. unpolarlzedz,bQ production ine™e ann!hllauqn. Un|tar|_ty,

A new framework for treating quarkonia systems calledPa'lty, and angular momentum considerations resrict the
nonrelativistic quantum chromodynamio$\RQCD) has form of the differential cross section expression
been developed within the past few yef@% This effective
field theory generalizes and improves upon the CSM in sev- N B .
eral regards. It allows for short distance processes to create W[e (Po€ (P2)—=¥* = ¥o(Ps) + X]
heavy quark-antiquark pairs in color-octet configurations
which can hadronize over much longer length scales into =S(E3)[1+ a(E3)cos ]. 2.9
colorless final state quarkonia. Calculations which include

this color-octet mechanism appear to successfully describg, particular, the allowed range for the angular coefficient
Tevatron measuremenf40-13. But in order to establish f nction is constrained to lie within the interval

the validity of this new paradigm, it is necessary to consider_ 1<a(E;)<1. We sketch a derivation of this result below.
guarkonia production in other experimental situations. It is instructive to consider the subprocess
Braaten and Chen have suggested that a clean S|gnatureQI(P)H¢Q(p3) +X(P—ps) where the intermediate photon

the color-octet mechanism may be observablgdnproduc- g ejther longitudinally or transversely aligned. The squared
tion at electron-positron collidersl4]. These authors have amplitude for this decay

noted that the angular distribution of color@l pairs near
the end-point region may qualitatively differ from those of
their colorless counterparts. If this effect could be observed, |A|2=2 e (PN, (PIN)*FAY (2.2)
it would support the color-octet production picture. It might A
also permit an independent determination of the numerical
values for certain NRQCD matrix elements.
Before the search for color-octet quarkonia production in We indicate the angular momentum and color-singlet quantum
e’ e annihilation can begin, one must first know the precisenumbers of theQQ pair which hadronizes into the final stafe,
CSM prediction. Within the NRQCD framework, the color- meson inside square brackets.
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FIG. 1. Leading order Feynman graphs which mediate
ete” —y* »QQ[*SM]+g+g— yo+ X scattering.

involves a form factorF#” which can be decomposed in
terms of tensors that respect parity and gauge invariance:

P*P"\ Fp P-ps
—Pz—) (ps 2 P“)
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FIG. 2. Leading order Feynman graphs which mediate

(2.3
ete” -y - QQIS]+Q+Q — o+ X scattering.

Working in they* rest frame where theo four-momentum ll. COLOR-SINGLET ¢ PRODUCTION

looks like ps=(Eg,ps)=(Es.|ps|sindcosp, |ps|sindsing, The simplest parton level process which mediates color-

|p3|coa9) we find that the squared decay amplitude for asmglet production ofJP¢=1"" quarkonia is given by

longitudinally polarized virtual photon reduces to e"e—QQ[3s{V]+g+g. Color, parity, and charge conju-
gation conservation require two gluons to appear in the final

|Alf=F[1+ a cos6], (243 state along with the colorle®Q[3S{"] pair. This channel
_ consequently contributes to thi, cross section starting at
with O(as) Color-singlet production also proceeds at the same
154l F order in_ perturbative QCD through the mode
a = p32 2 (2.4b) ee —QQ[3SV]+Q+Q. These two distinct reactions
Pe Fy have been considered separately in the literafafe-18.

We will reexamine their joint impact upo# andY produc-
tion and derive a closed form analytic expression for
d?0/dEzdcost;. We can then compare the relative magni-

For a transverse™*, the squared amplitude takes the form

|psl? tudes of the gl d k f i f
2 gluon and quark processes as a function o
[AlT=| 2Fs+ pz P2 [1+arcos), (253 center-of-mass ener
The leading order diagrams which mediate
where e*(pl)E’(pz)HQQ[SS(li)](pa)+g(p4)+g(_|05) and
- e e*(pe (p2)—QQI*S{V](Ps) + Q(Pa) +Q(ps) scattering
ar=— |Ps|“F2 __a (2.5b are illustrated in Figs. 1 and 2. The hard collisions pictured

2+ta’ in the figures form on short time scales a heavy quark and

antiquark which fly out from the primary interaction point in

Since both| A|? and |.A|2 are nonnegative, Eq$2.4) and  nearly parallel directions and almost on shell. TQ® pair

