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Abstract We study J/1 inclusive production in the decays of P-wave bottomonium x15(1P,2P) for J=0,1,2.
Within the framework of the non-relativistic QCD (NRQCD) factorization method we calculate the contri-
butions coming from four relevant processes including one color-singlet process and three color-octet ones,
which are bb(®Pj,1) — cc(51,8) + c+¢, bb(®51,8) — cc(®S1,1) + g+g, bb(351,8) — c&(®*S1,1) +c+¢ and
bb(®51,8) — c&(®*S1,8)+g. Our calculation shows that the color-octet processes, especially the gluon fragmen-

tation one, contribute the most in the decays of xpo and xn1. However, the J/{ production in the b2 decay is

dominated by the color-singlet process. Furthermore, the gluon fragmentation process gives a § function in the

energy fraction distribution of J/1, which can be considered to be another characteristic for its identification.

From our estimation the branching ratio for these processes is about 107% —107°, which indicates that J Ja)

inclusive production is detectable at B-factories. Studying these processes would help us to gain a deeper

understanding of the color-octet mechanism.
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1 Introduction

Heavy quarkonium, constituted by heavy quark
and anti-quark pair, plays an important role in the
study of high energy physics. On the one hand, a
large amount of such QQ states could be produced at
various colliders, such as e*e™, ep, pp or the forth-
coming large hadron collider (LHC). This large num-
ber of heavy quarkonium states make the accurate
study on this system possible. On the other hand, the
large scale of the heavy quark mass allows people to
investigate some of its properties within perturbative
QCD. The early work on the production and decay
of heavy quarkonium has been done within the color-
singlet model (CSM) [1]. In the 1980s, Barbieri, et
al. calculated the QCD corrections to P-wave heavy
quarkonia decays [2] and found infrared singularities,
which were expressed in terms of a logarithmic de-
pendence on the binding energy. In the calculation of
the relativistic corrections to S-wave heavy quarko-
nium decay, the singularity also appears [3]. To cure
these infrared divergence problems, Bodwin, Braaten
and Lepage [4] proposed that these infrared diver-
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gences could be absorbed into the color-octet matrix
elements, which describe the transition of a color-
octet heavy quark pair into the physical state. They
then put forward the non-relativistic QCD (NRQCD)
effective theory [5], which has been verified to be
equal to the full QCD theory at one-loop level, to
describe the heavy quarkonium system. By introduc-
ing the color-octet mechanism (COM), the NRQCD
has made much impressive progress, such as solving
the infrared divergence problems in P-wave quarko-
nia decay calculations [4], reconciling the discrepan-
cies between the experimental data and theoretical
predictions on the 1’ surplus problem at Tevatron
[6, 7], J/1 photoproduction at LEP [8], and so on.
More references and detailed descriptions of NRQCD
progress can be found in Ref. [9].

Recently many works on the next-to-leading-order
(NLO) QCD correction in the production of heavy
quarkonium have been done. The NLO results on
the inclusive J/1{ production at B-factories in ete”
annihilation indicate that the cross sections can be
described within the CSM [10]. This may give us a
hint that some of the long-distance matrix elements
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(LDMESs) in NRQCD are smaller than expected. The
NLO calculations of J/1{ production at Tevatron
show that the NLO results in the CSM are not large
enough to explain the experimental data [11]. More-
over, neither the NLO results in the CSM nor those
including the contributions from NLO results in the
COM can properly describe the J/1 transverse mo-
mentum (p;) distribution and polarization at Teva-
tron [12, 13] simultaneously. The NLO result on the
production of J/1p at HERA in the CSM cannot give
a good description not only on the p, distribution but
also on the polarization [14].

