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Soft gluon emission process in the color-octet model for heavy quarkonium production
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The color-octet model has been used successfully to analyze many problems in heavy quarkonium produc-
tion. We examine some of the conceptual and practical problems of the soft gluon emission process in the
color-octet model. We use a potential model to describe the initial and final states in the soft gluon emission
process, as the emission occurs at a late stage, after the production of the heavy quark pair. It is found in this
model that the soft gluoM 1 transition*S{®—3S{) dominates over th&1 transition*P{®)—3S{) for J/y
andy’ production. Such a dominance may help resolve the questions of isotropic polarization and color-octet
matrix element universality in the color-octet mode&0556-282199)03721-3

PACS numbe(s): 13.85.Ni, 13.88+e

I. INTRODUCTION As the soft gluon emission takes place on a nonperturbative
QCD time scale and involves nonperturbative QCD, the
Bodwin, Braaten, and Lepadj&] have recently developed color-octet matrix elements have been treated as phenomeno-
the color-octet model based on nonrelativistic quantum chrological parameter$3—11]. Matrix elements have been ex-
modynamics for very massive quarks which allows a systemtracted to yield good agreement with the data of the Collider
atic calculation of inclusive heavy quarkonium productionDetector at FermilagCDF) for high pr heavy quarkonium

cross sections. It is assumed that in addition to the produgyroduction inap collisions aty/s=1.8 TeV[5,13] and with

tion of bound states by the color-singlet mechaniEh  the fixed-target data fopN collisions at energies up tgs
bound states are produced by the color-octet mechanism 40 Gev(e].

whereby &QQ pair in a color-octet state is first formed either  For the color-octet model to be a valid description, one
by gluon fragmentation or by direct parton reactions, and thahould be able to describe the process of soft gluon emission
color of the pair is neutralized by emitting a soft gluon of in physical terms. We know the nature of the final state of
low energy and momentum. The cross section for boundbserved quarkonium, but what is the nature of the initial

stateys production is represented by color-octet state which emits a soft gluon? What is the nature

of the soft gluon? What is the process of soft gluon emis-

B> ssi o (0[OCSTILS— )|0) sion? Which one of the gluon emission processes is more
o(y)= S 5Ts F(ab— L)) MdQ ' important inJ/¢ and ' production? In addition to these

(1) conceptual questions, there are also the following practical
questions which arise in the application of the color-octet
model.

In the color-octet model for fixed target energies, the
dominant production comes from the fusion of two gluons
forming acc color-octet pair in'S®®) and *P{®) states. The
soft-gluon radiative transitiotS{®)—3S{") leads to an iso-

based h di h tropic angular distribution of decay muons in the quarko-
ased on the Feynman diagram &b— (CC)egst X. The i rest frame; théP®— 3s{) transition in contrast pref-

H 25+1) € H H
matrixelement(0[O(*>""Lj—¢)|0) is the long-distance g anially populated,= = 1 substates with a large transverse

probability per unit volume for’>"*Lj to produce the final olarization, which leads to anisotropic angular distributions
bound state/ andd is the scaling dimension of the operator i the decay of the charmonium to muons. The muon angular
[1]. For example, for production from the color-singlet stategjstribution can be inferred from the magnitudes of the ma-
2L+11 (M to the bound state;, s, which has the radial wave i He1 H(3 2

z. &)L _ trix elements(Og (*Sp)) and(Og (°Pgy))/mg. The I/ and
function R;_¢(r), the matrix element is ' production cross sections at fixed-target energies give the

) matrix element$6]

d“Ry (1)

art - (2

whereab=gg,qq, . .., are thgarton combinations leading
to production, and=1,8 are the color states of the pre-
cursor. The quantityF(ab—25"1LS) is the short-distance
cross section for the production ofQQ pair with quantum
numbers?S*1L§ calculated from perturbative QCQCD),

(0]OLs(2SF 1LY gy 9| 0)

r—0

(S + (O1HPg)=30x102 GeV? (3

For production from the color-octet staf€ “'L’{Y to the
color-singlet bound staté; s, the color-octet matrix ele- for J/¢ production and
ment(O (25 *1L" ) specifies the probability per unit
Ia) s'+1; 1(8) ; , 7 ' _
volumg fortheQQ.c'olor—octet staté L 3 to emit a soft <ng (1Sp))+ _2<@gf (3P0)>=0.5>< 1072 GeV®  (4)
gluon in the transition to the bound color-singlet stétgs. me
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for ' production. On the other hand, the velocity countingoctet model to quantities which can be evaluated in the
rule of Ref.[1] gives an(O5('S)) of the same order as potential model. In Sec. Ill, we examine the potential be-
(OF(CP))mMZ. If we set (OF(*Sy))=(OF(?Py))/m?, as  tweenQ andQ interacting at large distances. When one al-
suggested by the velocity counting rule of REf], the ex-  lows for the effect of the spontaneous production of light

pected angular distribution of muons frodtys decay will quarks to break up the string joinin@ and 6 the linear

not be isotropid6]. The experimental data give an isotropic potential is modified to become a screened potential. We use

distribution forJ/y and " production in-W collisions at 3 screened potential to discuss bound states in Sec. Ill and

252 GeV[14,1§ and 125 Ge\[16]. continuum resonance states in Sec. V. Section IV also out-
For the color-octet model to be a valid description, thejines how we obtain continuum wave functions which are

color-octet matrix element{sog(zs'*lL’y)) should be in- needed in the calculation of the cross section. Section V

dependent of the processes which proda%élL'SEf). How-  Qives the multipole transition matrix elements. As an illus-

ever, there are unresolved questions concerning this univeftation, & simpleM1 to E1 ratio is obtained for the produc-
sality of the color-octet matrix elements. Highy CDF  ton of J/¢ using approximate wave functions. Numerical
measurements afs=1.8 TeV give[5] results with more realistic potentials are obtained in Sec. VI

to give the contributions fronM1 andE1 transitions tal/
Yo 3, 5 72 and ¢’ production. It is found that the soft gludvi1 radia-
(05"(*Sp)) + (08 (°P))=6.6x10"? GeV® (5 tive transition’S®—3S{M) dominates over thE1 transition
¢ 3p® .38V for J/¢ and ' production. Section VII sum-
for J/4 production and marizes and concludes the present discussions.