(2.5 imply ¢, =—1 and—1<a7=<1. then evolves over a much longer time interval into a physical
Helicity conservation requires the intermediate photon ingq bound state. Working within the NRQCD framework and

e*e*—>y*—>¢/fQ+X to be transversely aligned relative to using computational methods discussed in Rpfsl2,13,

the beam axis in then,=0 limit. The y5 meson’s angular one can straightforwardly calculate the amplitudes for these

distribution is therefore significantly restricted by simple processes. Their squares factorize into products of short dis-

symmetry considerations. In fact, the inclusive angular distance coefficient functions and long distance NRQCD matrix

tribution of any unpolarized particle which is produced in elements.

electron-positron colliders operating well below tBepole Integrating the squared amplitudes over the three particle

goes as ¥ arcog6 with —1<ar=<1. So while observation phase space factor,

of a pure sifg distribution for a lepton or hadron at a col-

lider such as CLEO is possible, a pure @bdistribution is

not. As we shall see, all color-singlet, predictions are

consistent with these general considerations.

2P2F1+|53|2F2

d°p
ddz=(2m)*6*(p1+Pa—P3—Ps— p5)H T;ZE’
|

(3.9
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is somewhat involved. As a simplifying measure, we rescalave can analytically integrate over andz_ and obtain dif-

all dimensionful quantities relative to the beam enefggnd
work with the dimensionless variables=E;/E, di= 5i /E,

ferential expressions of the for(@.1). We display the result-
ing S(z3) and a(zs) functions for thee™e™ —QQ[3S{M]

X;=cosj, and 6=2Mqy/E. The phase space factor for the +g+g ande*e”—QQ[3S{"]+ Q+ Q processes in the ap-
reaction with gluons in the final state can then be reduced tpendix. As a check, one can verify thatr g, and

the form
2m) 4 dzydxzdz_dw
4= 7;) B2—— = " . (32
V(1-K?)(1-x35)—w
where
Z_=24—1s5, (3.3a9
lq_|=V4—4z3+ 82+ 7, (3.3b
|ds|= 25— 6%, (3.39
z_(2—z
=f—ﬁ, (3.39
9-|[asl
w=X_+KXj. (3.38

The same result holds for the quark process with the simple

alteration|q_| = \J4—4z;+22.

The available phase space volume clearly depends upon
the

the masses of the final state bodies. For
e"e”—QQ[3S{M]+g+g channel, the limits of integration
for the remaining energy and angular variables in B8R
are given by

52
0<zz<1+ R (3.43
—1=<x5=<1, (3.4b
—NZZ- %<z <A, (3.49
—J1-K)H(1-Z)=w=(1-K)(1-x3).
(3.40

The corresponding limits for thee®e™—QQ[3S{V]
+Q+Q mode

(3.58
(3.5b

(4—4z5)(z5— 67
= =
4—dzgr o

(4—4z5)(z5— 6%
4—A4z;5+ &°
(3.50

—J1-K)H(1-Z)<sw=(1-K)(1-x3)
(3.50

| quard do ot exceed unity within their allower ranges as
required by the general constraints discussed in Sec. Il. The
total O(ag) angular coefficient function

Sgluona gluon T Squarka' quark
Sgluon + Squark

(3.7)

X total —

also respects the bountdl<a oy < 1.

Another important check can be performed by consider-
ing the high energy behavior of tHg&(z;) and a(z3) func-
tions. In thez;> & limit, the color-singlet cross section re-
duces to

d?o . Lx
dz3dcosﬂ3(e & —iotX)

Am (CYsCYEMQQ)2 W
= > R Q(3

203 mie? (0]07°(®s,)|0)[ 1+ coS 63]

Z5(1—23)%(16— 3225+ 7225— 3223+ 523)

>< 6 .

(2—123)

(3.8

After integrating over co% and recalling the relation
(0]0Y°(3s,)|0)=9|R(0)|%/2m between the color-singlet
NRQCD matrix element and thé¢o wave function at the
origin [9], we can write thayq energy distribution as

do

az e et X)= 20(e"e"—QQ) Dy (22),

(3.9

where DQ_,¢Q(Z3) denotes the heavy quark fragmentation

function calculated in Ref[19]. The completeO(a?)
color—singlet cross section thus correctly reproduces known
fragmentation results at high energies.

IV. DIRECT J/4 PRODUCTION AT CLEO

J/ 4 production is currently under study at CLE@0,21].
Charmonia observed at this e~ facility mainly come from
B meson decays. However, a clean samplé’sforiginating
from continuum production can be obtained by imposing a
lower momentum cut on their dilepton decay products. Vari-
ous characteristics of the resulting direllty data sample
can then be compared with predictions based upon color-
singlet and color-octet production mechanisms. Such experi-
mental investigations are underwg32].

