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Inclusive J/ ¢ production in Y decay via color-octet mechanisms
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Calculations for inclusivey production in Y decay through the color-octet mechanisimb[3S,,1]
—cc[?*1L,,8]+g are presented. It is shown that theS¢a2v?) contributions compete with other color-
octet mechanisms considered in the literature. A critical numerical analysis of the color-octet contributions to
Y — ¢+ X shows that further work in this channel, both theoretical and experimental, is necessary in order to
clearly understand the significance of the color-octet component of dheomponent inside thes system.
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I. INTRODUCTION tions for other processes where they are involved. Using the
values for the NRQCD matrix elements as extracted from the
The unexpected large rates fe¢rand ' prompt produc- fits to charmonium hadroproducti¢6,17], predictions have
tion at the Fermilab Tevatrdri] gave rise to two interesting been made for color-octet signals in prompt quarkonium pro-
theoretical developments. On the one hand it was realizeduction ine*e™ colliders[7], Z, decays[8], photoproduc-
that, at high energies, the most important contributiong to tion at fixed target experimenf8], hadroproduction experi-
production come from processes with a fragmentation interments[10], andB-meson decaykl1].
pretation[2]. On the other hand it was necessary to develop Inclusive ¢ production inY decay is a very good place to
new ideas for heavy quarkonium summarized in an effectiveest the NRQCD ideakl2]. Unlike othery production pro-
theory called nonrelativistic QCINRQCD) [3]. This theory  cesses, the short-distance coefficients highly suppress color
describes the interactions of nonrelativistic quarks and isinglet contributions toY —¢+X. In fact, color-singlet
typically applied toQQ bound states such as upsilon#r contributions start at O(ag) through the bb[3S;,1]
The NRQCD Lagrangian is made precisely equivalent to full, c¢[3s,,1]+gg and bg[381,1]—>cﬂ381,1]+gggg
QCD through the addition of local interactions that systemmechanisms whereas color-octet contributions to the same
atically incorporate relativistic corrections through any 9iVeNprocess  start  at O(a’v?) through the bb[®S,,1]

. . . v
order in the heavy quark velocity. The theory has a simul- _ 35 g)+gg mechanism. Hence, the short distance fac-

taneiui_ hexpgnsi(;n s and 'r? t:\‘ﬁ? VeCI%CiEy of the heavyb tors of the color-octet contributions are enhanced by factors
quark. The size of a term in the NRQ agranglan can b 1/a§ as compared with the color-singlet ones. This en-

estimated using well defined velocity counting ruld$ h t i tblé . fthe |
Creation and annihilation of heavy quarkonium are natu- ancement €asily overcomes suppression ot the long

rally described within this theory which incorporates the fac—d'Staana fgctors. 4.4 .
torization ideas. In fact, these processes, which necessarily_!N Principle we aiso havé)(avy,) contributions from the
occur at very small distances1/mg (Mg denotes the heavy pb in a colo_r—octet configuration. However, such cont_nbu—
quark mass as compared with the size of the mesontions are naively suppressed hy,(v.)* as compared with
~1/mqu, are described by the short-distance coefficients encontributions from ac in a color-octet configuration. Actual
tering in the relativistic corrections to the leading ordercalculations reflect this naive counting suppres$ib2.
NRQCD Lagrangian. The evolution of the quark pair into  In Ref.[12] O(agvg) and leading electromagnetic contri-
physical quarkonium involves nonperturbative effects whichbutions toY — ¢+ X were calculated within NRQCD. The
are encoded within matrix elements of higher order operatormost important mechanism turned out to b#[3S;,1]
with a well defined hierarchy in the expansion. —cc[3S,,8]+gg, which gives a branching ratio
As a consequence of NRQCD, the possibility arises forB=2.5x10"* when the valuexi(2m.)=0.253 is used in
the formation of physical quarkonium through higher Fockthe numerical calculations as suggested by the fragmentation
states. In particular, we have the possibility for the formationlimit for the Y —+X decay width normalized to the
of physical quarkonium from @Q pair in a color-octet con- Y —ggg decay width. The next largest contribution is
figuration. This is the most attractive explanation to the surthe indirect production througly.; decay considered by
plus s and ¢’ production at the Tevatrofb]. Trottier [13]. When the values for matrix elements extracted
Unfortunately the NRQCD matrix elements can only befrom the Tevatron datg6] are used, this contribution gives
computed from lattice calculations which are still in their =;B(Y — x¢;+ X— ¢+ X)=5.7x10"°. There also exist a
infancy. The way people proceed is to fit these parameters tcomparable indirect contribution frog' having a branching
some experimental data and use their values to make predigatio =5x 10 ° [12]. Adding up all these and other even
smaller contributions 8=4x10* is obtained[12]. This
result is within 2r of the CLEO data:Bg,,=1.1-0.4
*Email address: mauro@yukawa.ucsd.edu x 10~ 2 [14] which suggest other contributions need to be
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computed in order to bring theoretical predictions closer to
experimental data.