II. HEAVY QUARKONIUM PRODUCTION

! 3 ’
vl V(3P — -2
(OF (*So))+ m§<08 (°Pg))=1.8x10"% GeV®  (6) FROM PARTON COLLISIONS

To obtain the cross section for the production of quarko-
lium bound states in a hadron-hadron collision, it suffices to
focus on the production cross section in parton collisions, as
the former can be obtained from the latter by folding the
parton distribution functions of the colliding hadrons. We
consider the collision of the partom with the partonb to

the fixed-target matrix elements are a factor 0f)dmaller produce the initiaQQ pair. The heavy quarkonium produc-

than the CDF matrix elements fafy(y'), as pointed out by tion amplltude_can.be obtained by pr_OJectlng out the state
Benekeet al. [6]. vector of theQQ pair onto the quarkonium bound state. We

We would like to formulate the color-octet model in a Shall show in detail how this is carried out to yield the
form which will allow us to answer these conceptual andduarkonium production cross section.
practical questions. We know that the final observed state The production of a heavy quark pair is a fast process. We
can be described nonperturbatively in terms of a potentiatan follow the time evolution of the state vector of Q&
model. Since the emission of the soft gluon takes place at pair. The state vector resulting from the collisioneohndb

long-time scale after the production of ti@Q pair, it is @t initial production timet; is
reasonable to describe the initial state which emits a soft Q0 00y
gluon also in terms of a potential model. The soft-gluon [ Pan(ti) =|Pap (1)) + | Pgp (L)) + - - -, ()
emission matrix element can then be evaluated with wave
functions of the initial and final states in this potential modelWhere
and the density of color-octet states. From these formula-

for ¢’ production. On the other handl,¢s and' production
cross sections at fixed-target energies give the matrix el
ments[6] listed in Egs(3) and(4). To check the universality
of matrix elements, we need a relation betwgé(1Sp))
and(OF (3Py)) for H={J/4,4'}. If we again use the veloc-
ity counting rule of[1] to set(OF(*Sy))=(Ok (3Py))/mZ,

d3Q

. . — - 1a(8) Qa dsQ 4
tions, we find that when a color-oct&Q pair in the *Sy™’ or |DZo(t))= (2)

3p(8) - o (2m)%2Eq (27)32Eg

Py state emits a very soft gluon to make a transition to the Q Q
bound H=3S{") state, the probability for th&/1 radiative @) AR

' X 8P —Py)M(ab , (8

transition *S{¥—3s{!) is much greater than that for thgl (Pi=P)M(ab=QQIQQ).  (®
transition, 3P®—3s), and the velocity counting rule NEre) &g

3
bresaks down. Wegsuggest that such a dominance of |<I>§§9(ti)>=f d S (2m)4
<(’)851(1So)> over(0831(3PJ))/m§ for soft gluon radiation (2m)"2Eq (2

may help resolve the above questions of quarkonium polar- X SA(P,— pf)M(abHQag”Qag)_ (9)
ization and matrix element universality.

This paper is organized as follows. In Sec. Il, we formu-Here,P; andP; are the initial and final four-momentum. The
late the model of quarkonium production in terms of thematrix elementsM can be obtained in perturbative QCD
short-distance Feynman amplitude and wave functions deteusing Feynman diagrams and renomalization procedures.
mined from potential models. An explicit expression is ob-  For a sufficiently large value df the initial state in Eq.
tained to relate the color-octet matrix element in the color{7) will evolve to become

7)32Eg (2m)°2E,
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s—2m2
ECHEDY f d¢¢x(2W)45(4)(Pi_Pf) €,= Q. (16)
X 2mp
X M(ab— .90 | $a1.%), (10 andm, is the reduced mass
wherex denotes the number of hard gluons, ail,, is the m,= mé/\/g_ 17
corresponding phase space volume element. For example, for
ab—y, dd, is Next, we consider the system with a mutual timelike vector
interactionV. The equation of motion can be obtained from
d3Pl,, Eqg. (15 by the canonical method of replacirg, with e,
q’w:m’ 1D —V(r). The Klein-Gordon equation for the two-particle sys-

tem under a mutual timelike vector interactivifr) is

and forab— g with the emission of a hard gluod® ,, is
Vo gluorPus {Lew— V(D) P— 2= M2} (n) =0. 18)
3 3

_ d°P,, d°g . (12) Similar two-body equations of constraint dynamics for more

(2m)32E, (2m)32E, complicated cases with spin and very general types of inter-
_ _ _ actions can be found in R€fL7]. Because of the large mass
The cross sectlpn for the production of the quarkonium statgy ihe heavy quark, it is convenient to use nonrelativitiQ
3.5 by the collision of partons andb is then wave functions and state vectors. The Klein-Gordon equa-
tion becomes the Schilinger equation

,q

1
do(ab— iy X) = E(ZW)45(4)(PF Ps)

N
[2m +V(r)—e]\1’(r):0, (29

X2 [M(@ab— gy 90Pd @y (13) _ .
X where e=€,—m,, is the nonrelativistic measure of energy,

_ ~andm,~Mq/2. The eigenvalue of the bound state is re-

where | =(pa-Py)°—mzmy. It is necessary to obtain |ated to the masses bys= e+2mg. The bound state wave

M(ab— ;. x) from M(ab—QQx) in order to calculate function can be written in the form

the production cross section. We shall show how this relation ~

can be obtained in the present model description. Wis(N=RyLs(r)VaLs(r). (20)
One can first separate out the center-of-mass motion and

the relative motion of theQa pair in terms of their total The wave function in momentum space is then
momentumP and their relative momenturg. The heavy _
quark momentum is the® = P/2+q, the antiquark momen- lﬂJLs(Q):j dr e 9"y |(1). (21)

tum is Q= P/2—q, and the state of the center-of-mass mo- ' . _
tion can be represented by the plane wave #@@ which  Heavy-quarkonium bound states have been obtained previ-

is equivalent to/gP). They are related by the ratio of their OUSly with many different forms of potential28].
normalization constants. In nonrelativistic kinematics with a center-of-mass mo-
tion, P=(Pg,,P), andg=(q,,9)~(0,0). One can perform a

We look first at the situation wheQ andQ are not inter- - ! Lo
X . . . decomposition of the relative wave function in terms of color
acting to introduce their interaction through a mutual poten- . .
and angular momentum states. The amplitudes iNBagan

tial V later on. Part of the phase space elemeift®, d*Q,in e decomposed as
Egs.(8) and(9) can be transformed into

d* o _ M(ab—QQ[QQ)= > M5 dalaP), (22
(2733 5(Q2_m‘23)(27$3 8(Q%=mg) AT
\ \ where M §, ((0x) is
_ P 8(P*—s) 79 g Fa (14) c ¢ ¢
(2m)® (2m)° 2 ) MG ax)=A5 «|dx) V5 ) (23

— ; [ ~
where s is the invariant mass of th@Q system. To study V.V'th yJ'-S(q) th_e_ angular mpmentum ?‘”d color wave func-
tion. For simplicity of notation, the azimuthal angular mo-

the dynamics of the relative momentum, it is best to refer to

the center-of-mass system whePe=(1s,0), q=(0g), and mentum componeri¥l and the color component of the color

the relative momenturg satisfies the following equation: multiplet in Y5, s will not be-written out explicitly. The
bound state/; s can be described as

€2 —f—m;=0, (15) "
| sP) = f W%LS(Q)MP)- (24

where
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In the lowest order of approximation without soft gluon Therefore, from the above result and the definition of
emission, the probability amplitude for the direct production M (ab— 3 x) as given by Eq(10), we get

of ¢; g is obtained by projectings;, s onto ®,,(t;). We use

the normalization for the center-of-mass motion

2
— (1)
<P/|P>:(27T)32EP6(PI_P) (25) M(ab—”zbJLSX) m¢l<lzbJLS(q)|M S(qx)> (30)
and the usual convention for nonrelativistic relative motion
where
(d'|ay=(2m)%8(q’' —q). (26)

é%f?é%&“éE‘Ss‘.’<'é‘3‘i°r%°<%>“;:b“‘) oo MBS (i almitio0) - [ ooy

(3D
d3Q
QQ 4

|Pap(t) = f (2 )32EQ (277)32EQ(2W) which involves only color-singlet components @b ,,(t;)).