The angular distribution of direcl/ s mesons represents

are more tight due to the additional heavy quark and antio"€ observable which can be measured at CLEO. In Fig. 3,

quark in the final state.

we plot the CSM prediction for the angular coefficient func-

After inserting the averaged squared amplitudes and rdion a. The results displayed in the figure are based upon the

duced phase space factors into the formula

1
do= gz S| Al2ddg, (3.6)

input parameter value€E=5.29 GeV, m.=1.48 GeV,
as(2m)=0.28, agy(2m)=0.0075, Q.=2/3, and
(0]03*(3s,)|0)=1.2 Ge\P. The dashed curve illustrates the
function a gyen associated withe*e” —cc[>S{M]+g+g



54 COLOR-SINGLET o PRODUCTION ATe*e™ COLLIDERS 6693

0.6 .

02f .

ac/az, [pb]

_:‘\.‘.\‘.‘\.‘.\.‘.\.
10.6 0.7 0.8 0.9 1

Z3 VA

FIG. 3. Angular coefficient functionsy g0, (dashed ling FIG. 4. Contributions tao/dz; from the gluon(dashed ling
a@ quark (dotted 1ing, and a iy (solid ling) plotted against dimen-  anq quark(dotted line modes plotted againgt. The CSM predic-
sionless energy variabl. tion for the total directl/ » energy distribution is represented by the
solid curve.
scattering. The shape of this curve agrees with numerical

results of Driesert al.reported in Ref[17]. The dotted line  pecomes relatively more important. Finally, in the charm
in Fig. 3 depicts the functionr qqq Originating from the  fragmentation limityS>m., the quark mode dominates.
e"e”—cc[*s{V]+c+c mode. The shape ofx gy is As can be seen in Fig. 5, the charm quark fragmentation
clearly quite different from that of yon. But sinceSquais  curve rapidly asymptotes to thete™—cc?S{V]+c+c
substantially smaller tha® g0, at CLEO energies, it has cross section. But it is important to note that the crossover
only a small impact upon the total color-singlet function point at which the rates for the charm and gluon modes be-
a o1l Which is represented by the solid curve in Fig. 3. Itis come equal occurs around=50 GeV. Consequently, the
important to note tha oy is predicted within the CSM 10 fragmentation approximation doest accurately reflect the

be negative at the largest allowed valuesZgrOn the other ;) color-singlet cross section unti/S exceeds &, by
hand, color-octet effects may rendet,,, positive in the

end-point regiof14]. The angular distribution of the most
energeticJ/¢’'s at CLEO can therefore provide a valuable
test of the color-octet mechanism.

The energy distribution of dired/ /'s is another quantity 1 L
which can be used to probe theories of quarkonia production. ;
In Fig. 4, we display the separate contributionsdi®/dz;
from the ete”—ccPS{V]+g+g and e*e”—cc[3S{Y]
+c+c channels along with the total CSM prediction. The
sensitivity of this energy observable to the charm mode is
more pronounced than that of the angular coefficient func-
tion. The areas underneath the dashed, dotted, and solid o I
curves, respectively, equal 0.74 pb, 0.07 pb, and 0.81 pb. 2
The quark process thus contributes at the 10% level to direct :
J/ production at CLEO.

Theete™ —cc[®S{M]+c+c mode is significantly phase
space suppressed comparedefoe™ —cc[°S{M]+g+g at 3|
CLEO energies. As a result, its impact upon charmonia ob- 10 ¢ E
servables is minor. However, it is interesting to examine the d e 2*0 — 4'0 —_ ]
relative importance of these two color-singlet channels as a S [GeV]
function of center-of-mass energy. We plot in Fig. 5 the
modes’ separate contributions to the integrafiégh cross FIG. 5. Integrated cross sections for the glydashed lingand
section along with their sum wgS=2E. We also display the  charm quarkdotted ling modes plotted as a function afS. The
integral of the charm quark fragmentation approximationsym of the two is shown by the solid curve. The approximate charm
(3.8). At low energies, the charm quark mode is negligiblequark fragmentation cross section is depicted by the dot-dashed
compared to its gluon counterpart. At larger values/8fit  curve.
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more than an order of magnitude. This result¥og produc- ~ dation and by the U.S. Department of Energy under Grant
tion at lepton colliders is quite different from that for hadron No. DE-FG03-92-ER40701. The work of A.K.L. was sup-
accelerators. Previous investigations have found that fraggorted in part by the U.S. DOE under Grant No.
mentation approximations are reasonably trustworthy foDE-FG03-92-ER40701.

production of #'s at the Fermilab Tevatron witlp, =10
GeV[12,13. The moral we thus draw from this study is that
the validity of fragmentation predictions must be carefully
checked on a case-by-case basis.