Below | compute thed(aZvg) one-loop contributions to
inclusive ¢ production inY decay through the color-octet
mechanismé&b[3S,,1]—cc[>*1L,,8]+g. The importance
of these mechanisms can be easily understood from the cal-
culation for the electromagnetic contribution to the same
processeq12]. This is an O(a2,awe) contribution and
gives aB=1.6x10°. An O(ag’) contribution should give
roughly aB=10"* or even larger if we consider thefe?
=5x10"3 factor coming from the quark electromagnetic
couplings. The color-octet processes studied in this paper are
also interesting due to the distinctive signature thatitteas
a sharply peaked energy distribution described hyfanc-
tion with a peak at 5.2 GeV and is recoiled by a gluon jet.
The 6 function must be understood in the sense of NRQCD
calculations, i.e., as a narrow distribution whose width is of
ordermcvﬁ in the ¢ rest frame. When boosted to therest
frame the width decreases by a factaj,/my=0.3, there-
fore giving narrow distribution peaked at 5.2 GeV whose
width is =150 MeV.

Il. THE bb[3S,]—cc [2*1L,,8]+g MECHANISMS

The factorization formalism developed in RE3] can be
easily generalized to the case of inclusive charmonium pro-
duction from bottomonium decdst 3]. For the process under
consideration in this work we have the factorization formula

dI (Y= g+X)=>, dl'(m,n)(Y|O(m)|Y)}O¥%n)),
| &)

wheredI'(m,n) is the short-distance factor forkeb pair in
the statem to decay into &c in the staten plus anything. FIG. 1. One of the six diagrams for the short-distance processes
The subscriptm,n denote collectively the color and angular bb%S,,1]—cq >+ 1L, ,8] +g.

. 1= Js 9
momentum quantum numbers of the heavy quark pairs. Con-
tributions that are sensitive to the quarkonium scéBshr
radius or larger and to Agcp can be absorbed into the
NRQCD matrix element§Y |O(m)|Y), (O¥(n)). The rela-
tive importance of the various terms in the double factoriza- LI = €1 €2(Kq-Kgeg-Koe-ki+ko-kges-koe -k,
tion formula (1) depend on the order af in the NRQCD . . ) ) ) )
matrix elements and on the order @f in the short-distance Ti-kako-kae- €3) + e ea(ky-koer-kaer ks
factors. —K;-Kze1-Koen-Kg—Ky-Kzeyr-Ky€q-Ks)

The Feynman diagrams for th@(«2v*) contributions to
the inclusive ¢ production inY decay coming from the
color-octet mechanismbb[3S,,1]—cc[?5"1L,,8]+¢g are _
shown in Fig. 1. Calculations for these processes are vergere,e denotes théob[3S;] polarization vector and; (k;)
similar to the calculations for the radiative decays of quarko-stand for the polarization vectémomentum of g; .
nium QQ[3S;,1]—qq[ 2 1L, 1]+ y studied in Ref[15]. The amplitudes quoted in this paper are obtained by pro-

