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1. Introduction

The B. meson, composed of two heavy quarks, occupies a prominent place
in the B meson physics, which has been intensively discussed recently. Being a
nonrelativistic system, like 4/ and T, the B, is intermediary between charmo-
nium and bottonium ( the mass spectrum and radiative transitions in the family
of B, see [1], [2]), and so provides a specific possibility for investigating the
heavy meson production and decay mechanisms. The available estimates of the
B. production cross section achieved at TeV colliders 0(B.)/o(bb) = (2—4) 1073
[3], [4], [5] point to the possibility to observe B, in practice [6].

Because of the absence of annihilation decay channels due to the strong and
electromagnetic interactions (like J/¥ — gga — hadrons, J/p =y — putu
for J/¢), the lightest state (bZ) of the system, the pseudescalar meson B.(07), is
long-lived, similarly with ordinary B-mesons with a light quark, since it decays
due to the weak interaction. The preliminary estimates of the widths of some
decay channels of B, in the potential model were made in [4], [7] and completed
in [8]. A detailed consideration of B.decays in the WSB quark model of the
relativistic oscillator [9] was first carried out in [10] and then in [11], where
the ISGW quark model of the meson [12] was exploited. Recently, the widths
of semileptonic decays of B, were calculated in [13,14]. The aspects of CP
violation in B, decays were discussed in [15]. The application of the heavy quark
spin symmetry to the formfactor calculation in the semileptonic B, decays was
studied in [16]

Alongside with small differences in the partial decay widths in quark medels,
the current estimates indicate a significant discrepancy between the predictions
made on the basis of the QCD sum rules and quark models. For instance, the
difference in the estimates of the decay width of B} — ey, is of the order of
10 times.



In our earlier consideratoions of B.-meson we applied the method, allowing
one within the QCD sum rules to determine the axial constant fB. using the
data on the mass of radial excited states of B, [17]. In [14] this very method
was applied to determine the formfactors in the transitions B — ¥(n.)e* ve.
In [13] the same formfactors are calculated in the framework of Borel sum rules.
Although consistent with each other, the estimated widths in [13] and 14 therein
differ considerably from the results obtained in other approaches.

In the present paper, our goal is to try to explain the reasons of the observed
discrepancy between the predictions of the quark models and QCD SR concern-
ing the widths of semileptonic decays of B, mesons. In Sect.2 we will describe
the method that was applied in [14]. In Sect. 3 the higher corrections to the
spectral densities are calculated. Sect. 4 presents numerical results comparing
them with other data available.

2. Description of the Method

The hadronic matrix elements of the transitions Bf — (n.)e*ve are de-
scribed as follows

< 77¢(p2)|‘/#|36(p1) > f+(m +P2),u +foqu (1)
1 2 : v *L'
< JJ0(p2)|Val Belp)) > = iFe* e (p1 + p2)ugu » (2)

1
7 < J/4(p2)|AuBe(p1) > = Filey+ FH(€p1)u+ FA(ep)gs,  (3)

where ¢ = p; — ps and ¢, is the polarization vector for J/y. V, and A, are the
flavor changing vector and pseudoscalar currents. In virtue of the transversality
of the lepton current [, = ev,(1 4+ s)v {in the limit m; — 0), the probabilities
of the decays are independent of f_ and F 4 To calculate the formfactors,
consider the three-point functions:

Hﬂ(pla 2‘7(12) =

iQ/dzdye"(””_p‘y) < O|T{E(:r)”y5c(:1:),V,,(O-),B(y)'y5c(y)}|0 >, (4)
HZLA(p17p2)q2) =

2 [ dedyel®=9 < 0T (e(z)cl2), VA0 ) we@)HO > - (5)

Isolate the Lorentz structures in the correlators:

o, = O (p: + p2)u + gy, (6)

. 3 -
H/Yu = illy€uwapPiP1s (7)
M4, = illygu + O php} + I3 piplu + 5phps + 104 plips. (8)



The formfactors f,, fy, Fg and F_ 4 will be determined, respectively, from
the amplitudes II,, IIy, I3 and Hﬁ = %(Hl +1I,). For these one can write the
double dispersion representation with an accuracy up to the required subtrac-
tions:

1 pi(sh 523Q2)
L(p},p3,¢") = ~ . —dsyds,, (9
L) (2m)? / (81— p1)(s2 — p3) )
where Q2 = —¢2 > 0. The integration region in (9) is determined by the
condition:

25189+ (514 52~ ¢*)(mf — m? — )

-1<
/\1/2(51a §2, q2))‘1/2(m27 S1, ml?)