The inclusive production of charmed hadrons and
charmonium in the decays of bottomonium states is
also an interesting topic and has been widely studied.
In Ref. [15] the authors considered the production of
charm quark and J/1 in the decay of T within the
color-evaporation model. The charm hadron produc-
tion in the decays of S and P-wave bottomonium is
systemically investigated in 1979 [16] and the 1, pro-
duction in the radiative decay of T has been studied
by Guberina [17]. Since the NRQCD factorization
approach came out, the production of charmonium,
especially the J/1 state, in bottomonium decay has
been studied by many authors using this method [18].
The inclusive and exclusive production of charmo-
nium and charmed hadrons in the decay of 1n;, was
proposed to hunt and study the ground bottomonium
state in Refs. [19-21]. The exclusive double charmo-
nia production in the decays of T, n, and P-wave
bottomonium X,y was studied in Refs. [22, 23]. Re-
cently calculations of c¢ production in bottomonium
decays have been performed at leading order [24, 25]
and next-to-leading order [26].

At B-factories more than 10% data of Y(2S) and
T(3S5) have been accumulated [27]. Because of the
large branch ratio of 1(25,35) — xu3(1P,2P)+Y, the
B-factories can provide many x; decay data. More-
over, the dilepton signal makes J/1{ a good candidate
to be studied. So in this work, we will investigate
the J /1 inclusive production in Xy; decays within the
NRQCD framework. The rest of this paper is orga-
nized as follows. In Section 2, we briefly describe the
factorization formula for x,; — J/{ + X within the
NRQCD formalism and covariant projection method
used to calculated the short distance part of the pro-
cesses under consideration. The analytical and nu-
merical results of the color-singlet and the color-octet
processes will be given in Section 3. Finally, we draw
our conclusion and give some discussions about our
results.

2 Basic formulae

According to NRQCD the physical heavy quarko-
nium states Xy and J/1 have the following expan-
sions into Fock states [5]:

[xvs) = O(1)[bb[* Py, 1]) +O(vy ) [bb[*S1,8]g) + ...,

(1a)
[J/b) = O(1)]ec[*Sy,1]) +O(ve)|ce[* Py, 8], 8) +

O(v?)|ce[*S1,8],88) +..., (1b)

where v, and v, are the average relative velocities of
the bb and c€ in x; and J /1 respectively. So the in-
clusive decay rate of x,; — J/{+X can be factorized
into the product of short-distance-coefficients (SDCs)
and the LDMEs given by

Al [xpy — J/b+X] = dl, (bb[m] — ce[n] +

X) (Xb3|O(m)[x1) (O* (n)), (2)

where dI,,(bb[m] — c€n] + X), the short dis-
tance part of the corresponding subprocess, could
be calculated perturbatively, and (x,;]O(m)|xs) and
(0% (n)) the LDMEs could be determined phe-
nomenologically or by lattice simulation. m and n
in the above expression indicate the quantum states.
In the practical calculation the summation is trun-
cated according to the required theoretical accuracy.
The velocity scaling rule of the corresponding LDMEs
tells us that the color-octet contributions are of the
same order in the v, expansion as the color-singlet
ones in the initial state x,; case. That is to say we
should consider both the bb[*Py,1] and bb[>S;,8] in
leading order of vy,. As for the J/\, there is only
the color-singlet process at leading order in v.. How-
ever, Xy can annihilate into two gluons, one of which
can fragment into a color-octet cc pair which will
then evolve into a J/1 by emitting soft gluons. Al-
though the color-octet LDME has a v? suppression
compared with the color-singlet one, this color-octet
process can happen at the order of a® and has only
two final states, both of which may provide enhance-
ment effects. So in our calculation, we just consider
the color-singlet sub-process

bb[*Py, 1] — ce[*S;,1] +c+¢, (3)
and three color-octet sub-processes

bb[*Py,1] — cc[*Sy,8] + g, (4a)

bb[*S,,8] — cc[*Sy,1] +g+g, (4b)

bb[*S;,8] — cc[>S;,1] +c+c. (4c)
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Using the standard spinor project method, the Feynman amplitude for bb[m] — c¢[n]+ X can be expressed

as

M(bb[** 'Ly, 1(8))(p1) — ce[** 7' Ly, 1(8)](p2) + X(ps)) =

DTN DD s1is2 | S8 )un(LLo5SS. | T )i (30335 | 1(8))ns X

s1,82 L>,S2 4,5 s3,84 Lz,Sz kil

<83;S4 | SSz>cE<LLz;SSz | JJz>cE<3kvgl | l(§)>06 X

M(bi(pbv Sl)Ej (pl—av 82) - Ck(pcv SS)El(pév 84) +X(p3))

