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Crucial test for the color-octet production mechanism inZ° decays

Cong-Feng Qiao, Feng Yuan, and Kuang-Ta Chao
Department of Physics, Peking University, Beijing 100871, People’s Republic of China
and China Center of Advanced Science and Technology (World Laboratory), Beijing 100080, People’s Republic of China
(Received 9 September 1996

The direct production rates d¥-wave charmonia in the decays Bf are evaluated. The color-octet pro-
duction processe&’—°3D;(cc)qq are shown to have distinctively large branching ratios as compared with
other D-wave charmonium production mechanisms under a proper assumption. This may suggest a crucial
channel to test the color-octet mechanism as well as to obsen@-thave charmonium states & decays.

In addition, a signal for the’D; charmonium states with a large transverse momentum at the Fermilab
Tevatron should be observe$0556-282(197)02507-]

PACS numbds): 12.38.Bx, 13.38.Dg, 14.40.Gx

The systematic study of the heavy quark bound systems While the first charmonium statel/« was found over
has played a very important role in obtaining information nottwenty years agop-wave states, given the limited experi-
only on the properties of heavy quarks themselves but alsoental data, have received less attention. However, this situ-
on guantum chromodynami¢®CD). Recent progress in the ation may be changed in both experimental and theoretical
this area was stimulated by the experimental results of th#vestigations. Experimentally, there are hopes of observing
Collider Detector at FermilagCDF) Collaboration at the charmoniumD-wave states in addition to the 1 #(3770),
Tevatron. In the 1992—-1993 run, the CDF dta for the in a high-statistic exclusive charmonium production experi-
prompt production ofy and ¢’ at large transverse momen- ment[7] andbb D-wave states if¥ radiative decay$8].
tum were observed to be orders of magnitude stronger than Recently, there is some clue for tilewave 2"~ char-
the lowest order perturbative calculations based on the colofhonium state irE705 300 GeVa~- and proton-Li interac-
singlet model[2]. Furthermore, various partofgluon and tion experiment$9]. In this experiment there is an abnormal
quark fragmentation mechanisms have been suggested #@1€nomenon that in thd/yw" 7~ mass spectrum, two
resolve this surplus problem but the calculated rates are stif€@ks at//(3686) and at 3.836 Gegiven to be the 2~
too small[3]. These large discrepancies have called intc>{at® are observed and they have almost the same height.

guestion the simple color-singlet model description for?]bv'mljsw'.th'lsts'tuzt'?nH's d|ff|cu|_tt to eh>iptl)a|n b;las_eddup(_)tr;
qguarkonium and stimulates one to seek new productiort\ € color-singiet model. However, 1t might be explained wi

mechanisms as well as new paradigms for treating heav, he NRQCD analysis. In NRQCD the Fock state expansion

3 .
guark-antiquark bound systems that go beyond the color=" D, states is

singlet model.
To this end, a fa(_:torization formalism has_ recently been |3DJ)=O(1)|Q&3DJ ,:_]-)>+O(U)|Q&3PJ'18)9>
performed by Bodwin, Braaten, and Lepdd@ in the con- _
text of nonrelativistic quantum chromodynami®RQCD), +0(v?)|QQ(3S,,8 or 1)gg)+---. )
which provides a new framework to calculate the inclusive
production and decay rates of quarkonia. In this approach, ) ]
the calculations are organized in powerswfthe average !N the quark fragmentation fdb-wave charmonium produc-
velocity of the heavy quarkantiquark in the meson rest tion processes, all thezthree terms.ln EY. are of the same
frame, and inag, the strong-coupling constant. Qrder in bothag andv<. However, in the gluon fragmer]ta—
The breakdown of the color-singlet model stems from itstion processes, the-wave color-octet {S;,8) production is
overlook of the high Fock components contributions toQ(1/as) enhanced over the color-singlefy;,1) and
quarkonium production cross sections. The lowest ordef>S:,1) production in the short-distance perturbative sector
color-octet contribution in the gluon fragmenting #(y’)  because the color singlef;,1) and €S;,1) have to
has been considered by Braaten and Flenifiigo explain ~ couple to at least three gluons. TRewave color-octet pro-
the (y') surplus problem discovered by CDF. Taking C€SS is forbidd_en by charge conjugation invarance. By thi§
<O§(381)> and (Og/(381)> as input parameters, the CDF argument, it might be easy to understand the E705 experi-