Using the standard techniques for heavy quarkonium caliecting the free quarks’ amplitudes over definite angular mo-
culations[6,16,21 the following amplitude is obtained for a mentum ¢*"*L;) and color(1,8) quantum numbers in the

bb pair annihilating into three off-shell gluons: usual way(6,16]. o N
The two gluon fusion into ac[“>"'L;,8] process are

M{bb[381]-01(2)g2(b)gs(c)} =Tapeh, (2  described by

where LI stand for the Lorentz invariant structure

+(€1,k1HE3,k3)+(62,k2<—>63,k3); (3)

whereT .= d,,J4VN, is the color factor ) dee \/5 1
M[g1(a)gz(b)—"Sp,8c]= 595N 7 kK,

A=i 3\F2 ! LI ’
=i —m :
9s N7 Mo Ki-(Ka+ka)ka- (k3+ky)ks- (kg k) Xe(eg, Ky €2,k), (4
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gabe 4 1 \2 where
M[gl(a)QZ(b)_)?)PJ!SC]: ( ) AJ!

2
[ g [R— S
2V2 S \/m—g kq ks - 5 2 <Og(3PJ)>
_ " lesyo¥l + )
D=35| 0:(So) JZO f 2J+1)mz |’ ©
where
Thef factors appearing in Eq9) are obtained by evaluating

1 " (9) — 2_ .
Ao:\[6[(kl'k2+4m§)(51'fzkl'kz_fl'szz'kl) H™ atr=(mc/m,)"=0.118:

_ ) 2_ 0)_ "1 (0
+ki€1'k2€2’k2+k§€1'k1€2‘k1_kikg€l’€2 fe=r(1-n|H¥n[*=5.79, f=2r(1-NH(r)
—€1-Ki€5-Koky - Ky, =6.54,

A1=mc[k§g(e*,el,ez,k2)+el~kls(e*,ez,kl,kz) f<1)=2r(1—r)l:|(l)(r)=7.32,

+{ky,€1}{ks, €5} ], F2) = op(1— r)l:|(2)(r) —g.34,

A= \/§m§[k1' k261M62V+ k2,LLle€1' €2~ kl,ﬁzvfl‘ K;

where
—ky €160 K ]EF MY,
wheree* (e*#") denote the polarization vectgtensoy for H(J)(f)=2i IHP(r)]2. (10
the outgoing spin-1(2) bound state and stands for the
Levi-Civita tensor. Using the heavy quark symmetry relati¢®y(>P,))=(2J

Using the helicity projector techniques described in Ref-+1)<0‘8”(3P0)>, Eq. (9) can be written in the compact form
[15], the helicity amplitudes can be readily calculated for the

different processes. A factor is inserted in the amplitudes ol(3p

for the full processes in order to avoid double counting of the B= E £S(0Y(1Sy)) + P M (12)
one-loop diagrams as the amplitudes in B3, (4), and(5) 32 8 m2 '

are symmetric in the two gluons involved in the loop. Per-

forming the loop integration and matching the theories by thevhere

procedure described in Rd6] (alternatively the cross sec-

tion for free quarks annihilation can be computed and 2 3

matched with the NRQCD results by expanding in the quarks fszZO fV=22.20.

relative momentum and identifying the different terms by a -

procedure described in Rgf21]) the following results are For numerical analysis purposes | list the decay width for
obtained for the short-distance coefficients: inclusive ¢ production inY decay through the main mecha-

nism studied in Ref{12]:

T{bb[3S;,1]—cc[ 'Sy, 81,9} =Fr(1—1)|H%1)|%, (6)

ol AT riy— —SS ,8 — X
I'{bb[3S;,1]—cc[®P;,8],g} (Y—cc[°S;,8]gg— ¢+ X)

577'6!‘51
" 4gemm; (Y|01(s)|Y)(Og(®s1))(0.57D.