(L=25),

Efx(Lz)M“(bi(pb, 51)Bj(P57 52) - Ck(pc; 53)61 (pa, 54) +X(p3)) (L = P)7

where (3i;35 | 1) = d,;/v/Ne, (36;35 | 8) = v2T?,
(s1582 | SS.) and (LL,;SS, | JJ.) are the SU(3)-
color, SU(2)-spin and angular momentum Clebsch-
Gordan (C-G) coefficients. p, = p1/2 + qn, P =
P1/2 = qv, Pe = p2/2+4qc and po = p2/2 —qe. 2qp
and 2¢. are the relative momenta of bb and c¢, which
will be zero in the non-relativistic limit, and M* is
the derivative of the amplitude with respect to ¢;.

For the spin triplet states S = 1, the projection
operator of the Dirac spinor can be written in the
form of a product of y matrices as [28]:

;(81;82 | 1S.)u(py,51)0(ps,52) = W};mb) X
ﬂnb+2Eb -
(Z”’b‘i‘mb)T 7(S.) (5 — ), (6a)
_ - -1
S§<53;54 | 1SZ>U(pc,83)U(p5,S4) - 2\/§(Ec+mc) X
]/1+2E
where
Ey,= pib‘]/2 ~my
and

E.= 1)3/11,/22171c

at leading order in vy, and v, respectively.
For the S-wave spin-triplet state with momentum
pi, (L=0,5S=1), the sum over its spins is
piy.piu

M (pi) =D en(S)e(S:) = =g+ )

S. 1

where p;-€ =0. For the spin-triplet P-wave state with
momentum p; we introduce €5 (.J.) to describe the
L-S coupling which is defined as

Z e (L,)e

L.S.

p(S)(AL1S.|T Ty =€xp (o), (8)

and the sums over their all possible polarization states

for J=0,1,2 are

5 () ()= gl (P (), (90
JZE;’E (J.)ebipi(J2) = %(Hml(pi)ﬂam (pi) —
Maga (9 s () (9b)
D) g0 () = Mo () () +
s (20 ()~ 3 e () s (). (90)

The three body decay processes bb[>L ;,1(8)](po) —
p1+ P2+ ps can be described in terms of the energy
fraction x; in the rest frame of the bb

2 *Mi
T, = p02p, in: . (10)

The three body phase space d®; is then given by

d*pi
dd; = .
o= 1 (2m)32F;

i=1,2,3

(2m)*6" (pn, —p1 —P2—ps) =

H (imb dz;6(2 Z:z: (11)

i=1,2,3
The variable z3 can be integrated out by applying

the delta function and then the phase space becomes

max max

12
B, — 4ﬂ f f (12)

For the J/{+ccC production process the integral limits

are ™" =2p prex =1,

1 1— —2r)(2
A S (I—21)(z _ r)(2r+m,)
2 1+7r2—x,
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and 3 Analytical and numerical results
w1 (1=22)(@s = 2r)(2r + )
Ty = 3 -+ 1+r2—x, ) 3.1 Color-Singlet part
where r = mc/my. For the J/\ 4+ g+ g process As we have mentioned above, at the leading order
gmin = 9p pmax =142, in oy, v, and vy, the color-singlet subprocess that con-
tributes to the J/1 inclusive production in x,; decay
min 1 2 2 . .
T2 =5 (2—z1—Vai—4r?) is Eq. (3). The two Feynman diagrams for these pro-
and cesses are shown in Fig. 1. Using the formulae given
1 s in the above section, the matrix elements for these
max — 2 _ 2 _ 4 2 . )
T2 2( Tt Vi —dr?) | processes are

Jhy AYS
Yo v % Lo y

Fig. 1. The Feynman diagrams for the color-singlet process Xy — ¢€[>S1,1]+c+c.

