PHYSICAL REVIEW D 67, 094001 (2003

Meson B, annihilation to leptons and inclusive light hadrons
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The annihilation of theB, meson to leptons and inclusive light hadrons is analyzed in the framework of
nonrelativistic QCD(NRQCD) factorization. We find that the decay mode, which escapes from the helicity
suppression, contributes a sizable fraction width. The branching ratio due to the contributions from the color-
singlet component of th&, meson can be of the order of 19 The contributions from the color-octet
components are estimated. With the consideration of the NRQCD velocity scaling rule, we find that the
color-octet contributions are sizable too, especially in a certain phase space of the annihilation. They are greater
than(or comparable tpthose from the color-singlet component. A few observables on the spectrum of charged
leptons €, «) relevant to the contributions are suggested that may be used as measurements of the evidence of
the color-octet components in futuB, experiments. A kind of typical “long-distance contributions” in the
annihilation is also estimated.
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[. INTRODUCTION branching ratio may make it possible to be measured at the
LHC.

The discovery of th&. meson by the Collider Detector at In this paper, we analyze new annihilation decay modes,
Fermilab (CDF) Collaboration[1] is one of the important i.e., the “semi-inclusive” decayB.—|" v+ light hadrons,
discoveries in heavy quark physics, and the Collaboration’slthough the authors of Rdf13] have considered the exclu-
results are consistent with theoretical predictib2s7] con-  sive decay precisely with two pions. Here light hadrons are
cerning theoretical uncertainties and experimental errorgproduced from the emitted soft or/and hard gluons, i.e., we
More B, events in the new runs of the Fermilab Tevatronare interested not in any specific light hadi®rbut in sum
than those of the discovery and much more events by severall of them. The annihilation modes escape from the effects
orders at the CERN Large Hadron CollidgrHC) are ex-  of helicity suppression due to additional gluons being emit-
pected[2]. Therefore, a thorough experimental study of theted in the final state. Since the annihilation involves a pair
B. meson and more precise comparisons with theoreticadteavy quarks, we assume that it can be analyzed in the
predictions on its properties, especially, its various decayramework of the factorization of the effective theory, non-
modes, will be available in the foreseeable future. relativisitic QCD (NRQCD) [14]. According to this frame-

One of the most interesting decays is the pure leptoniavork, the decay width can be factored into a sum of products
decay, because the decay amplitude is proportional to thef short-distance coefficients and NRQCD long-distance ma-
decay constanfg_and the Cabibbo-Kobayashi-Maskawa trix elements. The short-distance coefficients can be calcu-
(CKM) matrix elementV.,. In principle, it can be used to lable perturbatively in a power series af at the energy
measurefg_ if we know the value ofV,, or vice versa. scale of the heavy quark mass. We may determine them by

However, the pure leptonic decay modes suffer from helicitymatching the results obtained by full QQBalculated at the
suppression with small leptonic mass in the decay modeghreshold and those by NRQCD. Generally, the long-
The suppression is not severe for Bg— 7v, decay mode distance matrix elements can be estimated roughly by means
only, where it is difficult to be detected because its resultanef the velocity power counting rule of NRQCD. For conve-
state contains at last two neutrinos. nience, throughout the paper we will call the contributions

There is no helicity suppression if more particles are in-that may be taken into account by NRQCD factorization as
cluded in the decay modes. Such an example is the radiativshort-distance” contributions.

leptonic decayB.—yl " », which has been analyzed in  NRQCD considers a physical quarkoniuBy, or B, state
Refs.[8-12]. Their results show that the decay branchingas an expansion of different Fock states, so the annihilation
ratios are of the order of 10 for | =(u,e), which is much  may occur via different Fock states. According to NRQCD,
larger than that of the pure leptonic decay of éx@ode and  the annihilation modeB.— | * v+ light hadrons can be car-
comparable to that of the« mode. The relatively larger fied out via the leading-order Fock statégsE(lSo)},

|cbg(®S;)g), and|cbg(*P;)g) and higher-order Fock states

. . ] . as well. With a naive order estimate, the annihilation modes
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+g and (CH)S(lpl)_’I+VI+ga etc., via higher-order Fock the system and~O(as) is the relative velocity between the
states but states an order lower in QCD because of the corieavy quark and the antiquark. NRQCD now is established
pensation in order for the Fock states and QCD couplingsdy integrating out the energy scale effects at heavy quark
Therefore, for the deca.—|" v +light hadrons we need Massu. In the effective theory NRQCD, the heavy quark
to consider several short-distance processes. Potentially tf#@d antiquark are described by nonrelativistic —two-
annihilation modes can be used to probe the contribution§omponent fields. A physical state of tBg meson can be
from the components of the different higher-order Fockdecomposed into a sum of a set of Fock states:

states, and this is why we investigate annihilation modes

guantitatively in this paper in the framework of NRQCD _ NP NP
factorization. Namely, we estimate the decay rate accord- [Be)=0(v7)|eby(*So)) +Ou ) cbe(*P1)g)
ingly by taking the potential model value for the color- +O(Ul)|038(381)g>+_._'

singlet matrix element that relates to the wave functider

rivative of the wave functionat the origin directly and by
means of the consideration of velocity scaling rule of
NRQCD for the color-octet matrix elements.

According to the velocity scaling rule. 4], the probability of
each Fock state in the above expansion scales as a definite

In the conventional potential model, heavy quarkona andOWer ofv. Namely, the leading Fock state of tBe meson

(ch),(cb) systems are just bound states of the heavy quark |C_b1(180)>' whose probability is of ordeD(v°). The next
and antiquark in a color singl§15]. Thus when the annihi- leading Fock states argcbg(*P1)g) and |cbg(®S;)g),
lation of theB, meson is estimated by means of the potentialhose probability is of orderO(v?), etc. As notation
model, only the factor of the long-distance matrix elementghroughout this paper, we denote the color of tl®)(pair

for the color-singlet component in NRQCD factorization for- with a subscript (1 for color singlet and 8 for color ogfet
mulas can be determined, i.e., only color-singlet matrix elewith the spin angular momentum quantum number being set
ments in NRQCD may be related to the wave functions ofin parentheses.