Thus, if the bound state wave function is known, the above
overlap will give the matrix element and the color-singlet

4 (p. — ¢
X (P Pf)CESMJLS(q)qu% @7 contribution to the quarkonium production cross section in

|q—0

Eqg. (13).
&0 dg In many approximate calculations one expands
1B, )>=J A§P(|alx) in powers of the velocity = |g|/M, and retains
(2m)%2Eq (2m)%2Eqg (2m)32E, only the leading term
X (2m)*s (P =Py > M5 da0)|qP). qlt
AT a0~ A< |1 (32
(28) Mo
The scalar product dfis; sPx) with the above state vector, where
(3P| DIX(t))), can be evaluated by transforming to the
variablesP and q with Eq. (14). Using Eq.(24), we obtain )
L
o 2 A2 [dd cASs(alx) (33
(s PO (1)) = (2m)* 6 (Pap—Py)— d

JLS
d3

j 3¢JLs(UI)M (1)s(qx (29 Then the above projection in Eq80) and(31) gives thel th
(2)

derivative of the wave function at the origia9—21]:

L
(o) M §Ps(ax)) = AJLSX< GV yﬁLs>

(2L+1)11[d“Ry, «(T)
:-’Z.(]}_)S -t . (34)
|
MgdnL! |  drt o
|
The cross section can then be separated into a short-distanatere
part involving KS{)SX and the long-distance nonperturbative
part involving thelLth derivative of the bound state wave F(ab— 2s+1|_(1))
function at the origin. We can write the above results in the
notation of the color-octet model of E€L): 1 44
ZJH(ZW) NP —Py)
0 0(25+1LC—>I/I) 0
o= > F(atHZS”Lﬁ)< | =¥l 4 5|2 L1 A, 2
ab cJL,S M2t Jts
dq)lJ/X ’ (36)

(35) m,| & 4m2N(2L+1)!!
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and d*P , d*q [P
, RHS of(39)= 3 | 5 3d(PP=mi)5 30| —-
(0JOCS* 1L 9)[0)  2Ng (2L+1)!! [ d'Ry () Uy ™ m
Mg S 4r L Msdrt |’ X(2m) 8P ao— P)((h1sP ) gdl (—ig)
(37)

t
x| | 7-Ad3dt MB,(q)|gP). (40)
which agrees with Bodwiret al. [1]. ftif : rus(@1aP)

In addition to these color-singlet contributions, the color-
octet model further postulates a much slower process with one envisages that in order to emit a soft gluon, the state
the emission of a soft gluogs, different from the emission ¢ _, must have evolved for a long time and has characteris-
of the hard gluory in perturbative QCD already included in tics of nonperturbative states. It is therefore reasonable to
the second amplitudeP 3 of Eq. (7). One can describe postulate that the soft gluon is emitted by an intermediate
the emission of a soft gluon by studying further evolution of nonperturbative state;/;f,‘)L,S, best described nonperturba-
the statg|®,,(t;)) under the influence of the color field in tively in terms ofQ and Q interacting in a potential. It is

the form appropriate to expand the intermediate states in terms of
8 . . . .
|Dap(1))=U (1) Dop(t))) ‘pg’)L’S’ with an invariant mass;y, g using
t
~ 1—igj fj.A d3x dt)|c1> b)), (38 dn
( t o z de’L’S’—|¢’\(]§?_/s'><‘//5§|)_/s/|:1-
JL's derLrsr

where we shall focus attention on soft gluons only for the (47
gluon field A.

The probability amplitudeM (ab— i3 gs) for the pro- Heredn/dm;: ¢ is the density of these color-oct(ﬁg?)L,s,

gﬁgf; ?; the bound stat¢(JLS) accompanied by a soft states with a specific polarization and color-octet component
S

(27)*8(Pap— P y— pg) M(ab— ;. s) dn my? L'(L"+1)
- mJ/Lrsl_ZmQ_—z
mgR

:<('//JLSPwQ)gs|(Dab(t)> de/L/S/ (277)2
(42)
~(WasPy@l(—i0) [ T-A 0 dtl gyt -
whereR is the average radius of tH@-Q separation of the
(39 color-octet state which emits the soft gluon. It can be taken

where we have used the notatigp with the subscripsto ~ approximately as th&Q-Q separation of the final color-
denote a soft gluon emitted by a color-octet state. Using Eq$inglet quarkonium state. For the emission of a soft gluon
(8) and(14), the right-hand sidéRHS) of the above equation through the intermediate color-octet statf) ,, , the right-
becomes hand side of Eq(39) is

d*pP d‘q (P-q
439= 2 | o3P Mys) 5 ed| 5| (2m) 8(Pay—P)

dn
—

tf. .
X<(¢//JLSP¢/)95|(_i9)Lf J-A d3x dth?.)_/srP)de'L/s'd ¢g§?_/sr|M3§irsr(Q)|Q>-

er L's
(43

The integral ovelq can be carried out to give

J d4q§’5(m)<¢“> M3 (q)|q>:Lj @M (@ —— (2 (DM (@)
(277) 2 J'Lrs! JrL’s! My s (277) LS JL's My s LS JL’S x .

(44)

Thus, the amplitude involves a projection of the color-octet Feynman amplitude onto a color-octet nonperturbative amplitude,
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(d/ff)L,s,(q)lM(ff)L,s,(q)), similar to the projection of the color-singlet component onto a color-singlet amplitude as given in
Eqg. (30). One can thus similarly relate this projection to thth radial derivative of the spatial wave function, as was shown

in Eq. (34). One obtains

(8) ®)
<I,UJ,L,S,(Q)|MJ,L/S,(Q)> _(8)
’ J/L/S/
Mq

where

L L’
@, Mo
LS T

AS‘?’L,Smlql)l . (46

LI
diqf lol—0

(—)Y

(2L' + 1)1 dL’RJ,L,S,(r)] s
Mg 4mL! SIS
[
()=~ g3 L7 (V)= 7 (O (1)
# o VXL (e 0], (50

where uq~2 is the color-magnetic moment of the quark in

To evaluate the long-distance soft gluon radiation matrixunits of the color Bohr magneton. Therefore, from E@S)

element, we have

:W[Ckeuel(kr 0g) 4 & err @il Togh ]