32010, C210

B Imitme(xz, —2) (2 — 1)? (21 + 22 —

MG seel” = N (w2 = 1) (927 + (22 — 125)a7 +

(600 — 76x5)x% +4(1023 — 622 4+ 1132, — 285)2? +48(24 — 323 + 322 — 1525 +20) 21 +
16(z5 — 525+ 1023 — 1022 42325 — 19))mt +m? (=225 + (82, +25)x +

8(9z; — 3225 — 1)z} +8(1625 — 8825 + 18875 —57) 27 +

32(2z5 — 2123 + 6622 — 9525 + 33)z, — 16(1325 — 5223 + 11422 — 1242, +40))m; —

3mi(2? +4(zy — 3)zy +4(2] — 225+ 4))?), (13)

640/ Cx C272

_ _2 5 1 _ 4
ngmc(arl—2)4(a:2—1)2(171+z2—1)2 (( .T1+( 7 8$2)I1+

M3 el =

(—8x2 48875 —92)x? +4(2223 — 7225 +51)22 +16(225 — 1322 + 23w, — 12)z, +

16(zo —1)% (22 =225 +4))m2 +mia? (xos — 1) (923 + (132, — 29) 23 +

8(wy —2)wy +4(xh — 325+ 515 — 3))), (14)
640 CyCam?

Xb2 |2 _ _ —1)(9z2 —17)z?
| J/lb+oc| 45mé1mc(:c1—2)4(x2—1)2(x1+z2—1)2 ((xQ )( $1+($2 )1’1+

8(16x5 +3)zS +8(5xhy +21x; — 565+ 6) T +48(x5 — x5 — 925 + 1335 — 2)z, +
16(z5 — by + a5+ 1725 — 1625+ 2))my + m? (—225 4+ (8o + 1) +

4(1822 — 4975 + 22) 2% + 4(32x5 — 14923 + 26225, — 126)27 + 16(4as —

3625 +9922 — 1182, +51) 1, — 32(5% — 2023 + 3622 — 322, +14))m; —
3mi(x] +4(2x0 — 3) 2} +8(3x3 — 8w+ 7)) 4 16(225 — Tas + 8w, — 6)x; +

16(z5 — 423 + 6235 — 45 +4))), (15)
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where C'y=3, Cr=4/3.

To obtain the numerical results, we take m, =
4.65 GeV, m.=1.5 GeV and «,(my,)=0.22. The val-
ues of the wave function at the origin for J/1{ and the
first derivative of the wave function for x,; are chosen
as |R*(0)[> = 0.81 GeV3, |[RPSV(0)[? = 1.417 GeV?,
which are calculated with Buchmiiller-Tye poten-
tial [29]. The LDMEs are expressed as:

6N R (0)[*

J/¥ (3 _ c
(01 (5)) = 2
6N R, (0)°

i (16)

(Xbs (nP)|O1(*Py)Xps(nP)) =

In Fig. 2 we show the scaled energy distribu-
tions of J/1 in the color-singlet decay channels for
Xb3(1P,2P). It can be seen that the decays of Xuo
and xp; give a relatively flat scaled energy distribu-
tion for J/1p, and that of x1,2 shows a maximum value
at x; =~ 0.93. The decay widths of the color-singlet

channel for x,,;(1P,2P) are presented in Table 1. The
width of xpe(1P,2P) is larger than that of the others,
which is consistent with the result shown in Fig. 2.

Table 1. The decay width for the J/{ inclusive
production from Eq. (3). (unit: keV).

J=0 J=1 J=2
xb3(1P)  6.33 x10~2 2.30 x1073 1.18 x10~!
xb3(2P)  7.39 x10~2 2.68 x1073 1.37 x1071!

3.2 Color-Octet parts

For the J/1 inclusive production in X;; decays
through the color-octet mechanism, there are three
processes shown in Eq. (4), which have 2, 6 and 5
Feynman diagrams respectively. We plot the typical
ones in Fig. 3. Using the method that is presented
above, we can easily obtain the |M|? for the processes
as follows

5+ (2) 2
4l |
£
> 3| L
2
St -
[
2
1 L L
0
0.6 0.7 0.8 0.9 1.0 0.6
X X
Fig. 2. The J/\ scaled energy distribution for the processes (a) xbi(1P) — J/Pp+cg; (b) xbi(2P) — J/p+cc.