the potential model. The color-singlet and short-distance Becausec and b are heavy quarks, the annihilation of
contributions may be estimated by means of matching théhese quarks occurs at a short distance in the sense of the
calculations for the coefficients and by means of the potentigherturbative QCDIPQCD). The size of theB, meson is of
model for the long-distance matrix elements. the orderO(1/(v 1)), whereu=mym./(m,+m,) is the re-

[ In Ref. [g]t, ts_ome tyE'Cﬁl Iogg-dlstance contnb?ﬁons tduced mass of tthuark, which is distinctly separated from
bW$ usefquo a |cin.mta)1r S dertet ecauget we rgga;n ;amgon the annihilation. Thus NRQCD factorization formulas can
utions from certain bound states as intermediate (S} also be used to analyze decays of Byemeson. Hence we

the decay to the leptonic radiative decays have been takenadopt the formalism of NRQCD for the calculations in this

'r?éoliaicl;guir;]t’ c%?g ;erissl:)lf V\S/irtlr?vzhg]i[hzlrjt?gisiggg:abtcj:ttl)?wiﬁbﬁt aper. According to NRQCD factorization formulas, the de-
g'9 P gay width can be factored into

tions. In fact, in the annihilation modes discussed here, ther
are also similar “long-distance contributions.” Therefore in
this paper we also estimate the “long-distance contribu- 1 -
tions.” = m En: Cn<BC|On|BC>= (]

The paper is organized as follows. In Sec. Il, we briefly
outline the formulas for annihilation modes within the . -
NRQCD framework first, then in Sec. Il A we present the where Cﬂ(n:l’z’ ---) are theshort-distance coefiicients
method for calculating the short-distance coefficient forand(Bc/On|Bc)(n=1,2,...) areNRQCD *long-distance”
color-singlet one, which relates to the processb)q matrix eI'ements. The short distance coefficients, being ex-
—1"v,gg. In Sec. Il B we calculate the short-distance Coef_panded In powers _O&S’ can b_e calculated by PQCD. In
- . — + contrast, the long-distance matrix elements are the “average
ficients for color-octet ones, which relate toh)g— 1™ v,g of

higher-order Fock state&olor-octet ones In Sec. lll, we valtues gf thle opetrztatotlﬁn n:1h2I t - (local, g(’;\]l_Jghe .'mﬁ]‘r"
estimate typical “long-distance contributions” of the color- ant, and relevant to the annihilation mogeshich in the

singlet leptonic decays by using the so-called generalize&'RQCD framework consist of nonrelativistic four-quark op-

instantaneous approximatig8,4]. In Sec. IV, we present the €'ators, and measure the inclusive probability of finding a
numerical results and discussions. pair of cb with suitable color and angular momentum etc. By

the velocity scaling rul¢he possibilities in thé&, meson are
given in orders ob. The (bc) pair of theB, meson may be
Il. NRQCD FACTORIZATION ANALYSIS not only in color-singlet Fock states but also in color-octet
states, and all of them may annihilate at short distance with
Rroper gluofis). The matrix elements correspond to relevant

state systems. The heavy quark massesandm, relate to color-singlet Fock states or color-octet states accordingly.
the largest energy scale, while the off-shell three-momentun} "€ Iqweit—order decay process anfor the color-singlet
wv and the typical binding energgv? are comparatively State is bc);—I»+gg, while those for the color-octet
small, wherex=m.m,/(m,+m,) is the reduced mass of states are l{c)g(*P;)—I»,+g and (©c)g(3S;)—1v+g.

In the nonrelativistic heavy quark limit, there are several
distinct energy scales in heavy quark and antiquark boun
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Hgnce up to the relevant order, the factorization for the decay L#v =8 KikL+ kLK, — g~ (Ky- ks)—i8“vaﬁk4aksg], (6)
width reads as the follows:
wheres#**F is the total antisymmetric tensor.
1 According to the factorization, the hadronic tensor con-
Cl(lso)—2<Bc|¢IXng¢C|Bc) tains both short-distance coefficients and long-distance ma-
M trix elements. Based on NRQCD, the hadronic tensor can be
factored as

I'=

2M

1 ) )
+c8<3sl>W< Be|io T2xpxto' T38| Be)
t#(P,k)=Im f d*xe (B.(P)[3#"(x)J""(0)|B(P))

17
—1=D

5 T2XoX1

1
+Cg(*Py)—5 (Bl ¥ —
8( 1)M4< Cllr/lc o d,u,y(]_SOP k) 1 <B| T t B
=| d 1P K)— (Be| e xuxptelBe)

1
X\ i ED ) Ta'r/fc| Bc>

: 2

1 ) )
+d'g"<381;P,k>W<Bc|wla'Taxbe,a'Tawclsa

where C,(1Sy), Cg(®S;), and Cy4(*P,) are short-distance

coefficients of ordeiGra?, Gras, and Grag (the lowest o1 1 I

order in weak and strong interactionsespectively. The ma- +dg"( Pl;P!k)W<Bc| Ye(—i3D)

trix elements of the three terms in square brackets scales as

v3, v® andv® comparatively. Note that here we have -

adopted the normalization for the meson states as X T2 poxp(—i3D) T4|Bc)

(Bc(P")|Bc(P))=2Ep(27)38°%(P’'—P). Since we focus on

annihilation modes only, where in addition to the leptons, wrplc . wvi3a . avilp .

light hadrons must also be included, so the contributiond?ered:”(*So;P.k), dg"(°S,;P.k), anddg”(*P1;P k) are

from pure leptonic annihilation modes to the coefficient the factors of .the short-dlstgnce coefﬂuents that we need to

C1(*S) appearing in Eq(2) should be eliminated. compute precisely. C_:omparlmg Ed) \éVlth Eq. (2), t?ey are
Now let us compute these short-distance coefficientsélated to the coefficients,(°S,), Cg(°S;), andCq("Py) in