(47

wherewy is the soft gluon energy* is the gluon polariza-
tion vector,c, and ck are the creation and annihilation op-

erator for the soft gluon. Therefore, we have

t;\ ~
(WasP)0sbgl (—i0) [ 1-A &% dtlyff g (@P)
=Vy g _as2m)38(P—P,—Py)

t
X j e*i(Ei*Ef*wg)tdt,
t

where

Vv =—j 4—775* i (rye k" dr
JL'S' -JLS g 2w # Jyrs—aLd )

(49

the timelike component ojf?i(r) =psi(r) is

2
Pfi(r):f dry dry lﬂ?(ﬁ:"z)gl O(r—rn)gi(ry,ra),
(49

whererq,r, refer to the coordinates of the heavy quark and
antiquark, andy; and ¢; are the initial and final wave func-

tions. The spacelike component is

and(43), we have

M(ab— ¢ ®) o, — y1.9s)
=) (DM (DIWVys s

\2EJ’L/S/ dn
X 2

: (51)
mJ,L,S, de’L’S’

whereE, g =+m5, ¢ + (at+b)2 From Eq.(13)
do(ab— ¢y <9s)

1

=0 2 [M@b—yfl o —uygoP(2m)*
xJ'L's
X 8P =P d® 4, (52)

where the phase space volume elenﬂ;hl;#gs includes both

the soft and the hard gluons. For this case when only a soft
gluon is emitted;:id)l,,gS is given by

d*P, d3g.
(2m)°2E,, (2m)°2E,_

) l//QS: (53)

We have then

do(ab— i;.<9s)
1

2
2 —) U5 s (| MG (@)

xJ'L'S (mJ’L’S’
2
1 dn
3 2

SARAY de'L’S’

X|Vyirsad?
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where|p,/| is the magnitude of the momentum f, s in the f(ab—J'L’S")

(8)

rest frame  of VL - One can expand ) 2
(w(s) (q)IM(B) (g)) out according to Eq(45) and ob- 1 ( 2 ) \/ (2L + DI 4,
JLrs s =— Aviie]
tain 4|J’|_’s’ My rg 477CJ/|_/5rL’! LS
(57)
do(ab— ¢y 0s) where Cj,| s = (number of polarization (N3—1) for the
1 2 \2 color-octet stat¢J’'L’'S'}. We observe the following differ-
S ( ) |ZS§)L,S,|2 ences. The color-octet model result of E§6) assumes that
Al yrs \myLy the soft photon does not carry energy, hence the cross section
) L 9 is a delta function of the total parton invariant mass, centered
><(2|- +)! || d- Ryrg(r) at the invariant mass of/; s. The soft gluon makes no
Al ML drt’ contribution to the phase space volume element and the ma-
Q r—0 trix element is parametrized as unknown constants. On the
2 other hand, when one takes into account the details of the
1 dn i : :
N T ( ) lp,/dQ,. ~ Emission process to obtain the results in Exp), the cross
8mj, g \dmy s section is a continuous function of the total parton invariant

We can then compare the above results with the expressio
in the color-octet model, which we write in the form

do(ab—

massmy s . The production ofy;, g occurs within the in-
(59  variant mass interval from the minimum,. . (min), at
which the color-octet state begins to exist, to the maximum
yalue mjy, s (Max)=my st+wy(cutoff), which corresponds
to the maximum gluon energy of the soft gluon process. One
envisages that gluons with energies, higher than
wg(cutoff) will be emitted at a shorter time scale and will be
W3L.9s) described by perturbative QCD and not by the soft gluon
emission process through an intermediary nonperturbative

fabod'L’S ) (2m) state. As the time to travel the length Bf2 of aJ/ corre-

41,5y sponds to an energy scale of/R, this wy(cutoff) energy
should be smaller for a final quarkonium state with a greater
. dp, (OFSI'L'S)) radius(such asy’). Furthermore, another difference is that
X 8(patpp— p*”)(zq-r)32E oL ) the cross section of Eq&52) and(55) in the present descrip-
v Ma tion is given in terms of transition matrix elements of non-

where

(56)  perturbative wave functions, and the phase-space volume el-
ement includes the effect of the additional soft gluon.
In an approximate comparison by integrating E(&5)
and(56) overmy, /g, We get the approximate equivalence

(0®(J'L'S' - ILY) fmyuy(max) \/CJ,L,S,(zL’H)n [dL’RJ,L,S,(r)] ?
~EJLs
r—0

7 My g T
M2 my s (min) 4Lt | Mdrt
v - LI (58)
X|Vyrsr—aLs > Pyldlly, .
87TmJ/L,S/ de’L’S’

We shall consider the soft gluon to have large waveFor electric transition of multipolarityt M, the multipole
lengths which are greater than the dimension of the radiatingransition moment is

system.

In this long wavelength approximation the matrix

elementV;; has been worked out in detdee Eqs(46.6 M (© = fdr (OrLY. o (F 60
and (46.7) of Ref.[22]]. The results for gluon radiation of Lm=9 pa(DrYim(r). 60

multipolarity LM are

For magnetic transition of multipolaritz M, the multipole
transition moment is

(L+1) w2L+l 1 A
: IME™I2 (59 MM =—"—| drrxju(r-VrtY (). (61

Viil?=4
Vi L [(2L+1)117]? L+1
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TABLE I. Charmonium states obtained with the screened potential@&3).

Calculated Experimental Calculated Experimental
Bound state Resonance enef@eV) energy(GeV) oot (keV) oot (keV)
1S 3.145 3.07 8.11 5.260.37
2S 3.560 3.66 2.57 2.140.21
3S 3.947 4.04
1P 3.476 3.52
2P 3.971
1D 3.801 3.77
. POTENTIAL MODEL FOR QAND Q INTERACTING found that including the dynamical quarks in the lattice
AT LARGE DISTANCES gauge theory leads to a potential which deviates from the

) ) . ) linear potential. The modified interaction can be described in
We wish to describe the nonperturbative interaction beyne form of a screened color-Yukawa potential. Because of
tweenQ andQ in terms ofi potential model. Such an inter- this screening due to dynamical quarks, a more reah;s{(@?
action is known forQ and Q in the color-singlet state. The potential becomef26,27]
interaction consists of an attractive short-range color-
Coulomb interaction and a long-range linear potential. @or

andQ in a color-octet state, the short-range color-Coulomb Vo(r)=C ase M 1-e™# o
interaction is repulsive. From lattice calculations for gluonic ¢ c oy el
excitation in the presence of a static quark-antiquark pair, the
spectrum appears to rise linearly with the relative separation
betweenQ and@, indicating an effective linear potential for where we have used the reference that the potential vanishes

color-octet state§l12]. We can write theQ-Q potential as &’ —%- _ _ .
812] QRRP Under the potentialV (r) given above, nonperturbative

as QQ statesyS, (r) can be obtained by solving the Schro
Ve(r)=Cc~+oer  (c=18), (62 dinger equation

whereC,= —4/3, Cg=1/6, a4 is the strong interaction cou- 1

pling constantg;~1 GeV/fm, butog is not known. |— M—V2+Vc(r)] U541 =€ 1), (64)
The confining potential given in Eq62) is a good de- Q

scription if the spontaneous production of light quark pairs is

not considered. However, when a quark and an antiquark _
Whereé—mJLS_ZMD .