The solid, dotted and dashed lines correspond to the results of x1o, Xb1 and xp2 respectively. The result of

Xb1 (dotted line) is multiplied by a scale factor of 10.

o[ ]
_ | I
» v bb'S,. 8] |
00000
(2) (b)
AYS
bb[>S;, 8 | _ N 1/
i bbS;, 81 | Y

(1)
Fig. 3.

(c2)

The typical Feynman diagrams for the color-octet processes: (a) for xpy — cc[>S1,8] +g; (b) for

bb[351,8) — J/¥+g+g; (c1) and (c2) for bb[3S:,8] — J /P +c+c.
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4OZ3CACF7T2 2
M 2= £ m2—3m?)”, 17
| CC[3S1»§]+g| gmgmg (mi _mg)2 ( c b) ( )
M, ol = ot AT (e 9
cc[3S1,8]+¢g gmbmc (m% _mbmz)2 b c/»
8aiCACrrt?
X 2 _ s YAVFE 4 2,2 4
IMEEs, s4el = 5mem? (m? —m2)? (6my, +3memy, +my), (19)
8al (C% —4)Cprt®
M5 preel” = 55 ; ST S (22— 1) (23—
Imime (21 —2)* (2 = 1)mg +m2)*(mZ —mi (v1+ 22— 1))
325+ xo+ 25 (g + 1) + 22, (23 — 2 — 1) + 1)m3 +2m2 (2] +2(xy — 3) 25 +
(312 — 1235 +16)2? + (225 — 1225 + 2225 — 17) 2, + x5 — 43 + 1022 —
12254 6)m? +m? (=423 + (21 — 62522 + (=623 + 2625 — 46) 7, + 14(22 —
225 +2))my +2ml (23 + (vo — 5)zy + 25 — 225 +8)mi +md). (20)

set it as 1.06 x 1072 GeV? that is extracted from

the hadroproduction of J/1 [30]. The other one is
[24] we use the re-

The | M |? for bb[>S,,8] — J/P-+c+c is too tedious

to be presented here. Compared with the color-singlet
As in Ref.

processes, there are another two parameters needed
to calculate the numerical results. One of them is
the color-octet matrix element (O3/¥(3S;)) that de-

(Xbs|Os(*S1)Ixb3)-
lation ps =mg (Xns|Os(*S1)|X61)™ /(X1 Os (> Ps)IXbs)
and choose pg =0.1. So the decay widths can be ob-

scribes the transition from cc[?51,8] to a J/. We tained and are listed in Table 2.

The contributions to the J/{ + X production in the decay of Xps(1P,2P) from color-octet processes

Table 2.
are listed.(unit: keV)
Xbo (1P) Xb1(1P) Xb2(1P) Xbo (2P) Xb1(2P) Xb2(2P)
Eq. (4a) 1.66 x10~1 4.54x1073 4.99x 1072 1.93x 10t 5.29 x 1073 5.82x 1072
Eq. (4b) 1.32x 1073 1.54x 1073
Eq. (4c) 2.57x1073 3.00x 1073
14 - @] ke \\\ ()
- /
12 - POERN - / N
// \\ II \\
10 + / \\ - ] A
\
5 3 / AN | AN
iy B 1 A B ! \
<) | A | \
[ 1 AN ] \
o B ] \ B ] \\
a b . Lo i
| N i \
2 - \\\ roo AN
0 | l ! AN | | | s |
0.6 0.7 0.8 0.9 1.0 1.1 0.6 0.7 0.8 0.9 1.0 1.1
X1