<1, (10)

where A(z1, 22, 23) = (2, + 75 — z3)? — 42129,

Let us consider the physical part of the SR. One of the sources of the ambi-
guity in the SR is the modelling of the hadron spectral density. In the Borel SR,
it is generally assumed that this density includes the contribution of the low-
lying mesen and the hadronic contingum. The iatter is approximated by the
perturbative part of the spectral function starting from some threshold value
s9. In our approach, on the contrary, we assume p;(s, s3,Q?) to be saturated
by the contribution of the infinite number of narrow resonances. As a result,
we can get rid of the parameters sq; and Sg2:

;2 29
prlonon @) = O 5 g Mo gy Mg
8(s1 = M}, *)6(sy — MY (11)
oo oM r oAt
pv(s1,52,Q%) = 2(27r)2iy]z:1ffec’nﬁ£ ﬁﬂl/](@?)
. 8(s1— M *)6(sy — M3%) (12)
A 2 0 & My oM 2
Po+(81,52,Q%) = (2m) i%;l fécm g: Fo'e (@)
6(s1 = M, ")6(ss — M3, 1. (13)

In the following, we are going to derive the formula for only f.(Q%. The
obtained result can easily be generalized for other formfactors.



The physical part of I1,(p?, p3, QQ) has the form

i 2

II 2 —- _ 2 1
+(p17p27Q ) ”Z_ chm +m, fnc ?m (Q )(31 _p%)(s2 _p%) (14)

Applying to (9) and (14) two Borel operators, L. (~p?) and L, (—p3), we come
to the following SR:

Z FbeMp, f’ M] j(QQ)e_MgC M =

i,j=1

2(mp + me)m, 51T —8oT
= %'g—'/dslds2p+(sla52,Q2) anmen (15)

where " p
z" n
L@) = tim (- 5)"
n/z T
Introduce now the notations:
5= ZfJ M3 £ (QY)e M ™ (16)

and transform the left-hand side of (15) by means of the Euler-McLohren for-
mula as[18]

o1 —Mn
ZlfBCMBC Se MBC = / dMBCdM" fBC 25’”6 MBC 1
= C

n=k~1

/ + 3 faMp 25T (a7

Acting on (15) by the operator L, ((M},)?) and taking into account (17), we
get :

[e=]

. : 2 . _ i 2‘)’
S £ M Qe M =

_2me(my + m,) dMBC
(2m)? dk Mﬁchc

[ p(M5," 52, Q0. (18)
Here the following property of the Borel operator has been used:

L.(z)(z"e™*) — 8™ (r = b)



Aiter repeating an analogous procedure for the sui of 1)L tesonances one ohtains
that

8me(my + m,) dME dM] 1 k2ot ? 0% )
Be 2y ,” L

kl 2
= = S (M
+ (Q ) Mchf)Cfgcfvl;c dk di (?7-[-)‘_‘/)*'(/

The proper choice of k and [-discriminates the transitions between the pre-
scribed resonances. The sought-for f+(@Q?) is obtained at b =1 = 1.
Now write down the expressions for the other formfactors:

2(my + me)gl, dMp_ dM} 1
Mg Myf, dk al (2r)?
4(my + me)gy dME_dM!, 1
MEMfE.  dk Al (27)

Q) prid E M QY. )

Fpl(Q%)

2 L 2 9 .
soo(ME T MUQY). o1

Therefore, in the place of the additional parameters sy, i.e. the continuuh
thresholds, we use the phenomenoclogical parameters dM; /dk that are, in fact.
the inverse value to the density of the quarkonium states with the given quant:
numbers. These parameters may be defined with a rather good precision. The
masses of the radial excitations of ¥ are kinown from experiment [19], and for
the B. and 7. systems, comnposed of heavy quarks, one might use the predicrions
of the potential models [1], [2].

3. Calculating Spectral Densities

In line with the general ideology of the QCD SR [20], the right-hand (-
oretical) side of (59) may be calculated at large Euclidean P} and p3 using the
operator expansion (OPE). The perturbative part (the unit operator in ihe
OP£) was obtained in the one-loop approximation in [13]. As we consider the
systems containing the heavy quarks only, one may neglect the power correc-
tions [13], so that

3k
p+(31, 32’Q2) = W{E(AI + AQ} - k{lng(lng —my)+
ma(mz — my)] — [2(s1 Ay + s201) — u{Ay + Ay)]

U
[m3 -~ 3 + miymg — mamg — mymy)} (22)

3
PV(SI.«SQ,QQ) = W{(ZSIAZ —ul)(mg — mg) + (25981 — udy)
(ma —my) + mgk} (23)



pi(s1,82,Q%) = 75173{97”1 my)[mj + (51A + 5901 — ul Ay)] ~

k
A A
mz(m; - 71) - ml(mg - -2—2) +
. 1
ma[mj — §(A1 + Ay — u) + mymg)} (24)