pull far apart, the string joinin@ andQ breaks. Evidence of In our approximate treatment for charmonium, we con-

string breaking comes .ex+pe7rimen_tglly_in the production of &jger a single heavy object which can travel at all distances,
large number of pions ie”e" annihilation at high energies yith the provision that in going from small distances to large
[23,24]. Theoretically, the pair production will occur sponta- distances, the nature of this object changes from being a

neously through the Schwinger mechanism wkgis sepa-  charm quark at small distances to becoming an open charm
rated fromgat a distance such thator is greater than the D-meson at large distances. Thus, the mass of this heavy
mass of agq pair [25]. When the string breaks, the interac- object should also change from that of the charm quark mass
tion betweenQ and Q will be screened and will become a to aD-meson mass. We describe such a variation of the mass
weak color—van del Waal—type interaction, instead of the?y the effective mass

strong linear interaction. The asymptotic behavior of the

Q-Q potential is therefore drastically changed when the Moa—M

spontaneous production of light quark pairs is allowed. In- Mo(r)=Mp— ° ¢ ] ,

stead of the confining behavior as usually assumed, it is more 1+ exp{(r —rm)/am}
appropriate to describe the motion of QeandQ effectively

as having an asymptotically free motionrat-c0, on account where we shall use,,=0.8 fm anda,,=0.2 fm to describe

of the breakup of the string due to the spontaneous produGne change in nature of this heavy object at a distance of
tion of a light quark pairgq, leading to the production of a r.~0.8 fm.

(65)

Qg and aQq. - We use the potentigb3) and the effective mas®5) to

The influence of the dynamical light quarks on ®eQ  study the charmonium bound states and the resonances in the
potential has been investigated theoretically by Laermancontinuum. The latter are characterized by an asymptotic
and collaborator§26,27] using lattice gauge theory. It is phase shift of (2+1)#/2 wheren is an integer. A reason-
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able description of the bound states and resonances can be % T T T T
obtained(Table ) by using the parameters @f;=0.3, o4 \/\/\/\/
=1.7 GeV/fm,u=0.28 GeV, andM ;= 1.6 GeV. A potential .

q

L N
similar to Eq.(63) has been used successfully to study the Ty A 7
energy spectrum of charmonium staff28]. As in this earlier
work, we find that a large value of the parameter is

needed when the linear interaction is modified to take the
form of the screened potential of E@3). We shall use this

potential to generate th¥# ¢y and ¢’ wave functions for sub- \
sequent studies. !

The behavior of the color-octe@(Q)g states can be stud- _ .
ied by looking at the states in the potentiéB). The color- ) | qor diquark
octet potential is repulsive at short distances. For sufficiently
large values ofrg, there is a potential pocket at intermediate
distances. Depending on the mass of the quark and the string
tensionoyg, the pocket of the color-octet potential may hold a
bound state. The greater the rest mass of the quark, the
greater the chance of a color-octet bound state. In this re-
spect, there may be a greater chance of finding a color-octet  [q(qg or diquark)], [00],

bound state in &b system compared to @ system. o
If the linear potential parameters for color-octet statesis ~ F!G- 1. Schematic picture to show how a bound color-octet
greater than 0.31 GeV/fm, then the potential pocket will holdl QQls and its color-octet partndigqls (or [q(qg)]s) evolve into

a bound[c?]s state.(The state is bound in the sense that itsCOIOr'Slnglet objects.

mass is less thanNp, but it is unstable against the emis- . ) ) ) o

sion of a gluon. There is, however, little experimental infor- Other end. There will be chains of pions in the rapidity gap
mation on the color-octet states of eitheca or abEsys- between the produced quarkonium state and its complemen-
tem. Compared to color-octet states in the continuum, éary partner. Thus, the search and the measurement of the

bound color-octet state is distinguished by its relatively(:ha:nt‘:’1 of )r:ia?rgns W:Q t?1 Ieaﬁlr:g ?ur?rtl?onlufn][hstate Tkaﬁirerh
longer lifetime, as the only decay mode is the emission o eal the existence a € characteristics ot the guarkoniu

soft gluons, and the emission rate is lower for the bound stat s a color-octet state. In the situation that the pocket is n_ot
because the energy difference between the initial and th eep ehough 1o hold a bOU(Q)d color-octet stafce, then the in-
final state is less for a bound color-octet state. A long-lived€mediate color-octet staig;,| g, , through which the soft
color-octet quarkonium will travel a large distance before itsgluon is emitted, can only be in the continuum.
color is neutralized.

It is of interest to examine the signature of a long-lived
bound color octet state. Its only decay channel is the emis-
sion of a gluon to come down to color-singlétQ bound For an intermediate color-octet state in the continuum, the

states. The emitted gluon will be converted to a lightpair. ~ Cr0SS section for the emission of soft gluons depends on its
- — . N wave function in two ways. First, it is needed to give the
If the initial color-octetcc pair has a high kinetic energy

relative to its complementary color-octet partri@hich is overlap between the amplitude from perturbative QCD as
. — P y et p . given by Eq.(45). It is also needed to obtain the transition
either a[qqls or a[q(qq)]s), then theqq from the emitted  matrix element for soft gluon emissiofgiven in the next
gluon will form two chains of light mesongmostly pions  gection.

with the color-octet partner as shown in Fig. 1. To obtain the continuum wave function, we follow the

In the more general case when the color-octet is accomshase-angle method discussed in detail by Calogzgb We
panied by two color-octet partnefene from the projectile \\rite the wave function as

hadron and one from the target hadyotihe emitted gluon
from the [QQ]g color-octet needs to branch out int_o two Uy o)
gluons, which will be converted into two pairs of lighdq]g s =Ry NV &)= LyJLS(F) (66)
pairs to form four chains of produced light mesons. kr
To search for long-lived color-octet states, it is useful to
look at the kinematic regions where the produced heavind represent the wave function in terms of the amplitude
quarkonium is kinematically separated from the other debrigy, (r) and the phase shiff, (r)
of the collision, as in the case dfy or Y at large values of
Xg . The signature of a long-lived color-octet quarkonium

(201,

IV. CONTINUUM STATES

state may show up as a quarkonium at one end accompanied _ ay(r) L ™
by hadrons which arise from the breaking of strings joining UsLs(r) a,_(oo)DL(kr)S'r[ okn+ a1\ 757
this color-octet and its complementary color object at the (67)

114025-9



CHEUK-YIN WONG

with the boundary condition thaé, (r—0)=0. The func-
tions D(kr) and &(kr) are known function$29]:

Do(x)=1, Di(x)=(1+1/x*¥? (68)
and
So(X)=X;  8y(x)=x—tan ! x. (69)
The equation fos, (r) is [29]
d ( s ,
gron=- DE(kn){sin 5 (kr)+8,.(r)1}?,
(70)
where U(r)=Mqg(r)Vc(r)+[Mp—Mqg(r)le. After the

function &, (r) is evaluated, the amplitude can be obtained

from &, (r) by

a (r)= exp[%frdsU(s)f)f(ks)sin 25, (ks)+ 5L(s)]J .
0
(711)

The numerical integration of Eq70) gives the asymptotic

phase shift5() and the continuum wave function. The en-

ergies at which the asymptotic phase shiff§=~) are

PHYSICAL REVIEW D 60 114025

05 T T T T T T T
| Color-0 ®
| Color-Octet Potential V'"(r)
i
{ Color-Octet State \|I J’L’S’
i
0.0 [ o
) S -
o [¢)]
Color-Singlet Potential V""(r)
05 - ]
| 7 D
= Color-Singlet State ;¢
N
-1.0 - .
-15 | ]
_2.0 1 1 1 1 1 1 1
0.0 02 04 0.6 08 1.0 12 14

r (fm)

(2Xinteger-1)m/2 are the locations of the resonances as |G, 2. Schematic picture of the color-singlet potenti&(r),

shown in Table I.

color-octet potentiaM®)(r), the initial color-octet state/fgsf)us,,

FOI‘ the wave funCtIOﬂ and |tS del’lvatlves at the O“g'n |t |Sand the f|na| Color S|ng|et stam‘(]:t)s in a soft g|u0n em|ss|0n pro_
useful to express the effect of the potential in terms ofkhe cess.
factor, the analogue of the Gamow factor for the Coulomb

interaction[30]. The wave functiodEqg. (67)] near the vicin-
ity of the origin is given by

r
RyLs(r)= UJLS( (( )) L(kr)
aL(r) (kr)L \/?
T a(e) 2L+ V2L (72
Therefore, for the factor in E¢55), we have
\/m 1 d"Ry 1)
47l Mg drt .
_a(n) K \/ L!
“al(=) Mg VLD RLF L) (79

Compared to the case of no interaction for whiefr) =1,
the probability is modified by a factor, th¢ factor,

a(

N a (=)

(74

In terms of theK factor, the square of theth derivative of
the wave function at the origin is

2

r—0

/2L+1)H 1 d- RJLs(r)
4L

k
Mq

L!
QL+ (2L+1)

=K~ (75

An example of theK factor is the Gamow factor arising from
the Coulomb interaction. OW factors obtained numerically
can be checked by noting that for the Coulomb interaction
with V(r)=—alr, theK factor can be obtained analytically
and shown to be

(L2+p)[(L=1)%+ 7] ..
[LI(2L+1)!1]?

(1+ 7%

Ki(n)=

2wy

= exp —2m 7}’ (76

where = alv.

V. MULTIPOLE TRANSITIONS

We can evaluate the square of the matrix elem¥pg?
for the emission of soft gluons based on the analogous mul-
tipole expansion for the emission of electromagnetic waves
[22,31.
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i . - . _ 2 _..—\2 3 5

. .We consider the production ({QQ pair by parton col N (8)—>3S(1))|2= 320°(mo— mg)wy K

lisions at an energy above theDD threshold. TheQQ can 1 3M2 (kK2+ k%)%
be in many different angular momentum states. After a non- Q (84)

perturbative time scale, tr(e6 pair will evolve into nonper-
turbative stateapﬁ?f_,s,. We consider the continuum color- The M1 transition rate is constant &s—0 because it in-

8 8 8 8 i i
ot states) s g (S0 )y CPE) VO e el orap oSS e e
which can decay down to the color-singlet”;, o5, q —
L=0, ; (8)
gluon of energywy from the continuum[QQ(°P;™),J,

(®s{!) state by the emission of a gluon of energy=e )
+B whereB is the binding energy ofS{?) (see Fig. 2 (For =S| state to the boundi=(°S;",S,) state through an

brevity of notation, the color state superscript in the waveE1(m=0) transition is[31]
function 5, 5 is often understoodl The square of the matrix

elements for the emission of a gluon of energy=e+B |VEL(EP®) 35D 2=
from the continuum color-oct@ Q(*S{®)) state to the bound

color-singletH =(*s{",s,=0) state through aM1 transi-  The electric dipole transition matrix element is
tion is given by[22,3]]

8
§) wgl Qid*. (89

3
8 =9\ = &*r PPz vy (3s
|VM1(1 (8)_>38g-1))|2:(5)w3|M10|2. (77) QlO g 47Ti=EQ,6 QQ J i H( 1)

o . . : :iﬁ i 3p(8) 3g(1) r\d 86
The magnetic dipole transition matrix elemeévit,, is i V| UCPy . nruCsy”,ndr. (86)

,_ 9 /3 3, T ,1a(8) 3a(l) As an illustration, we shall again evaluate this matrix ele-
MlO_ZMQ 47Ti=%5 d*r %6( S0 ) ioithn(CSiY), ment with a wave function for the noninteracting case where

(78 theu(°PP®r) is

where uq is the color-magnetic dipole moment ¢f and 35(8) sinkr 41
mo=—pmo~2. The oo wave function for the color-octet uCePy7.r)= ?—coskr V3 (87)
QQ(J'=0,L"=0,8'=0) pair in the continuum can be writ-
ten as The square of the matrix element f&1 gluon radiation
from 2P{® to 3s{V) is
norer u(lso(s)’r)
YoI'L'S)=—— — Vs (79) 8x 25607 , KK

|VE1(3P58)*>38&1))|2: (88)

27 “9K2+ k28"
The wave function for the boungl;, g state can be written as
The E1 transition rate vanishes &s-0. This arises because
u(3si,r) the transition matrix element involves the product of the
JLS:nyLS- (80) S-state wave function, which peaks at the origin, with the
continuumP-state wave function, which vanishes at the ori-
From Eqs.(77)—(80), the matrix elemenM, is given by gin. The product is zero in the long wavelengki<0) limit
and increases with increasing kinetic energy.
29 3 For the simple case when there is no interaction in the
M o= m\u—f u(*sy® ryuesiV,rydr.  (81)  color-octet state, the ratio of the squares of the matrix ele-
Q . ments for the production of the lowegt state are

We shall evaluate the above matrix element with wave func-
|VM1(1 (8)*>385_1))|2 B 9Mé wZ

tions obtained from the potential model. As an illustration of _ 9 89)
the order of magnitude, we can consider the simple case of [VELBPE 35y 2 16 eMqg’
u(*sy®,r) = sin(kr)\4m (82 With ug=2, we see that thi# 1/E1 ratio is large for soft
. gluons which carry energies slightly greater than the binding
and the lowest bounds; state wave function as energyB. The M1 transition arises from the spin transition
(38,01 current. In contrast, th# 1 transition arising from the spa-
u T : " . .
1 2 ie 83) tial transition currents would lead to &1/E1 ratio varying

r B asv2:4q2/Mé. In the present case, because of the angular
momentum and spin selection rules, there is only a contribu-
wherex= {MqB. Then the square of the matrix element for tion to theM 1 transition from the spin transition current, and
M1 gluon radiation from'S{®) to 3s{!) is the usual velocity counting rule based on the spatial transi-
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tion currents breaks dowi81]. The ratio of thgV;;|? for the 35 ' ' . .

production of they' state will be more complicated as the 30 (@ I .