J
2F N
_ _ )12
i om "1 N2, K0P, @ (12
where IIl. NUMERICAL ANALYSIS
5 5 aXY[0,(3S)[Y) 3 ) The decay width forY — ¢+ X in Egs. (8) and (12) de-
F — r=(mg/my)~.

T 32486 mZmg : pends on ag and the NRQCD matrix elements
. (Y[01(®s))|Y), (Og(®P0)), (O5(°Sy)), and(O5(*Sy)). In
The explicit formulae for the helicity functionsi” are particular it is very sensitive to the chosen values dqr,
rather lengthy and are deferred to the Appendix. (04(PPy)) and(0¥(3Sy)).

The decay width foX"— i+ X is obtained by adding up The values for the color-octet matrix elements have been
the short-distance coefficients listed above multiplied bymainly extracted from hadroproduction and photoproduction

(Y]0,(3S)|Y) and their respectivd 0%(**1L;)) long- data[6,11,17,18 these values being largely affected by

distance matrix elements: NLO and perhaps by higher-twist correctidds,19,2Q. For
it the color-octet matrix elementO4(3S;)) a fit to Collider
F(Y—cd =" L,,8]g— ¢+ X) Detector at Fermilab(CDF) data gives[6] (O4(°Sy))
505 €[0.0045,0.008Y Ge\2. The analysis of the same data in-
: ; X - :
= Y|0,(3S,)|Y)D, (8) cluding higher order QCD effects such as initial state radia-
Tan 32
486m:mj, < 1Sl tion of gluons by the interacting partof9] gives somewhat
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smaller values:(04(°S;)) €[0.0033,0.0045Ge\°. As to  numerical calculations. However, thisis very sensitive to
(04(3Py)) and(O¥('Sy)), different combinations of these the chosen value foss.

matrix elements have been extracted from different hadronic

processe$6,11,17-19 The values extracted for the same

combination entering in different processes differ roughly by IV. CONCLUSIONS

a factor of 2. In a recent analysj20] which summarizes Summarizing. i ; L
. ) g, inclusivey production inY decay through
fixed target hadroproduction dgth7], Tevatron dat46,19], the color-octet mechanismisb[3S,,1]—ca[ 2L, ,8]+g

and photoproduction dafd 8], the following range was ob- . _ - : i 5 4
tained for the combination of these matrix elements enterin%S corj3|d9red. A critical pumencal anaIyS|s of th@(exsvc
ontributions and other in the current literature is performed.

; ; ; ; L0l
in the inclusive ¢ production at Tevatron{Og(*So)) The total branching ratio foX — ¢+ X and the size of the

(3 2
+3(§(r??r(1 Pot)r?/rrnﬁ er][0.0i.,%.OQ':iGrle?f.+ ~ annihilation w calculated contributions strongly depend on the values cho-
e other handj production ine e annifation was -~ o forag and the color-octet matrix elements involved in
recently used to extract the same combination of matrix elet-he different mechanisms. Using(2m.) as suggested b
ments[22]. This process is not sensitive (@§(*Sy)) but is ) NGs( <Me 99 y

. . . 4
highly sensitive to(OY(3Py)). The values obtained for the fragmentation interpretation of th@(aw;) term [12]

2

(04(3Py)) are very stable under changes in the input valuegmi lthe central values(Og(*Pg))/m;=0.0074 Gf\%
for ag, charm quark mass, and the color-singlet matrix ele{O8("S0))=0.011 GeV as recently extracted frore”e
ment (O{’(381)> entering in the fit, thus allowing us to apn|hllat|on[22], t@f contr_|but|ons gon3|dereq in th_|s paper
strongly constrain the values for this matrix element:9ive @B=2.1x10"". Adding up this branching ratio with
<08¢(3P0)>/m§e[O.72,O.7@><1O’2 Ge\B. the_ contrlbutlon§4c_alculat_ed in Ref12] a total branc_hlng