Namely, to obtain the coefficients, we calculate the mode&d- (2) precisely as follows:

with PQCD precisely, and then match the results with those

. (7)

from the NRQCD factorized formulas precisely. The ampli- G2V, [ d3k, d3ks o
tude for the decaB.(P)—1"(k,) + v1(Ks) + X can generally Ci("So)= ej 2¢, 2¢ L (ke ks)-d17("SpsP.K),
be written as 2(2m) ! °
8
GgVep . 2y/2 3k, d3k
M= (Im1]j#10)(X|J%IB), (3) 3 GFVcbf d°k, d°ks )3
Cs(°S)) = L ,.(Ka,ks)-dE"(°S;; P,k),
whereVy, is the CKM matrix element, ang and.Jl"Z are the ©)
weak currents fol v leptons andccb quarks, respectively. _ s ae
Then the decay width can be expressed as Cy(Py) = GFVcbf dk, d ksL (ke ko) - 42711 P K)
2(2m)8) 284 285 KU 8 o
G2V, f d3k, d3ks (10
= L#¥(kg,Ks) -t (P,ks+Ks),
AM(2m)8) 284 2es : with k=k,+Ks.
(4) These coefficients can be evaluated by using the trleshold
where expansion method16]. In this method, the on-shellcp)

pair near threshold with specified quantum number is anni-
— — hilated. The amplitudes for the processes at the quark level
L#*(ky ks) =u(ks) y*(1 = ys)v(Ka)v(Ka) ¥ (1= ¥5)U(Ks),  gre calculated inp PQCD and exppanded according ?o the rela-
®  tive velocityv in the framework of factorization formulas. In
addition, the real processes of tBg annihilation may be
calculated in the framework of NRQCD and “suffer” a fac-
torization. By matching these two calculation methods, the
are the leptonic tensor and the hadronic tensor, respectivelghort-distance coefficients can be “read off.”
The cb quark currents in the hadronic tensor precisely are More precisely the coefficients C,(*Sy) and
Jﬁ: Yev,(1—¥s) ¢y and 3¥=4ny,(1— ys5)¢hc. The lep- d’l‘i(lso;P,k) are determined by matching the process
tonic tensorL#” can easily be calculated and reads: (ch);(*Sp)— 1" v +gg, while Cg(3S;) and d5”(3S;;P,k),

tW(P,k)=|mf d*xe*X(B,(P)[J}(%)J3(0)[B(P)),
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) o A b0 7,007
B;: W w3 2\/§ P2)vu Vs bp— K+,
*
g, kp b 1
P2 X £°(ky)————¢%(ky)c(pa), (19

p1—k—mg

where b(p,) and c(p;) are the Dirac four-component
Cg(*Py), andds”(*Py;P k) are determined by matching the spinors of the antiquark and the quarkc, respectively.
processes  HC)g(3S))— 1" v +g; (bc)g(*P;)—I1"v+g  &?(ky) ande(k,) are the polarization vectors of the two
with the calculations on the annihilation modes of B¢  gluons with color indicesa,b respectively. The other three
meson in terms of NRQCD, respectively. In the following terms of the amplitude can be obtained by exchanging the
two sections, we show how to determine these coefficientgluon vertices.
by matching relevant modes precisely. The momenta ob andc quarks are related to their total

and relative moment® andq as follows:

FIG. 1. Three Feynman diagrams for the deBay-| “vgg.

A. Short-distance coefficient for the color-singlet component
g P P1=ucP+d,  Pr=usP—q (16)

In this section, we use the threshold expansion method to

determine the short-distance coefficien®,('S,) and  Nhereuc=mc/(mc+mp) andu,=my/(mc+my). In the case
df”(lso;P,k) by matching the processc(py)b(p,) of the lowest-order calculation for tH&wave, which is what

N . we consider, the relative momentugrcan be approximately
—17(kg) vi(ks) +9(k1)g(kz), where €b) is in a color-  get o null, i.e.,q=0; hence the momenta can be further
singlet Fock state. At the lowest order, there are only Si)‘simplified as

Feynman diagrams contributing to the amplitude. Three dia-
grams correspond to those in Fig. 1 and the other three can
be obtained by exchanging the gluons. The amplitude is
given by Then the hadronic tensdr”(P,k) for the annihilation

mode[(cE)l(lso)]—d*Jr v,+g+g can be expressed as

P1=ucP, P2=upP.

M= ZEeR 1) o)A v
J2 e 1 (PR PR
t~ (P,k)—(ZW)Zf 26, 26, A** AV SHP—k—Kky—ky)
whereA* is defined by 1
=d{("So; Pk (DS wxoxi el
A=(9all(bo)s(*S) = 3 Ay (12) X (€h)y(*Sp))+ -, (17

where - - - denotes terms, that correspond to pure leptonic

The six terms in the amplitude correspond to the six Feyngf:iﬁst ?nr:grgosttgscg) hpearlé with other quantum numbers we
man diagrams. )

R . The integration over the gluon phase space can be evalu-
The three terms that are shown in Fig. 1, are given by ated. The details of the calculations are given in the Appen-
dix, but we outline the basic steps here. By introducing three
Lorentz invariant variablesz=(k;+k,)%/M?, y=k?/M?,
andx,=2k,- P/M?, the hadronic tensdr”(P,k) can be ex-
Ky — Pp—my pressed in terms of these variables. The short-distance coef-

ficientsd4”(1Sy; P,k) can then be obtained by matching Eq.
1 a (17) and Eq.(7).
Xyu(l- Ys)p_k—_mé (koe(py), (13 The most general form of the tensaf”(*Sy; P,k) can be
ron e expressed as

gz b
A, ;= ——b(p,)#°(k
w1 2\/§ (p2)€°(ky)

2 g2t d4"(1Sy;P,k) =AgH"+BP*P"+ CP#k"+ DK*P"+ Ek“K".

gso™"— 1
A= ;—ﬁb(pz)éa( kl)ﬂéb(kz) (18)
2 " b However, when we contract it with the leptonic tensor, Eq.

1 (5), the contributions from the last three terms of Eg8)
X————y,(1—ys)c(p1), (14  vanish due to the fact that we ignore the lepton masses to-
p1—k+my, tally, and, as a result, the leptonic weak curr@ven includ-
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ing the axial componeitis conserved. Thus only the first
two terms are effective. The detailed calculations and expres
sions of the coefficientd andB can be found in the Appen-
dix.