' wave function contains one node and the radial matrix __ 2.5 | :

elements will involve cancellation of contributions of oppo- % 24 [ ]

site signs. }2 15 | IV Production 1
v L

2 1.0 - —— M1 Transition ]

VI. CONTRIBUTIONS FROM M1 AND E1 TRANSITIONS 05 [ —-— ElTramsion .- ]

TO J/4 AND ' PRODUCTION 00 mem T . ,

From Eq.(55), we note that the cross section for going
through different intermediate color-octet stafés’S’ de- 0041 )
pends mainly on the product

< 003 | -
-
L’ 2 ¢ 0.02 | -
c [+ 1 [d RJ,L,S,(r)l =
J'L's! , L’ L' 001 | |
47l Mg dr o
0.00 - — - )
5 dn 2 T T T T
X[V —ad (90) 150 i
de!LVSI Gf’\
> (0
. . . 100 i
We can consider the production of thas(3S,) state via an }’«
M1 transition from the intermediate color-octet state ',g
{J'L'S'}=1S,. There can also be dl transition fromthe ~ § 0T .

intermediate color-octet statg)’L’'S'}=3P,. To evaluate
1 111 1 1 1 0 | - 1

;{arloufstﬂuant;tles ||;1 tthet atboYFehequgu?hn, Wﬁ nteed a descrllp ) 72 Yy Y7 s T80

ion of the color-octet state. There is the short-range repul- Invariant mass of color—octet state (GeV)

sive interaction represented B¢= —1/6 in Eq.(63). If the

linear interaction between th@ and Q is strong enough, a FIG. 3.|Vj|% Fr, and @n/dm)? as a function of the invariant
bound color-octet state may be present in the pocket in thBassmy s of the intermediate color-octet state for the production
intermediate distance range to feed to the observed coloff /.

singlet state. The bound color-octet state will most likely bestate The cutoff of this soft gluon energy depends on the
anL’=0 state rather thah’ =1 state because the latter lies )

b hidh A bound col e 0 size of the bound state, as the time required for a gluon to
at_”a mt;c th Igt er e_tr_lergg/. th ouln co olr-?ct tt_ b S;:I;e travel the length of the radiu’/2 of aJ/ corresponds to an
Wi make the transition to the color-singiet state by energy of Z2/R~0.8 GeV. (Here, R is the separation be-
transition, and there will be n&1 transition in this case.

Due to a lack of knowledge for bound color-octet states a{wee_nQ andQ which is abou_t 0.5 fm fod/yr) Therefore the
present, we shall consider color-octet states to exist only iff'@XImum energy of an emitted soft gluon should be of the

the continuum and shall assume only the color-Yukawa inorder of 0.8 GeV. The extracted color-octet matrix element

teraction with no linear interaction. Using such a color-octetdepends_On this cutoft gluorr: enbergy.dWe find that advglue of
potential, we obtain the wave function in the continuum us-®g(Max)=0.7 GeV gives the best description and is ap-
ing methods outlined in Sec. IIl. THé factor can be evalu- Proximately consistent with this estimate o&/R from the
ated to give the square of tHe/'th derivative of the wave size consideration. For this maximum value of soft-gluon
function of the continuum color-octet state at the origiig. ~ €NETgy, the invariant mass of the color-octezt state is 3.8 GeV.
(75)]. The wave functions in the initial color-octet state and _ ' Fig- 3 we showV;;|%, Fg, and dn/dm)* as a function

the final color-singlet state can be used to evaluate the matri@f the invariant mase,, s of the intermediate color-octet
elements oM 1 andE1 operators. We then obtain the vari- State for the production of thd/y state. Corresponding

Fr= drt’

' 2
dL RJVL’S’(r)‘|
r—0

ous quantities in Eq90). For the purposes of displaying the duantities for the production af’ are shown in Fig. 4.
results, we introduce the produé, defined as _ For the productlor! of/ ¢ with anM 1 transition, the ini-
tial color-octet state is ah’ =0 state. The results of Fig. 3
QU +nn 1 indicate that the square of the matrix eI_emF,\n§|2 andFg
Cyrlrg / I are approximately constants as a function of the color-octet
A7L"! M(Lg invariant mass. The density of statds/dm;, g for L’
(91) =0 increases with the invariant mass of the color-octet state.
For theE1 transition leading to the production &, color-
There is a limit for the maximum energy of an emitted octet states making thEl transition areL’=1 states. The
soft gluon. One envisages that gluons with an energy highen|uantity|vij|2 increases monotonically from zero as the in-
than wg(cutoff) will be emitted at a shorter time scale and variant mass increases. The fadtgy for the E1 transition is
will be described by perturbative QCD and not by the softsmall because it is proportional t& [Fig. 3(b)]. Because of
gluon emission through an intermediary nonperturbativehe centrifugal barrier, the density of staths/dm;. s for
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/ N —=—EI Transition
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For the production of/’, the size estimate gives a maxi-

mum gluon energy of the order offi2(1 fm)~0.4 GeV

] which corresponds to a maximum invariant mass of about
4.1 GeV for the color-octet state. For the production/of

the radial wave function of the final state has a node and a
change of the sign of the wave function. As a result, the
] matrix elementV;; for the M1 transition involves a high
degree of cancellation and the magnitude of the matrix ele-

ment is small for theM 1 transition[Fig. 4(a)]. For theM 1

transition theFg factor is approximately a constant but
(dn/dmy./s)? increases monotonically withn;. /s (Fig.

4). For theE1 transition|V;; |2 depends on the invariant mass

1 of the color-octet state and is much larger than that for the
i M1 transition atm;y, ;g =3.85 GeV. On the other hand, the
Fr factor is proportional td(Z/Mé [Eq. (75)] for the E1
transition and is small in magnitud€ig. 4(b)]. The square

of the density of thed.’ =1 states, dn/dm)?, increases with

1000 -
800 -
600 -
400 -
200

(dnldm)’ (GeV™)

(¢

i the color-octet invariant mass after a threshold. The com-
bined result is a smalE1 transition probability for the pro-

duction of ' as shown in Table II. We obtai{’(’)g‘/"(lso»
=0.015 GeV for the M1 transition, and(O} (*Pg))/M3

=0.0001 GeV for the E1 transition. TheM1 transition
] probability is again much greater than tiel transition

0
3.70

FIG. 4. |V;;|? andFg as a function of the invariant mass g
of the intermediate color-octet state for the production of #he

State.

3.80 3.90 4.00
Invariant mass of color-octet state (GeV)

probability. The sun’(Oé”'(lso))nL3<O‘8”'(3P0)>/Mé agrees
approximately with the matrix element extracted in CDF
measurements].