In summary the only color-octet matrix element which ratio B=6.2x10""is obtame?gln good agreement with the
seems to be firmly established(i®%(3P,)) and Eqs(8) and CLEO dataBgy,=1.1-4X10 ang3 consistent with the
(12) should be analyzed as a function of the remaining colorARGUS upper boun®e,;<0.68< 10" [14]. _
octet matrix elements. In light of the available experimental information, the cal-

The values ag(2m)=0.253, (O¥(3S;))=0.014 GeV, culation; presented in this paper indicate _that_ color-octet
(Y]0;1(3S))|Y)=2.3 Ge\? were used if12] in the numeri- Mechanisms account for most of tkleproducuon inY dg—
cal evaluation of Eq(12). The value forY|0,(3S,)|Y) is  cay. However, further work, both theoretical and experimen-
extracted from theY leptonic width and is very similar to tal, is necessary in order to have a clear idea on the role of
potential model calculations, thus reflecting the suitability ofthe color-octet component of thee pair inside they system.
the nonrelativistic description for bottomonium system. The From the experimental point of view, it is necessary to
value for a is suggested by the fragmentation limit of Eq. remove the existing inconsistencies as the ARGUS Collabo-
(12 normalized tol' (Y —ggg) which gives three times the ration results are not confirmed by the CLEO Collaboration
fragmentation probability for a gluon fragmenting intaja  [14]. A measurement of the decay width and of the energy
Py [12,5]. However, fragmentation is not a good approxi- spectrum of they would be desirable as the latter can dis-
mation for the process under consideration and the valugriminate between the differegitproduction mechanisms. In
used for(0%(3S,)) seems to be too large in light of updated particular,'s produced through the color-octet mechanisms
data[6,17,20. considered in this paper have the distinctive signature that

A direct evaluation of Eq(12) was not performed in Ref. the /s are sharply peaked in energy and are recoiled by a
[12]. Instead, authors evaluated this equation normalized tgluon jet. This is in contrast with other mechanisms where a
I'(Y—ggg) and multiplied byB(Y —ggg) which was as-  spread distribution in energy is expected.
sumed to be=B(Y —light hadronsj=0.92. This procedure  From the theoretical point of view, the size of the calcu-
reduces the direct evaluation of E42) by a factor ofs's,  |ated contributions strongly depends on the assumed value
Wh('ﬁcg is compensated by the large value used fog,. , A numerical evaluation of Eq¢8) and (12) using
(0g(°Sy). A direct eva}/!usatlon of Eq(12) using as(2mc)  , (2m,) decreases the calculatBdoughly by a factor of .
;r;(;l Eg]e ;3222 ‘é?;‘;éc(ﬁif!n(gsrgg;g-ggi%ﬁe\z_ﬁiztg't%” Hence, a calculation of th@(a2vg) color-octet mechanisms

- 1 - - TS © bb[3S;,1]—cc*51L,,8]ggg and theO(af) color-singlet
duced by a factor= 5 if the central value quoted in R€f20] mechanisms bb[®S, ,1]—cc[*S;,1]gg and bb[®S; 1]