Since we are interested in the energy spectrum of the
charged leptonseg, ), which is measurable, we also give
the coefficients before integrating over the leptonic energy
X;, and those before integrating overy, andx; :

P

1 GFZ:V(Z:bM4 vel
Ci(*So)= =5 fdydzdx[d’f (1Sp;P.K)L ]
w

X FHX)H1+y—z—x)HY), (19

where the new variable FIG. 2. The diagrams for the width of the annihilation modes

B.—|"vg, whereB, is indicated in two possible color-octet Fock

2,,2
y= (A+y—z=x)% [ (I+y—z—X)X ? states. The vertical line cut in the diagrams is understood as the
o 4 y 2 imaginary part being taken.
is introduced. By setting=0 and drawing the Dalitz dia- Jmax [~ _max
gram for the process, we may determine the integration area C1(150)=f dyf o f dmaxf,(ss,sd,y)dssdsd, (22
fory, z andE, (or x,). The result for the integration area fs T8

may also be found in the Appendix. Since the integrations h he i d is obtained iahtf
are quite complicated so we carries out them numerically. where the integran '(85.’8d’y) IS obtained straightfor-
If one carries out the integrations in the order of first Wardly in the order of the integrations as described. Since the

integratingy andz and, therx, , then, before doing the last result for each step is very tedious, we do not present the
integration forx,;, the measurable energy spectra of theprocgdure hgre. we hav_e done the computations _carefully
charged Ieptonslf/dx, can be obtained. Thus we evaluate and indeed find that the final results for the annihilation rate

the integrations in this order and discuss the obtained ener tained by the numerical integrations in the two qrders are
spectra in Sec. IV. e same, so we have a good check on the numerical result.

In order to check the numerical results, we also use én fact, as a semifinished result in this integration order, the

different order of integrations. Namely, we try to integrate spectrum dF/FBcdy ony=k*/M? may be obtained too,
over the variable of the leptonslast, but integrate over the but it is not easy to measure experimentally so we do not
other variables of the leptons and those of gluons first. In thi§resent the curves of the spectrum here.
way, we need to change the lepton tensor filofrf to N#”:

B. Short-distance coefficients for the color-octet components

wv_ 4m KLV L2l In this section, we use the threshold expansion method to
NH#Y= (kK" —k=g*"). (20 k ! N 3
3 determine the short-distance coefficientg(°S,),

d4"(®S;;P,k), and Cg(*P,), d§*(*P,;P.k) b tchi
To complete the phase space integrations in this order, agtg (*S1;P.k), and Cg("P1), d3"('P1;P.k) by matching

having all the other variables of the phase space integrated® Modesc(py)b(pz)—17 (ky)»i(ks) +g(ky), where cb

out, we reach the step at which only three independent inted’® color-octet states but obviously with different spin angle

gration variablesy, s, (the sum of the gluons' energies momentum. At the lowest order, there are only two Feynman

- ) diagrams contributing to the amplitude of the decay modes.
he diff f the gl
andeq (the difference of the gluons’ energjeseed to be The width can be dictated by the imaginary part of four of

integrated out. Then to carry out the integrations further, Weh ; d litude di indicated by the F
need to determine the integration area for these three varjh€ forward amplitude diagrams as indicated by the Feynman

ables by using Dalitz diagrams. The determined i_ntegratioﬁ“agr"’Ims in Fig. 2. The amplitude accordingly is given by
area is Gsy<1, —eg¥<gg<eg®, and —sl'"<sq

max 4 GeV !
, where M2 ZF—2Cb<|V||j“|O>Aa , (23)

=gg4
\/_
Sanaxz V(M_ss) _M y1

whereA?' is defined by
eT"=M(1- 1Y),

a' _ TW [T r _ a’
L M(1-y) A =(gl3l(be)g) = 2 AL, (24)
S (1)
wherea=1, ... ,8 are theolor indices. The amplitudes, cor-
Thus the coefficienC,(1S,) is written as responding to the Feynman diagrams in Fig. 2, are given by
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dky
t‘”(P,k)=J—Aa #* ALV (P —k—kq)
281

:d/,LVSS.Pki E?:S i iTa Tt
8 ( 1,0 )M2<(C )8 l|l//C0- XbXbO—
FIG. 3. The diagrams for long-distance effects. XTai//C|(CE3)381>+d§V(lP1;P,k)
a’ 1 aTb1~ X ! E p 1 —.15
ALa= 5 TIT*T?]gsb(p2) W«C g) P1|¢e(—izD)
1 b o _
X y,(1— ys)———— & (ky)e(py), (25 X Texpxa(—13D) T2c|(cbg)P)] +- -, (27)
pr—ki—mc
1 B where --- denotes the terms corresponding to thb
2’2: ETr[TaTb]gsb(pz)éb(kl) pair being in the other states, which we are not interested in
’ here.
1 The integration over the gluon phase space can be per-
X—————1,(1— y5)c(py). (26)  formed easily. Thus with suitable projection for spin angular
po— ki —m, momentum, Eq(9) and Eq.(10), the short-distance coeffi-

o cients can be computed easily:
In the cases of th&wave andP-wave cb pair that we are

considering and to the lowest-order approximation, we ex- 3 aM 6(m§+ mﬁ)GﬁVﬁc
pand the expression in powers @fthe relative momentum, Csl( Sl):f dx 2472 m2m?
and keep terms only up to linear onesmptbecause we are bTe
performing the leading-order calculations only XX [x—4(1—x)log(1—x)] (28)
Then the hadronic tensdr”(P,k) for the annihilation -
mode €b),(1Sy)—1" g can be expressed as for the componentdb)g(3S,), and
aMOG2VE,

Cg(*Py)= f dx {x[M2{ = 3m,m3(x,— 1)+ mp(x,— 1)2+ ma(x,— 1)2— mime(x,— 1)(8x,— 7)

127%mpma(1—x;)
+2m2m2[3+2(x,— 2)% 1} + 2Mmyme{ — m3(x,— 1)(2x,— 7) + mpm2(x;— 1) (1+ 2x,) + m[ (7 — 2x,) X, — 5]
+m2mg 1+ x,(6x,— 1) 1} + 2mZm2{m2[ 11+ (x,— 6)x, ]+ mZ[ (X, — 2)%, — 1]+ 2mymc(xZ— 3)}]
—(1=x)IN(1=x)[MZ{m2m(7—6x,) + mp(x,— 1) + mi(x,— 1) + 2m2mZ(2x,— 3) + mym>(2x,— 3)}
—2Mmym{5m3(x;— 1) + mym2(x,— 1) + m2me(1—7x;) + m3(5x,— 7)} + 2mzm3{m3(x, + 1)

— 2mpmq(x,— 3) + m&(5x,— 11)} ]} (29
for the componentdb)g(*P;).