surplus problems fo and ¢ can be explained as the con- mesrg)t data E.;'lS long as the nonpertu.rbative n?atrix ellement
tributions of color-octet terms due to gluon fragmentation. (O %(*S1)) is about the same order i as(Og (°Sy)) in
Even though the color-octet mechanism has gained sommagnitude, which may be true in the sense of NRQCD ve-
successes in describing the production and decays of healgcity expansion of fermion operators.
quark bound systemf4,6], it still has a long way to go Of course, at energies in fixed target experiments such as
before finally setting its position and role in heavy quarko-E705, the color-octet gluon fragmentation dominance may or
nium physics. Therefore, the most urgent task, among othersjay not be the case. Moreover, the strong signal of
is to confirm and identify the color-octet quarkonium signals.J/ ¢+ 7~ at 3.836 GeV observed by E705 is now ques-
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FIG. 1. One of the contributing Feynman diagrams of color-

octet mechanism iZ°— 3D ;qq processes.

tioned by other experimen{d0]. Nevertheless, if the E705

result is confirmedeven with a smaller rate, say, by a factor

of 3 for the signal at 3.836 GeYthe color-octet gluon frag-
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FIG. 2. One of the Feynman diagrams corresponding to quark
fragmentation processes #f decays.

((’)ZDJ(381)) is of the same order agOy¥(%s,)) or
((’)8‘”’(381)). In view of this, although we know that the

mentation will perhaps provide a quite unique explanatiorlNRQCD velocity scaling rules says nothing about how dif-
for the D-wave charmonium production. It does remind usferent matrix elements of operators that projected onto dif-
that in the NRQCD approach the production rates offerent physical states should be scaled, the assumption of
D-wave heavy quarkonium states can be as large as that oflation (4) may still be convincing to some extent. As an
S-wave states as long as the color-octet gluon productio@nsatz, in the following computation we tentatively take the
mechanism dominantes. This scenario can be tested in mamy|ation of Eq.(4), where the value 0((981//’(331» was de-

processes, for instance, in td8 decays.
Recently, a study showeflll] that the leading order
color-octet process ing, sayZ’— g, has a relatively small

branching ratio because of the large momentum transfer, an

this is also the case for tH2-wave charmonium production.
The dominant color-octet processes #t—3D;qq as well
as Z2°— yqq begin at ordera§ as shown in Fig. 1. Herq
representsl,d,s,c, or b quarks. From Ref{11] we readily
have

3
o — __a%(2m,) (O;7(°Sy))
I'(2-"Dyqa)=I'(Z—aqa)—%¢ 3

C

X15(1— &%) —2¢&Iné+| 2L,

i)
1+¢

—2Li2(1%§)—2|n(1+g)|ng

+3Iné+1Ing|(1+ £)?

)

in the limit my=0, where Li(x)=— [gdtin(1—t)/t is the

Spence function. The calculation with physical masses, sa

termined by fitting the CDF data for surplus production of
' at the Tevatrofl13]. From approximate heavy-quark spin
sglmmetry relations, we have

(OH(S0)~ HOH(S)) { O3S0y~ KOS
)

Summing over all the quark flavorgg€u,d,s,c,b) with
their physical masses, we obtain the decay widths

> I'(2°-°%D,qq)~0.7x 104 GeV,
q

> I'(2°-°%D,qq)~1.2x107* GeV,
q

% ['(Z°—%D4aqo)~1.7X107* GeV, (6)

>§md the fraction ratios

e.g.,m,=5 GeV, has also been performed by us, which does

not show much difference from the casem{=0.