¥(3 ; : ; :
for (O5(*Sy)) s used in the numerical evaluations. —c[®S;,1]ggggis necessary in order draw definitive con-

i (3 2_
Ob’sl'”g ihoemvlaIGue\s?(Og( 20»1% f 0.0074 (je\?t. an_d clusions. The color singlet contributions have been “crudely
<+8(_ S°)>._. . eV as extracted fromj produc 10N I estimated” to give a branching ratio of a few10 4 [13].
e"e” annihilation[22] and a4(2m.)=0.253 the contribu-

tions calculated in this work gives a branching raio
=2.1x10 % The pseudoscalar proce¢6) accounts for
~25% of the contributions in Eq8), thus the branching
ratio is less sensitive t004(1Sy)) than to(O§(3Py)). Add- | wish to acknowledge the hospitality of the high energy
ing up the contributions from Eq$8) and (12) with other  physics theory group at the University of California, San
even smaller contributiongndirect psi production through Diego. This work was supported in part by Universidad de
Xcy and ', etc) calculated in Ref[12] a total branching Guanajuato, Mexico, in part by Conacyt-Mexico, under
ratio B=6.2x 10 * is obtained whemr(2m,) is used in the  Grant No. 933053 and Project No. 3979PE-9608.
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APPENDIX
~ 4 X - —X
Hs(r)=;[Di(Zx)—Di(O)—ﬁln(ZX) (2D|(x) 2D|(O)+ In2(1 X) i477x(2—x) In(1—x)|,
H(© r)—\ﬁ 23 102 a2 2 (%) - 3 % n2(1-x)
o (N=V3| 5z |10z +4—z7—In( ( X(2=%) (
8 1-x 8—6x+x2—6x3 4—5x+2x>
+ X_Z+ZM)"](2X)+_XWDI(O)_TDI(ZX)
2—2x—x> _ 1—x
—4m DI(X)+I67Tm|n(1—X) ,
ﬁ(l) o 4 1 . . . .
o (r)—? ;[D|(0)—D|(2x)]—6(1—x)[D|(x)—D|(2x)—In(2)In(1—x)]
2 2—8x+7x?
+;(1—x)(1—2x)|n(1—x)+WIn(2x) ,
1 _— v 2
ﬁ&l)(r)::%rx{%[Di(O)—Di(2x)]—x—2x[Di(x)—Di(2x)—|n(2)|n(1—x)]+ In(1—x)
+2(1+x)In(2x)|,
2V3 2 6—19x+18x? 110—-12x+5x> ,
H(z)(r)— [(6 5X)x+ 3 ————— (1=x)In(1-x)~ 3 ————— [Di(0)~Di(2x)]
2 6— 38+ 71— 37x° (1-x)? _ 1, : :
+§ 1= 2x In(2x) — 8—2ﬁ Di(2x)— 2D|(x)—§In (1-x)+Di(0)+im In(1—x)
4 6—6x—X° | 4 _ _
+3 (ln(2)—| E)—§(12—26x+13x2)[D|(x)—D|(2x)—ln(2)ln(1—x)] ,

2\/ X(1—X)

(2)(py—
H (r)y= 5 x

[— % (38— 9x)x— ; (4—13x+16x2—4x3)In(1—x) + 2 [Di(0)—Di(2x)]

(1—x)(2—2x+x?)

4
_ _ 2_ 3
(2= 10+ 16¢ = 4x)In(2X) +8 —— 75—

1-2x

( Di(2x) — 2Di(x) — % In?(1—x)+ Di(0)

In(2)—i T +4(8—12x+ 3x?)[ Di(x) — Di(2x) —In(2)In(1—x)]|,

2

_ 16 3—3x+x?
+im In(1—x) | — 3

16 416 6x2)In(1 256 2x2)[Di(0)—Di(2
€x+;( —6X+6x)In( _X)_ﬂ( —6x+2x°)[Di(0)—Di(2x)]

AR (1) vz 12X
2 X
2—4x+6x2—4x3+x*
x2(2—X)

4 6—6x+11x2
3T x

Di(2x) — 2Di(x) — % In?(1—x)+ Di(0)+i In(1—x)

(In(2)—i g) —16(1—x)[Di(x) — Di(2x) = In(2)In(1—x) ]+ 4(1—6x)In(2x) |,

wherex=1—r and Di denotes the Dilog function Bi{= [3[In(t)/(1—t)]dt.
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