Ill. THE LONG-DISTANCE EFFECTS

Besides those between tbeand?quark pair in the initial state, there are also multi-soft-gluon interactions between the

andc pair, which, as an intermediate state of the relevant déiteb quark has decayed int but the pair ofc,c has not
annihilated yet may make two quarks become a bound state. Since the interactions arise from multi-soft-gluon exchange,
people generally attribute them to long-distance effects. In this section, we consider this kind of effect in the annihilation for
the color-singlet componem®,— | v,gg. Generally, with interactions thec quark pair can form various bound states, such

as e, ey - - - ', ... (Swave statg x., ... (P-wave states etc. Sincer, is the ground state and has the proper
guantum number, it contributes to the decay with the greatest amount among the bound states, soywastakiypical state

to estimate long-distance effects. The multi-soft-gluon interactions betweeratigc pair in color-octet components cannot

form a bound statécolor confinementso the effects cannot be very great and we do not discuss them here.
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By taking into account a possible intermediate meson sjat@s a typical state to consider the long-distance effects in Fig.
3 (there is onlyz, as the intermediate statehe amplitude is

GrVeods —
=— ———(2m*8(P—Q—Kk)u,(ks) y*(1
2\/6(77)( Q—Kk)u,(ks) y*(
Savem(Ki)en(ka) [ dr 1
—ys)uitky) X i T Xo(N) Ymy————n
L2 —wgti 4 1
S=1g+K, Qo(Qo—wgtie) (27) §Q+l‘—|k2—mc
1 d*q —
+Tr Xo(NDYn7————————— ¥m J Trixp(DT L xo(a") (ncP+g+me)], (30
1 (2m)*
EQ"‘f_ kl_ mc
|
wherel' ,=y,(1—ys), (K1), ande’(k,) are the polariza- Since only one intermediate bound stateis taken into

tion vectors of the two real gluons,= u,p;— P, is the — account in Eq.(30), only the weak current matrix element
relative momentum between the two constitute quarks of th€orresponding to Fig. 3
Bc meson, andy’ =g+ 5[ (uc—up)P+K], 1=1/2(p1—p; d4q
+k) are those of the bound statg . Note that the equations (me( QT uIBc(P)) =i f 77)4Tr[XP(q)

P: —+ , = P+ , = P— , —
PitpP2, P1=plP+aq, pP2=up,P—q XTI, xo(@)(p1+my)] (3D

k=kstks, Q=kitk; and the amplitude for, annihilation
= 2 a b
have been used in EG30). wg=VQ?*+(M')? (M’ is the (99| ne)=— gsgabem(kl)en(k?)f d*r
mass of7.). Usually off the mass shell, we haw@,+ wg ¢ 23 (2m)*
for the time component, but in the present case, the charged
lepton energy may b& <[M?—(M")?]/2M, so 7., as an 1
intermediate bound state, may reach its mass shell, that is, x| T XQ(r)”mp ko m.
Qo=wg, and leads to a singularity in E430). This diffi- ot e
culty is due to the fact that we ignore the widthgf. Thus 1
here the width ofy, should be considered, i.e., replaice +Tr XQ(f)VnH—_m Ym ) (32
1 1 c

with i(M'/Qo)(I',, )/2 in the relevant propagator, whelrg,

is the total width of the bound statg, of cc. Then under the are needed to be computed precisely. In fact, to compute the
nonrelativistic approximation, we have annihilation amplitudg Eq. (32)] is straightforward. How-
' ever, to compute the weak current matrix eleni&d. (31)],

which corresponds to the Feynman diagram in Figsidce
1 1 mg > m,,c), one should pay more attention to the recoil ef-

2Qo(Qo—~wgtie) 2Qo[Qo— wg+i(M'/Qo)(T', /2)] fects for the intermediate proce®& — 7.. We adopt the
approach, the so-called generalized instantaneous approxi-
mation, which was proposed first in REB], to deal with the
N 1 recoil effects. The details of the approximation may be found
Q?—(M")2+iM'T,, ' in Refs.[3,4,9], so here we will not repeat them but give the
¢ final result directly.
The weak current 7,(Q)|T",|B;(P)) can be expressed

by form factorsf , ,f_:
P ‘ <nc<Q>|FM|Bc<P>>=f+<P,L+Q,L>+f,<P,L—Q,L).(

33
B e Let us denoteM and M’ the masses of the two mesoBs
P K and 7., respectively, and|p andqpt the two Lorentz cova-
riant variables of the relative momentugras follows:
P
-

_Pg

QP—W: qpr= \/Q%T_ a°,

FIG. 4. Current matrix element for the long-distance effects.
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and For the short-distance contributions of the proc®&ss
, , , —gglv, we find that Wher’E,s(mﬁ—mg)IZmb, whereE, is
w=\M+ 05y, o =Vm'f+q (ZQT' the energy of the charged lepton, which is very different
Then in terms of the generalized instantaneous approximdr®M that of the one photon radiative correctifi, the c
tion, the form factors . may be obtained as follows: quark from the decay db quark may reach the mass shell.