From Eq.(2) (with slight modification due to nonzero
mg), we can get the branching ratios 8f—3D,qq. In the
numerical calculation, we takd 2,13

m.=1.5 GeV, MsD?ch, ag(2m;)=0.253 (3)
and assume

(OP(38)))~(04 (3S)))=4.6x1073Ge\2.  (4)

Here, because in NRQCKXD?DJ@DJ)) is of orderv’, the

3 . L .
same as{OSDJ(381)>, and in the nonrelativistic expansion of

the four-fermion production operator$OiDJ(3DJ)) is v*
suppressed relative (cd’)i’ "’(381)>, which is also the conclu-

I'z°-=3%D,q0)

_ — 4
T2 ag ~20¢10Y

F(Z°—>3D2q$
— g =3.4x107%
I'(z°—qq)

I'(z°-°%Dsqq)

_ —4
TZoqg 4810

)

The dominant color-singlet processes occur as shown in
Fig. 2 and Fig. 3. Corresponding to the quark fragmentation
in Fig. 2, the branching ratios of charmoniuf® ; produc-
tion in color-singlet processes are .30 ¢, 3.6x 10" °, and

1.7x10°° for J=1,2,3, respectively, which are obtained

sion of the potential model calculations, we may infer thatfrom the universal fragmentation calculatiofis4]. There
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FIG. 3. Diagrams for’D; production from gluon jet in color-
singlet mechanismga) virtual gluon production inZ® decays(b)
3D, production in gluon fragmentaion.
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I'(z2°-qag*;g*—°D;X

(£7~q90":0" > 7D, )=4.3><10*7,
[(Z°~qq)

I'(Z°-qog*;g* —°D,X

(2720407:9" > "DoX) _, 1 1g,
I(z°-qq)

I'(Z2°-qgg*;g* —°D3X

(£72099979" > D) _ ) o i05 1)

I‘(ZO—)qa

should also be color-octet processes through quark fragmen- Among the three triplet states &@-wave charmonium,
tation as in Fig. 2. However, indirect evidence indicates that D2 is the most promising candidate to discover first. Its
they are not donimant relative to the color-singlet processe@ass falls in the range of 3.84®.840 GeV in the potential
[14]. model calculatior{19], that is above thé D threshold but
The processes in Fig. 3 are more complicated. For in théelow theDD* threshold. However, the parity conservation
most important kinematic region the virtual gluon is nearlyforbids it decaying intdDD. lt, therefore, is a narrow reso-
on its mass shel®D; production in the gluon fragmentation nance. Its main decay modes are expected to be
color-singlet process may be separated t@be-qqg* with

g* —°D;gg. We can estimate the partial width following the *Dp—dlymm, *Dp,—°Pyy(3=1,2, °D,—3g.

way in Ref. [15], and the differencial decay rate of (12)

Z°—qqg* may then be obtained. With the definition We can estimate the hadronic transition rate of
D,—Jd/ymw w~ from the Mark Il data for

Y(3770)=Jd/ " =~ [20] and the QCD multipole expan-
sion theory [21,22. The Mark Il data give [20]
[(y(3770)—Jl " 7 )=(37+17+8) keV or (55+23

I'(g* —AX)=7u3P(g* —AX), 8

the calculation of decay distributioR(g* — 3D ;gg) for the
gluon of virtuality u is very complicated and lengthithe
detailed calculation will be given elsewhdr6]), and in the