APPENDIX

We list here the colorsinglet functionsS and «
which enter into the differential cross secti¢hl) at lead-
ing order in both the perturbative QCD and NRQCD vel-
ocity expansions. The contributions from _ the

We thank David Politzer for helpful discussions. Thee*e  —QQ[3S{]+g+g and e*e —QQ[*S{]+Q+Q
work of P.C. was supported in part by the DuBridge Foun-channels are separately displayed.
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e*e —QQ¥sV]+g+g mode:

o _m (wamQ)®  (010F(Sy|0)
o216 SE®  (23—2)%(2z3— 3D)(5- )

4 — 8%(4+ 5°)(48+ 4852+ 135%) +325%(4+ 6°)(4+36%) 23

+ 8(32—568%— 245"+ 6% 25— 16(32+ 462+ 36 23+ 112A4+ 6%) 23— 12823)(225— 82)\z5— 6°
+[6%(4— 6°)(48+ 96562+ 1356%) — 326%(28— 382 —36%) 25+ 862(16—406°—276*+ &%) 23
—82+2z5- &

—2\z5-&°

2z
+166%(56+ 146°— 364 25— 16(4— 6%)(4+56%)23](4z5— 4— 52)In223 (Ala)

_ 7 (asaenQ9)?  (010°CSyl0)
Yool )= 516 B (2,-2)2(22,- DAL

4 6(64+ 806%+765%+78%) — 966*(4+ 6%) 23

—8(32—405%— 446°— 6°) 25— 166%(28+36%) 23+ 16(20+76%) 25— 12823](2253— 62)\z5— 6°
—[8%(4—6%)(4+ 6%)(4+76%) —326%(1— 62)(4+36%)23— 86%(16+406°+575*+ 56)23
—5%+2\z 52 1
52 2\/Z - gluon(zs)

(Alb)

+166%(8+585%+36%) 23+ 16(16—3262—56%)23](425— 4— 5)Ir‘

ete —QQ?S’]+Q+Q mode:

SO E p— (as2euQq)® (0107%(°Sy)|0)
quark <3 3888 53E5 22(23_2)6(25_52)

(1—23) (25— 8°)
423 4+ 5%—4z; |

[—326%4+ 5%)(48+2256%+36%)+326%(768+40052+666%+36% 25

—166%(384+19205%+5566%+2965—25°%)25+86%(1792+ 1285~ 5685*—808°— 6%)Z3
+2(2048-110085°+107525"+31765°+986°+35'%) 23— 4(4096— 780852+ 34245*+ 60055+ 175%) 23
+(38912-206085%+45445%+5085°—36°%) 25— 4(13312-8005%+ 1205%—35%) 25

+8(4512-208°— 156" 28— 32(336— 6%) 23+ 128023°] — [8 6(48+225°+368%)
—328%24+56%)23—26%(448+165%+86*—365%) 25+ 166%(56—108°—56%) 23
+62(1152+2725%—35%) 23+ 8(32—926°+56%) 23— 56(16+ 6%) 25+ 51221]

Z3\a+ 82— 425+ 2\(1—25) (25— 67)
234+ 87— 42— 2\(1—23) (25— 67) | |

X 6%(Z5—2)%In (A2a)



T (asaEMQQ)Z <0|01¢Q(381)|0>
FE  Z3(z3—2)%(z5— 6°)

a quarl( 23) = 3888
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(1-25)(z5— &%) ) ) )
X1 4z, W[32§“(4+5)(16+26 +36%) — 326%(256+ 4852+ 225*+ 36%) z4
3

+166%(1152+ 10245%— 1406 — 535°5— 26%) 25— 862(5376+ 12862 — 15765* — 2406°— 6°) 23

+ 2(2048- 7685%— 199685* — 69685° — 3505°— 35%0) 23— 4(4096- 200965°— 11168* — 12085°— 435°%) 23
+(38912- 753927 — 169609* — 9966° — 36%) 25— 4(13312- 63045%— 8725 —36%)2}

+8(4512-5006°— 156%) 25— 32(336— 6%)z3+ 12820 +[86%(16+ 2%+ 36%) — 3254(8— 6%) 24

— 26%(320—2725%+ 645 — 35%) 25+ 166%(40— 546°— 56%) 23— (1024— 7206* — 35°) Z3+ 8(96— 365~ 5623

Zo\a+ 6%— 425+ 2\(1— 25) (25— 6%) 1

+ 8(80+76%)25— 512251 6%(z5— 2)*In

(A2b)

Za\a+ 57— 42— 2\[(1— 23) (22— 6%) | Squai(Z3)
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