Thus to obtain a meaningful result, here we should also keep
the “width” of ¢ quark in its propagator, namely, we should
; make the following replacement:

! !
W+ w,

f,==
v

4+me 4+me

— L
g?—m2+ie g?—m+i(4mc,)

where the factor, functiod, is an overlapping integration of
the wave functionsﬁ”é(q’QT) and ¢p(|q|) of the initial and

(P=0): D decays its value should He,=1.229 ps? [6].
,oo 2 172 For the annihilation modes of the color-singlet compo-
_ 2wpMpMg nent, B.—gglv, since the color-singlet matrix element
(P1- P+ MyM) w10} w, (Bl ixoxtwe|Be) may be related to the wave function at

origin squared ¢(0)|? and if only short-distance contribu-

d’g % (! - tions are taken into account, the branching ratio may be com-
X (277)3‘1S oldgr)- ¢e(lal). (34 puted precisely:
I'(B.—lv
Then long-distance effects due #Q as an intermediate state BRS"{B.—1v,gg)= %
may be estimated in terms of E@O) straightforwardly. Be
Here we are interested in the decay chanhels, u, so =271xX10°2 (I=e,u). (36)

m,=0 and the contributions from the form factbr may be
ignored. The differential decay rate due to the intermediatef only the long-distance contributions are taken into account
statey., B.— v+ n:,n.—9g (the long-distance effegts (as in Sec. ll], the branching ratio may be computed too:

finally can be written as follows:

I'(B.—I I
BRlong(BC—>| V|gg): ( c IV e Vlgg)

d&r GEVZM3al|y, (0)]*F% Tg,
dxdydz 6M' 7w (M?2=M'?)?+M"?T? ] =4.45<10°° (I=e,u). (37
X[(1—=X)(X—y)—xZ]. (35 In fact, as the theoretical estimate on the “total branching”

_ _ ratio of the annihilation modB.— ggl for the color singlet
Hence we have reached the right place to start the numericabmponent, these two kinds of contributions should be com-

calculations. bined and the interference of these contributions should be
considered too. To estimate the branching ratio for the color-
IV. NUMERICAL RESULTS AND DISCUSSIONS singlet component, we should combine the amplitudes for

. ) _ the short-distance and long-distance contributions, but not
First, we note that fpr numerical calculations, the paramyy,q branching ratios, Eqé36) and (37). Then we obtain the
eters are taken as in Ref$3,1,14,1% «,=0.24, I“BC final result
=2.714 ps*, §(0)=0.350 GeV¥?, 4'(0)=0.250 GeV". BR(B._I —362¢10°2 (=
For comparison, we also quote the branching ratios of the (Be—11199)=3.62¢10° % (1=e.n). 39
pure leptonic decay for thB. meson From the above resul{€gs. (38), (36), and(37)] one may
- 9 see that not only the pure long-distance contributions are
BR(Bo—ev)=1.89<10 7, quite big, which is different from the case for the radiative

BR(B.— uv,)=7.57X 1075, leptonic decays of thB, meson, but also the interference of
the short-distance and the long-distance contributions is not
BR(B.— 7v,)=1.95< 10 2. ignorable. To see the fact clearly, in addition to the branching

] . ratios, we plot the energy spectrum for the short-distance
Furthermore, to obtain more reliable values, we select th@ontributions alone, both for the long-distance contributions
value of the quark masses with care. According to the disyjone and the total in Fig. 5. From the figure one may see
cussions in Ref[7], we take the effective masses@andb  hat the short-distance contributions are dominant over the
quarks to bemg"=15 GeV andm;''=4.9 GeV. For the |ong-distance ones in the region close to the end of the spec-
mass of theB. meson, we take pole masses of the quarksrum. Therefore without special emphasis, the color-singlet
m°°=1.88 GeV, mp°®=5.02[7,17-2Q first, and then be- component is always taken to mean the full short-distance
ing consistent with that of potential model, the valueBaf  contributions, and long-distance contributions are taken into
massM =6.352 GeV is taken. account later on.
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to that of charmonium than that of bottomonium. In fact,
although according to Refl14], v~0.55 for charmonium
andv ~0.3 for bottomonium, here for a conserved choice of
the B, octet components, we still take a smal~0.3 case
(B) instead. Because the theoretical velocity scaling rule

should be tested by experiments, especially, fob)(and

(cb), there is no experimental indication at all; thus in this
paper we essentially focus on exploring the possibility with
limited capacity in detecting the color-octet components ex-
perimentally, regardless of the correctness of the scale rule.
To reach the “edge” of the experimental capacity, we also
try to compute the annihilation with a much smaller color-
octet componenA ~0.1[case(A)]. The range of the values
from caseg(A) to casgB) is well conserved from the velocity
scaling rule, and, it may be conserved enough to obtain some
R . , . . . . idea of the possibility for a practical experimental capacity
00 03 Lo “E 20 25 30 whether the color-octet components of BBgmeson can be
detectable. Recently, the authors of R&fl], in terms of a

FIG. 5. The energy spectrum of the charged lepton for the anfresh framework PNRQCD try to estimate the inclusive de-
nihilation B.—1vgg (I=e,u). The solid line denotes the total cays of charmonium, which is related to computing the long-
color-singlet contributions. The dotted line denotes the pure shortdistance matrix elements. We feel that experimental evi-
distance contributions and the dashed line that for the pure longdence, if available, provides good guidance for a fresh
distance contributions withy. as an intermediate state. attempt.

The branching ratio of the color-octet modes is

For the annihilation modes of color-octet components,

B.—1vg, up to now there is no reliable way to calculate the Br(BC(cES(‘?Sl))—d 19)=1.73x10"4,
color-octet matrix elements(Bg| 4 0" T2 xpxio' T2 Bc) . ]
and(B,| ¢(—1D) Tox,xi(—i 1D) T2|B,) that are neces- Br(Bo(Cbg(*P1))—111g) =2.24x10 (39)

sary for computing the annihilation. for case(A) and
In order to have a rough estimate of order, we, based on

the velocity scaling rules of NRQCDL4], try to compare Br(B,(Chg(3S,))— I 1,g) = 1.55x 103
results with those of th& wave and those of the-wave for ¢ '
the color-singlet components that can be related to the wave Br(BC(CES(lP]_))—)l 1g)=2.02x10"* (40)

functions of the potential model. We assume

t ira, T iTa A2 toio ot for case(B).
(Be|eo T2xpxp0 T2 Be) = AK(Be| 0" Xpx 50 ¥l Be) From the color-singlet and color-octet results above, we

see that the helicity suppressionB®f in the studied annihi-

and lation modes is released. In total, the color-singlet to light-
- o hadron mode is bigger than those of the color octet in cases
Bl l(—i3D) T2xpxt(—i3D) T2| B, (A) and(B).
c b