+11) keV (see also, Ref[22]). Because th&s—D mixing
angle fory(3770) andy(3686) is expected to be smadlay,
—10°, see Ref.[23] for the reasoning the observed

nonrelativistic limit it is proportional to the second derivative ¢(3770)—J/¢x "« transition should dominantly come
of the radial wave function at the origin. As in the cases offrom the 8D, — /g transition, which is also compat-
P-wave charmonium productiog* — 3D ;gg processes also ible with the multipole expansion estimdt22]. Then using
have the infrared divergences involved, which are associateithe relation[21]
with the soft gluon in the final state. Strictly speaking, the _
divergences can be canceled in the framework of NRQCD, dT'(°D,—78,2m) =dT (°D1—7S,2m)
but here we Slmply deal with it fO||0Wing the way of Ref. and tak|ng the average value of the
[17] by imposing a lower cutoffA on the energy of the T'(y(3770)—J/¢yn" 7~) from the Mark Il data, we may
outgoing gluon in the quarkonium rest frame. As discusseghgye
in Ref.[17], the cutoffA can be set to ben, to avoid large
logarithms in the divergence terms.

The decay widths of° to color-singlet charmonium state
3D, by gluon fragmentation can be evaluated via

I'CD,—dym 7 )=T(PD;—dym* 7~ )~46 keV.
(13
For the E1 transition B,—3P;y(J=1,2), using the poten-
tial model with relativistic effects being considerg2#], we

I(2°~qdg*;g* —°D,99) find

M2 —
=J .. du?T(Z°—qqg* )P(g* —°Dygg), (9

Hmin

I'(®Dy— xc17) =250 keV,
I'(°Dy— xc27) =60 keV, (14)

where the mass ofD, is set to be 3.84 GeV. As for the
3D,—3g annihilation decay, an estimate givVi5]

I'(®D,—3g)=12 keV.
From Egs.(13), (14), and(15), we find
Lo *D2)~T (3D, — I ) +T (3D xc17)

where the cutoffA =m, is transformed into a lower limit on
2 _ 2
Mmin=12mg .

In the numerical calculation, taking.2,18 (15

ag(2m,)=0.253, m,=1.5 GeV,

+T(3D,— xe2y) + ' (3D,—39)~390 keV,

|IRL(0)[?=0.015 GeV, (16)

(10

and
and summing over all the flavoryq=u,d,s,c,b), we ob-
tain

B(3D,—dlymt 7w )~0.12. (17
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Considering all the uncertainties this estimate is expected torucial channel to test color-octet production mechanism at
hold within 50%. Compared (17) with B(y¢'—J/ LEP with the present luminosity.
ym"m)=0.324-0.026, the branching ratio of Finally, we would like to point out that if the assumption
3D,—J/ym* m is only smaller by a factor of 3, and there- of Eq. (4) has a large error foD-wave matrix elements,
fore the decay mode ofD,—J/y7" 7~ is observable, if more 10 times than it really is, the above conclusion may
the production rate ofD, is of the same order ag’. breakdown. However it definitely provides a possibility to
The other two states of the triplelD; and °Ds, are find the charmoniund-wave states and to confirm the color-
above the open channel thresholds and are not narrow, argtet production mechanism iZ° decays. At the Tevatron,
therefore are difficult to det_ect. It might be interesting_ to note,q in the case od/ and ¢’ production at large transverse
that the OPAL Collaboration at the CER&I"e™ collider momentum, thé’D , production will also be dominanted by

+- i 70
I[_ZEGIT 2‘23 %neargzs?edertr?sé/t(glewso rigegggrr:slgﬁov%efﬁgsbac he color-octet gluon fragmentation. Even with a suppression
’ ten times or more relative to the assumption of &q.for
ground around 3.77 GeV. Whether these events are associ: P &) the

ated with theD-wave 1"~ charmonium staté/(3770) might Charmonium D-wave 'color—gctet matrix elements, .
S : D-wave states, especially the 2, are still observable with
remain interesting.