Fig. 4. The J/1 scaled energy distribution for the processes bb[*Si,8] — J/\+gg (solid lines) and bb[* S, 8] —
J/ WP +ct (dashed lines). (a) The results on x1,3(1P) decay; (b) The results on xp3(2P) decay.
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In Fig. 4 the J/1{ scaled energy distributions for
Xbs(*S1,8) — J/P +cc and xpy(>S1,8) — I/ +gg
are shown. It can be seen that the energy of J/{
coming from xy,;(351,8) — J/U +c€ is mainly dis-
tributed over the middle of the region with a peak
at x; = 0.72. The scaled energy distribution of J/
from x,;(351,8) — J/ +gg is relatively flat almost
in the whole region and it does not go to zero at the
endpoint that is different from the other processes
with three final states. However, the decay widths
for these two color-octet processes are too small com-
pared with that of x,0 and Xy, except for the de-
cay of xp1. For the gluon fragmentation processes,
the momentum of J/1 is fixed as a ¢ function at
|p | = (beJ _MJ2/11>)/2MXbJ'

To obtain the branch ratio of these decay chan-
nels, the total width of x.,;(1P,2P) should be given.
Also from the NRQCD factorization formula, the
leading-order cross section for xy,; —light hadron(LH)
can be presented as

(Xbs|O1(®*Py) [Xbs)

4
my,

I'xw; — LH] = A;(A) +

<XbJ|Os(351)|XbJ>A

2
my,

As(A) . (21)

The coefficients A; and As are calculated in |

Table 3.

Refs. [2, 5, 31] as
3Cr 4Cr

AO = NC o, A2 = 5—]\%7'[0[57 As = —nﬂrag,
Cra? [ (587 317
Al(/l) = ]F\‘] S {(ﬁ - 2—887'[2) CA+
16 4 A

where N, = 3, ny = 4, and A = m,. Because
Xbs(1P,2P) has a large branching ratio for the tran-
sition into the lower bottomonium states, we use the

following expression to estimate their total width

I'(xps — LH)

1 — Brsgansition
The branching ratios are taken from PDGO08 [32].
Here we list the total width for x,;(1P, 2P) in Ta-
ble 3.

The branching ratios for the color-singlet and
color-octet channels are also presented in Table 3.
From the results it can be seen that the contributions
from the color-octet channel are about 2—3 times that

Ftotal - (23)

of the color-singlet ones for J/1{ production in the
decays of xpo and Xp;. In the case of xy,» decay, the
color-singlet contribution is about 2 times that of the
color-octet one. Anyway, the branching ratios show
that the J/1 inclusive production is a detectable pro-
cess at B-factories.

The total decay width of xpy(1P, 2P) estimated by Eq. (21) and Eq. (23) and the branch ratios for

the color-singlet and color-octet processes.(unit of otar: keV)

Xbo(1P) Xp1(1P) Xb2(1P) Xbo(2P) Xb1(2P) xb2(2P)
Tiotal 250 130 163 290 144 198
Braingle 2.53x 1074 1.77x 1077 7.24%x 1074 2.55x10~* 1.86x 1072 6.92x 10~4
Broctet 6.80 x 104 6.42x 1075 3.30x 1074 6.81x 1074 6.83x 1075 3.17x 1074

4 Conclusion

In this work we have investigated the J/1 inclu-
sive production in the decays of xp;(1P,2P) within
the NRQCD factorization approach. It includes four
sub-processes. The decay widths, branching ratio and
scaled energy distribution of the J/1{ have been stud-
ied. The numerical results indicate that the color-
octet processes give an important contribution to
the decays of X0 and Xp1, especially the gluon frag-
mentation process. For the decays of ypo and Xp1,
the contribution coming from the gluon fragmenta-

| tion process is about 2 times that of the color-singlet

ones. But the contrary is true for the decay of the
Xb2- The color-octet process bb(3S;,8) — J/ +c+¢
mainly contributes to the decay of x,; and can al-
most be ignored in the decays of the X0 and Xy..
Furthermore, the scaled energy distributions for the
gluon fragmentation process give a ¢ function at
lp| = (M} —M3,,)/2M,, . Inview of the large decay
widths of this fragmentation process, the experimen-
tal measurements on the J/1 scaled energy distribu-
tion will help us to study the color-octet mechanism

in NRQCD.
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