Furthermore, since there is one or more gluon bremsstrah-
5 o s iz lung than the relevant pure leptonic decay modes, there is
=AR(B¢|he(—13D) xpxp(—13D)thc|Be) more freedom in the energy momentum and quantum num-

ber due to the gluds), such that the intermediatg,quark,

with r?s anldAp beingO(yb) constants. ghusl we magl evalu- eyen a relevant bound state suchygs etc.(compounded by
ate the color-octet contributions accordingly. In order to e producect quark and the “original’c quark in theB,
plore the characteristics of the color-octet components in thﬁweson) mav reach the mass shell. Thus the width of the
decays for theB. meson, especially, to have comparisons y )

with those of the color singlet, we try two possible choicesswdied annihilation modes may be as great as that of the
for As and Ap: As~A,~0.1 for case(A) and Ag=Ap semileptonic decay modés—clv or B.— 7.l v correspond-

= o ingly.
=0.3 for case(B). The quantitiess andAp (for shortA), In Fig. 6, we plot the lepton energy spectrum of the anni-

in fact, measure how much Fock states wit are in octet  hjjation modes for the leptons and light hadrons. From Fig.
configurations and are suppressed in comparison with thg it js interesting to point out that since the Fock space states
color-singlet state ¢b). Based on the consideration of the for color octets are suppressed, in most regions of the phase
velocity scaling rule, the possible choices shoulddeuv. space the annihilation modes due to the color odteiee-
Furthermore, since the reduced mass for the two-body sygjluon bremsstrahlungre smaller than that due to the color-
tems plays a key role, and the reduced mass B, is closer  singlet componenftwo-gluon bremsstrahlungwhereas the

to charmonium than bottomonium, hefeshould be closer former may become greater in a certain regfasith a high
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dI'/ I's, dE,
dI'/ I's, dE,

FIG. 6. The energy spectra of the charged lepton with different color-octet matrix elements for color-octet components versus that for
color-singlet components. The left figuta) is of those for caséA): Ag=0.1 andAp=0.1. The right figureb) is that for casgB): Ag
=0.3 andAp=0.3. The dashed line in the figures stands that for the color-singlet niydes* vgg, (I=e,u). The dotted and the solid

lines for the color-octet annihilation mod& —|* vg with 038(351) and ng(lpl), respectively.

momentum of the charged leptoaf the spectrum than that o -5 dF(cE(lsO))

of the latter. Thus it is possible to see the color-octet contri- F(cbl(lso),xf”‘)zj X, (43
butions experimentally through studying the changed lepton X dx

energy spectrum of the inclusive decBy—|*v,--- care-

fully, especially around the end point of the spectrum. _ 1-6 dr(cES@sl))

In order to focus on the difference quantitatively in the F(Cbza(351),XTM)Ejcut dx——
spectrum of the charged leptons near the end point, where X (44)
the color-octet contributions may become dominant over
those of the color-singlet contributions, we introduce the P
tios of the integrated partial decay widths of tBg meson
for the color-singlet and the color-octet modes, o 1-5  dT'(cbg(*Py))

_ I'(cbg(*Py),x/")= J dx————, (45
I'(cby(*Sp) x™) dx

(41)

RS: — —

1 cut 3 cut
T(eby("So) ™) +T(ehg("S). X, with §=my/M and a giving tiny gluon massi,=0.2 GeV
(the cutés atx;=1 is necessary for the OPE expansion to be

h (3
for the Swave color-octet componeitbg(*Sy)), and available in PQCD calculations and to dictate the experimen-

F(CE(lso) ) tal capacity in the energy resolution on the charged lepton,
Rp=——— " L T . (42)  etc). We evaluate them and put the results in Table I.
I'(cby("Sp), %)+ ' (cbg(*P1),X™) From Fig. 6 and Table I, one may see that there is a

. possibility to verify the color-octet components in the meson
for P-wave color-octet statéchg(*P;)), which depend on B, which may play visible roles in thB. annihilationB,
the cut of the lepton energyf"". Here —|*y+hadrons experimentally. Although NRQCD is a
very absorbing theory, it still needs to be widely verified,;
TABLE I. The ratios of the integrated partial widiRs andRp  thus we think that our estimates should address experimen-
for case(A) (As=0.1Ap=0.1) and caseB) (As=0.3Ap=0.3).  talists’ attention. In conclusion, further study of the possibil-

(The definition ofRs, Rp, As, Ap, andx{*"is given in text) ity to verify color octet components in the mesBg more
quantitatively is indicated. Monte Carlo simulations for the
Case(A) (As=0.1) CaseB) (As=0.3) B. meson in hadronic collision environments are in progress

X 080 085 090 095 080 085 090 095 [22]
Rs 0257 0191 0122 0.047 0.037 0026 0.015 0.005
Case(A) (Ap=0.1) CasgB) (Ap=0.3) ACKNOWLEDGMENTS

x"' 090 092 094 096 080 085 090 0.95 The authors would like to thank Professor J.-P. Ma for

Rr 0.280 0.212 0.154 0.089 0.132 0.081 0.041 0.014useful discussions. This work was supported in part by the
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APPENDIX: INTEGRATION FORMULA OF THE B,

COLOR-SINGLET MESON

A number of kinematic variables appear repeatedly in the
paper. For convenience, all of them are collected here.
P, ki, ks, k4, ks denote the four-momenta of the par-
ticles, and the auxiliary moment®=Kk;+k, and k=
+ks, characterize the gluon-gluon system and the virtual W

(lepton paiy, respectively.