In conclusion, based upon the assumption of @g.from the present luminosity and the different production mecha-

; . . nisms can be distinguished from by measureing the energy
the calculations and discussions above one can clearly seg . .. . ; -

) ) : istribution of the produced bound state. This will also
that the branching ratios of gluon fragmenting to color-octet

3D, states are two to three orders larger than the domina rgsent as a_crucia'l test of the color-octet mechanism._De-

colér-singlet processes. This large divergences are mucrzﬂcl lled gnaly5|s as mvolv_ed W'th the gluon fragmentation
ST T e EOe . . - color-singlet processes will be given elsewhere.

helpful in distinguishing the two production mechanisms in

experiment. On the other hand, from Edg) the production This work was supported in part by the National Natural

rates ofy’ and 3D,(cc) in the color-octet mechanism are of Science Foundation of China, the State Education Commis-

the same amount of magnitudeithin an error abouv?), sion of China, and the State Commission of Science and

the 2~ charmonium production iZ° decay may provide a Technology of China.

[1] CDF collaboration, F. Abeet al, Phys. Rev. Lett69, 3704
(1992; 71, 2537(1993.

[12] E. Braaten, K. Cheung, and T. C. Yuan, Phys. Rev4®
R5049(1993.

[2] For a recent review, see G. A. Schuler, Report No. CERN-TH[13] P. Cho and K. Leibovich, Phys. Rev. BB, 150 (1996; 53,

7170/94(unpublishegl

[3] E. Braatenet al,, Phys. Lett. B333 548 (1994; M. Cacciari
and M. Greco, Phys. Rev. Left3, 1586(1994; D. P. Roy and
K. Sridhar, Phys. Lett. BB39, 141(1994).

[4] G. T. Bodwin, E. Braaten, and G. P. Lepage, Phys. Re§1D
1125(1995.

[5] E. Braaten and S. Fleming, Phys. Rev. L&#, 3327(1995.

6203(1996.
[14] K. Cheung and T. C. Yuan, Phys. Rev.93, 3591(1996.

[15] K. Hagiwara, A. D. Martin, and W. J. Stirling, Phys. Lett. B

267, 527(199)).
[16] C. F. Qiao, F. Yuan, and K. T. Ch&to be published
[17] E. Braaten and T. C. Yuan, Phys. Rev5D, 3176(1994.

(6] E. Braaten, S. Fleming, and T. C. Yuan, Report No. hep-phf18] E. J. Eichten and C. Quigg, Phys. Rev.5R 1726(1995.

9602374(unpublishegl

[7] See, e.g., E. Menichetti, iRroceedings of the First Workshop

on Antimatter Physics at Low EnergBatavia, lllinois, 1986,
edited by B. E. Bonner and L. S. Pinskifermilab, Batavia,
lllinois, 1986, p. 95.

[8] J. L. Rosner, inParticles and Fields 3Proceedings of the
Banff Summer Institut¢ CAP) 1988, Banff, Alberta, 1988, ed-
ited by A. N. Kamal and F. C. Khann@Vorld Scientific, Sin-
gapore, 198p p. 395.

[9] L. Antoniazziet al, Phys. Rev. D60, 4258(1994).

[10] E672 and E706 Collaborations, A. Gribusleinal, Phys. Rev.
D 53, 4723(1996.

[11] K. Cheung, W.-Y. Keung, and T. C. Yuan, Phys. Rev. Lé#.
877(1996.

[19] W. Kwong, J. Rosner, and C. Quiga, Annu. Rev. Nucl. Part.
Phys.37, 343(1987; S. Godfrey and N. Isgur, Phys. Rev. D

32, 189(1985.

[20] Y. N. Zhu, Ph.D. thesis, Caltech, 1988.

[21] T. M. Yan, Phys. Rev. 22, 1652 (1980.

[22] Y. P. Kuang and T. M. Yan, Phys. Rev. 41, 155(1990.

[23] Y. B. Ding, D. H. Qing, and K. T. Chao, Phys. Rev. 44,
3562(199)).

[24] K. T. Chao, Y. B. Ding, and D. H. Qing, Phys. Lett. 1,
282(1993.

[25] L. Bergstron and P. Ernstim, Phys. Lett. B267, 111(1991).

[26] OPAL Collaboration, G. Alexandest al, Z. Phys. C70, 197
(1996.