It is easy to show that the probability for the transition
18, (3s{),s,) is the same foS,= —1, 0, and 1. There-
fore, an initial *S{) state will lead to an equal population of
the final magnetic substates " quarkonium and conse-

410

L'=1 is zero for color-octet states in the range of invariantquently gives an isotropic angular distribution of muons

mass up to 3.8 GeV under consideratjéig. 3(c)]. A higher
energy,L'(L"+1)/MgR?, is needed for theQ and Q to
overcome the centrifugal barrier to come to a distancR of
~0.5 fm for these angular momentubhi=1 states. As a
consequence, there is 16l transition from the color-octet
L’=1 state to thel/¢ state in the region of soft gluon emis-
sion. TheM 1 transition dominates over tHgl transition for

from the decay of the quarkonium.

In J/4 and ¢ production at fixed-target energies, the
fusion of two gluons is the dominant mechanism of direct
J/y and ' production and gives rise to the color-ocfegg)
and 3PSB) states. Thus, the direct production Bfy and ¢’
bound states by the emission of very soft gluons occurs
mainly through theM 1 *S{®—33{® transition, and the pro-

J/ 4 production. The color-octet matrix elements for variousduced 3S; bound state will be nearly unpolarized, with an

transitions are given in Table Il. We obta{i®3 /(>S{?))

approximately isotropic angular distribution for the decay

=0.076 GeV and 0 for(O3’(3s{®))), with the combina- muons. AssumingO3*(*P;))/M%=0 and including the

tion

(OFCESEY) +(3ME)(0FY(3SP))=0.076 GeV,

small contributions from the color-singlet mechanism gad

which can be compared with the value of 0.066 extractechnnihilation, Beneket al. [6] obtainA =0.15 for the muon
from the CDF measurements.

angular distribution #\ cog ¢ for ¢’ decay in the

TABLE II. Color-octet matrix elements from Eg@58).

Matrix element

Matrix elements
calculated with (G8)

Matrix elements from
CDF measurements

(03(*sy))

(OF(Pg))IME

(03(*S9)) +3(03(3Pg))IMB
(OF (*Sy))

(OF' (3Po))IM

(08 (1S0)) +3(04 (3Po))IMB

0.076 GeV
0
0.076 GeV
0.015 GeV
0.0001 GeV

0.015 GeV

0.066 GeV

0.018 GeV
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Gottfried-Jackson frame, which falls within the error of the distances to give illustrative results concerning the produc-
experimental value of\=0.02-0.14 for the ¢’ at \s  tion process.

=21.8 GeV[14]. The experimentak value for directd/y We found that the production cross section depends on
production is not yet available. The measured/alue for ~ three factors: the magnitude of thél andE1 matrix ele-
total J/¢ production is 0.028 0.004 atys=15.3 GeV[16] ments, the wave function or its derivatives at the origin, and
and is—0.02+0.06 for ys=21.8 GeV[15], which includes the density of the color-octet states in the soft-gluon emitting
direct and indirectd/y production from’the decay of region. It turns out that fod/ ¢ production, the magnitude of

states. The theoretical calculation)ofor the totald/ ¢ yield the M1 matrix elements is relatively constant for the range

s still | lete b f the difficulty of th | ¢ tof soft-gluon emissions, while the magnitude ©f transi-
IS still Incompete because ot the diflicully ot the Color-0Ctel oy matrix elements increases monotonically from zero as
model to produce the observgd/y, ratio [6].

3 ) ) the energy of the soft gluon increases. THik transition is,
We now return to the question of the universality of the

: o ae 1 35 /3 2 however, highly inhibited because within the range of low
matrix elements. Wit O g>("S))> (O57("Py))/mg, the  gnergy soft-gluongup to wy~0.8 GeV, the density of the
discrepancy between the matrix elements in the CDF meggjtia| color-octetL’ =1 states is zero as a higher energy is

surement and the fixed-target measurements is reduced t0,@eded to overcome the centrifugal barrier. As a conse-
factor of 2 forJ/y and 4 fory" [6]. The discrepancy can be g,ence, thevi1 transition dominates over tHeL transition.
further reduced when one takes into account the physical gor ' production, the transition matrix element for the
masses and allows for the finite energy carried by the soff; 1 (ransition is small because of the cancellation involving
gluon, as suggested by Benedeal. [6]. a final state whose wave function changes sign in different
regions ofr. However,kleé is small and limits the contri-
bution of theE1 transition. TheM 1 transition is again the

For the color-octet model to be a valid description, wedominant mode of transition. _ ,
need to understand the soft gluon emission process. As the It is clear from the above discussions that the dominance
soft gluon emission occurs at a late stage of the productioff the M1 over theE1 transition arises mainly from the
process, the final state can be described in terms of an inte"fzn't'”g factor of the density oP-wave color-octet states and

acting Q-Q potential. We use a potential model to describek /M. Thus, the dominance o1 soft gluon emission

the initial and final states in the soft gluon emission processc.’ver theE1 transition is a rather general property which is

In our discussions of the long-distance behavior of thenot_affected by a moderate variation of the strength of the

Q-Q potential, it is necessary to take into account the effectRQ potent|al._ On thg _other hand, th? magnitude of kh
of the spontaneous production of light quarks as the h€vy 0SS section is sensitive to the maximum soft gluon energy

and 6 pull apart. Accordingly, the potential at large dis- antlj theQ'? lnteractrﬁn. h . , h
tances is screened due to the breaking of the string. A poten- I” conc US'%n'l while 1 ?rﬁ are quesbtlons clon((:jekr)nlng tfel
tial which has such a property was used successfully to dec00r-octet model, some of these may be resolved by carefu

scribe the color-singlet charmonium bound states an(Eefinements of the details of the model. In particular, the
[ESONANCES. dominance of thevi1 transition *S{®)—3S{") over theE1

transition *P{®)—3S{}) can explain the isotropic muon angu-
lar distribution and reduce the discrepancies of the matrix
ements between the CDF and the fixed-target measure-
ents. There may be the universality of the color-octet ma-
Itrix elements when one takes into account the physical
Hoasses and the finite energies of the soft gluon.

VIl. CONCLUSIONS AND DISCUSSIONS

Not much is known about the potential betwe@rand Q
in a color-octet state except that it is repulsive at short dis |
tances. The combined potential may have a pocket deeg
enough to hold a bound state. A bound color-octet state is
relatively long-lived object having interesting experimenta
signatures such as the occurrence of chains of pions in t
rapidity gap between the produced quarkonium state and its
complementary partner as the octet is pulling apart from its
complementary color partner. The author would like to thank Drs. G. T. Bodwin, M.

Due to a lack of knowledge of color-octet bound states aBeneke, and H. Crater for helpful discussions. This research
present, we consider color-octet states in the continuum. Favas supported by the Division of Nuclear Physics, U.S. DOE
our studies, we assume a weak color-octet interaction whichnder Contract No. DE-AC05-960R21400 managed by
contains only the repulsive color-Yukawa interaction at short_ockheed Martin Energy Research Corp.
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