PHYSICAL REVIEW D67, 094001 (2003

For the massless lepton pair, the lepton current is conserved,
k,L*"=k,L#*"=0, wherek=P—Q is the total momentum

of the lepton pair. With this equation, EGA6) can be further
simplified as

dy .. (*Sp;P.kK)=Ag,,+(B+C+D+E)P,P,

Ky

=Ag,,+B'P,P,. (A7)

Instead of integrating the tensdr,,, it is sufficient to

wv

The scaled masses and lepton energies integrate the following scalar projections:
k? Q2 2E, 2E, M?2
Y= Z5 =5 X= s XNT Ty (A1) Ci= f dR,T,,P%g"",
M M <Bc|¢ZXbX£¢c|Bc> :
vary in the region M2
C,= f dR, T, P*P?, (A8)
0=x=<1, <Bc|¢szX£¢c|Bc> g
O<sy=x, and the coefficientd, B’, ... can be expressed in terms of
y the scalar functions; ,i=1,2 as follows:
0<z<Zpu=(1—X)) 1——), (A2)
X _C1—Cp , 4cy—Cy
C ez gpd A9

where the lepton masses are ignored. Frequently used kine-
matical variables that characterize the gluon-gluon system

are
(1-y+2z)
Ro= =% —
V(1-y+2)*—4z
R3: 2 ’
Ro+Rs3)?
YP:|n(¥> .

The numerators of; are given by polynomials inRk;)

and (Pk,) with coefficients depending ory, z, (QP)
=M?R,, and @Qk;)=(Qk,)=M?z/2. In fact, all of the
phase space integrations may be attributed to the following
integrations:

lmn= f dRy(Q;ky, k) (Pky)M(Pky)"(—2<m,n=<0).
(A10)

(A3)

Because of the Lorentz invariance, we evaluate the integral
in the Q=k;+Kk, rest system and the results show

All of the variables are scaled bg.-meson mass so as to

make them dimensionless in the coefficieats

To calculate the annihilation, one observes that the

squared matrix element can be “factorized” into the leptonic

tensorL ,,(k,,ks) and the hadronic tensor ,,(P,ky,ky)
EA;-A,,, (A, is the amplitudg To perform integration

over the gluon-gluon phase space, the resultant integration

t,, depends orP andQ=k; +k; only:

t,u,v(P!Q): f dRZ(Q;k11k2)T,u,v(P!k11k2)a

le . 1 T T
= dl,,uv( S0 ' P’k)W<BC| lv[/chXb{/’C| BC)! (A4)

wheredR, is defined by
dRy(Q;ky ko) = (27)*8(Q— ki —ky)
y d3k; d3k,
2(2m)%E, 2(2m)°E,’

and the tensodlw(lso; P,k) has the general structure

dl,p,v(lsO;ka)zAgp,v—i_ BP;/,PV+ CQ,U,QV
+DP,Q,+EQ,P,.

(A5

(AB)

. 1
0'0_8_77’
Yp
|—1,o:|o,—1=877T2R3,
_ B 1
|—2,0—|o,—2—ma
1 [ Yy 2
|—2,—1=|—1,—2=m ;R?fﬁ)’
Yp
'-1-1 47M*RoR,
I, Z:L iJri). (A11)
"7 4aMB\R;RS zZRS

)

The explicit form ofc; is shown in the following, where a
common factor (21'/3)a§ is contracted out for convenience
and the terms that can be obtained by interchangipgand
m, are not shown explicitly, that is, the actual value of each
¢; equals c¢ij+ci(ri<r,), where ry=my,/M and r,
=m./M:
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m(—sﬁrz[sfzzw(fz f)r21R2+ F2f,(yz+ 4R3) — 4f 11 11, f1f,z+2f,(f1— 2)Ry
2411

+(2ffo+2z— 4fzz+4f2r2)R ]+8r1{f22( 1+z)R +f2r2R [3z+(4f1—22)Ry] — 4f2r3R0(2f1+ RO+R)

+ra[2f2f,+ R3(4f,— 4f f,+5F,2— 2f,Ry+4f,R3) ) + [16f,zr{R3+ f2f,z(y— 2R3)

+4f1r1{—(flfzzr2)—2f2(fl—z)r2Ro+r2[2f1f2+z(z—1—2f2)+4f2(3—2r2)r2]R3+2(fzz—2zr2+2f2r§)Rg
+Ar RO+ 8r3r R 3f yz+ 4r 51+ T,R0) |+ 8r2(— 21,z R+ 4 ,r JR3+ f,(— 2f 1 + Z)R§— 4f ,r 3Ry (2f 1 + R3)
+1,r R 2— 2Ro(2— 2f 1+ 2+ 2R3) |+ r3{2f2f ,+ R3[ — 4f f o+ 4f 12+ 3f,z— 4(f1— f,)Ro(1+ Ro) D], (A12)

C,= {(£26,[ 22+ 8r 1 o(— 2+ 4r11,5)]— 4 1 For Ro{r p(4f1— ZRo) +14[ZRy+ 16r5( — 2r,+ Ro) 1}

f2f,2r2raR3
+2R(2)[f§f22+ 2I’1(f1f22—2fll’2(2+ 3f22+4f2r2)—4l’%r§[f2+ 2(_ f1+f2)l’2—2f2R0]+r1{f222+ 2r§[5f12
+2f5(y+2) +2f,r (14 2r,— 2Rg) — 4F 1R I+ ”4{f2f222+ 8F2f,r ro(—z+4r4r5)

2
—16f 1 For 1 o(f1— 81 r5)Ro+ 2[ff,(1—22) +2r (2] f1+ (—2—3F y+4y)r |+ f4[4F  F o+ (—3+F,+y)Z]r,
—4{2f o+ [8F F,— (3 + ) z+2f (=141 )r ]}ro+8frér3+16f,r,r3)R3
—16r (= [forp(1+f—y+ 2f2r2)]—ri{f22+rz[fz—(fl—ZfZ)rz]}+r1r2{f2(—4f1+y+ z)
o[ 2F 1+ o+ (F1+6F)r ] DRS—16r3r [ 2f,r + (f,—3F,)r, ]R3}, (A13)

Wheref]_: _1+y+ 2r1R0, f2: _1+y+ 2I‘2R0.
After contraction of the hadronic tensor with the leptonic terispi(k,,ks), replacingQ by P—k, and substituting

M2y |\/|2 M?2 xI
(kaks)= 5=, (kkg)=(Kks)=—5~, (Pky)= (A14)
M2x, M2(1+y—2)
(Pks) =~ (PR} = ————,
X,=1l+y—z—Xx. (A15)
The task now left is to integrate the integrandxpf y, andz, and it can be completed numerically.
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