; _
Pl (s1,50,Q%) = W{ml[szAl — ulg + 48,49 + 2402 +

mlmg[432 - 2u] + mg[QSlAg — uAl] - m3[2(352A1 + 81A2) -
w(30g + A1) + k + 4804, 4 2A% 4 mi(dsy — 2u)] +

6 5
E(ml - ’mg)[481'52A]A2 - u(25~2A1A2 + SlAé + SQA%) +
259(51A% 4 524115 (25)

Here k = (51 + 59+ Q%)% — dsys9; u = 51+ s9 + Q% Ay = s1 — m} + mj;
Ay = sy — m3 + mi. In the decays B. — n.(J/¢)ev one has m; = mj; and
my = ma = m,. The procedure of calculating the a,-corrections to the triangle
is rather complicated which is the reason why they are still unknown.

The formfactors of the transitions are determined in (19 )-(21) by the spec-
tral densities p;(s, S2, q2) at s = ]W%C and sy = M,i, Mg/w. In fact, the
pi(s1,592,¢%) are calculated in the near-threshold region, where instead of as, the
expansion should be done in the parameters (o,/v13), with vi o meaning the
relative velocities of quarks in (b¢)- and (cc)-systems. For the heavy quarkonia,
where the quark motion velocity is small, these corrections take essential sig-
nificance (as in the case of two-point functions {21,22]). The a,/v - corrections,
that are responsible for the Coulomb-like interaction of quarks, are related with
the ladder diagrams in Fig. 2. In the calculation of the electromagnetic widths
of Y and J/v mesons [23] and the axial constant of the B, meson [17], summa-
tion of (a;/v)-terms resulted in a double-triple multiplication of the Born value
of the imaginary part of the correlator.

Lw e, B

Fig.1. Semileptonic B, decay due to the transition of quark 1 into quark 2.

Let us estimate the contribution from analogous corrections to the spectral
densities p;(s1,52,¢°). Consider the three-point function (4) II, (P, P, q) at



q* = ¢2,,, Where g%,, is the maximum invariant mass of the lepton pair in

the decay B, — n.ev. Introduce the notations: P, = {my + m, + F1,0) and
Py =(2m,+ E»,0). At s) = Mgc and sy = M,?c Ey <« (my +m.) u Ey € 2m,.
In this kinematics, the quark velocities are small, and so the diagram in Fig.
2 may be considered in the nonrelativistic approximation. We will apply the
Coulomb gauge, in which the ladder diagrams with the Coulomb-like gluon
exchange are dominant. The gluon propagators have the form:

D (k) = i6"060 /12,

The consideration of the nonrelativistic quarks in the static approximation
brings us to the interaction potential, which in the momentum representation
has the form [24]:

V(F) = —%as(k“")—g, a (k?) = 4r /boln(K?/A2),
2 131 5
bo =11 — Zny, = Averpl— (2= — 2n .
0 1 3nf, A Ausezp[bo( 6 gnf)]

Fig.2. The ladder diagrams of the coulomb-like quark interaction.

The notations concerning Fig. 2 are:

ki = pis1 — pis Li=qi— g, Pnil = q = p.

In the nonrelativistic approximation, the fermionic propagators have only one
pole, corresponding to either a particle or an antiparticle:

, _ i(1+v)/2
Seleit )= B TR v
—i(1 — 2

SF(pi) =— ( 70)/

) — |5i2/2u1 + 40

-J



In this approximation it is not difficult to integrate over loops (Fig. 2). The glu-
onic propagators are independent of the time components of the momenta, and
the integrals over p¥, p° and ¢ can easily be obtained by means of the residues.
As a result, for the sum of the ladder diagrams we obtain the expression:

H#(ElvE%Q) = .
2940 ng‘ 11;11 11.7.1"2/2#1(11_)_" E Z.Of/((f"m —153‘)2)@2/2“1 1_ B -0
1 o k da,
12/2p2 — E2 — 10 kzz:lj];ll |<7]'|2/2ﬂ2(i[j Ey —i0
V(- G- (26)
V((Bas1 — Pn)?) = V((F = 5a)°), V(@ - @) = V(@ -5

i1y and g are the reduced masses of the (b¢)- and (c¢)-systems, respectively.
The three-point function may be expressed in terms of the Green’s functions of
the relative motion of (5¢)- and (cZ)-systems in the Coulomb field G(é)(it', ¥):

()= = _ = (1 4Pk
Gy (Z,§) = g(g/ @y 2 - E - iO))

n—-1 _ i i
kﬂl V{((px — prsr)?)ePETP0Y, (27)

The comparison of expressions (26) and (27) yields:

-

R - 9 (o o dp
,(E1, B, ¢h) = AQ;‘O/GlEI(I =0,7)G5, (5,7 = 0)5—”)—3 =

: (28)

d3
1 2
ZguU/GEl(Oa Z)GEZ(Z’O)W
For the Green's function we use the representation:

b i S N s \I}"“"(f)\p:‘llm(g) Oodk \I/klnl(f)quIm(g)~ 9
CrEN =2ty -0 Jmww-E-w0 P

Provided ¥ = 0, only the terms with { = 0 are retained in the sum. Then for
the spectral density one has (to within the inessential variables):

pulEr, Bz, ghsy) = 9,005 (00U5(0) [ WE5,(2) ¥, (D)7, (30)



where ¥¢ are the Coulomb 4wave functions, (b€) or {(c¢). An aualogous exproes-
sion may also be derived in the Born approximation: .

PE(EL Bz, Q) = 0,0 0{ (0)05(0) [ W] (5)%L7(%)dz. (31)

Here lI/;f mean the functions of the free motion of particles. Since the continuous
spectrum functions should have one and the same normalization for the free an«
Coulomb solutions, we obtain that

TE(0)TF(0)

E1, By, ¢huy) = R (B By @,
p#( 1 2 qma:;) py( 1 2 Qmm.) \D{(O)\Ilf( )

= pl(F1. By, %0 )C. (32)

dma,  4Amag

. Tas, \\3
300 5 (1~ exp(=* o)

where vy 9 are relative velocities in the (b¢)- and /cz)-systems, respectively. In
accordance with (6), isolate the Lorentz structures in p,(p1,ps, q):

dmas
C=( i (1 — exp(—

pu(p1,p2,4%) = (p1 + p2)up+(a) + qupo- (%) (33)

The nonrelativistic expression of p(E|, Es,¢%,,) is proportional to the vector
(9u0), whose most general form is (Ay(py + p2) + A_q),. A- ~ (Mp. — M,)
due to the vector current conservation in the limit Mp, — M,,. Since in the
same limit p(E\, Es, ¢%) # 0, then A, # 0. Hence, py(¢?,,) is also described
by the relation:

p+(qgnaz) = pi(qznar)ca (34)

where the factor C was specified in (32).

In the case of the B, — J/vev transition, the one can more easily obtain
analogous relation for p;(¢%) (note, that the formfactor Fg' ~ gt determines.
in the main, the width of this decay [16]). In the nonrelativistic approximation
one has:

3z
G

In the given kinematics, the tensor components Hﬁ,,(qQ) at u,v # 0 are deter-
mined only in terms of II¢(¢%):

(35)

I = (9 — gueguo) [ G (0,2)G1E)(=,0)

I, (p1, P2, @) = g Il (6%).

Then, remembering expression (35) for pj'(¢2,,), We come to

B ¥
P (@has) = P8 (05ea)C, (36)



To conclude this section, note that the derivation of formulas (34),(36) is
purely formal, since the spectral densities are not specified at ¢2,,, ( p?(¢?) can
easily be shown to be singular at this point). Therefore, the resultant relations
are true for only ¢ approximating g2, .

Unfortunately, the ¢>-dependence of the factor C has not been established.
But we suppose that the C does not affect the pole behavior of the formfactors.
Therefore, the resultant widths of the transitions may be treated as the upper
bounds in QCD sum rules.

4. Numerical Results

The formulas that we have obtained for formfactors (19)-(21) include the
phenomenological parameters dM;./dk. Proceeding from the experimental data
concerning the family ¢ [16] and the predictions of the potential models for
the B, and 7, systems [1], [2], the above derivative will be found with three
points, using the simple rules of numerical differentiation [18]. For the systems,
composed of heavy quarks,the dependence of M on the principal quantum
number is smooth, and so the three points determine the derivative with a
good accuracy. For instance, the difference between the values of dMy/dk |i—,
for 1-system, obtained by three and four points, will be less than 1%. The use
of three points is also justified in view of the fact that in the potential model
a rise of the principal quantum number degrades the precision of the estimate
of the excited state mass. The values of dMy/dk at k = 1 for the systems of
interest are presented in Table 1.

Table 1. The derivatives dM,/dk for low-lying mesons.

A’-/[1 Bc J/d) e
dMy/dk |k=1 | 0.75,0.75 | 0.76

Choose the following values for the parameters: fp. = 360 MeV, f,. = 330
MeV, {13).[17], my = 4.6 £ 0.1 GeV, m, = 1.4 £ 0.05 GeV, g/, = 8.1 (from
the data on I'(J/¥ — eTe”)). The B.-meson mass will range from 6.245 to
6.284 GeV (the data come from different potential models). Note, this choice
of the parameter values will not take us beyond the integration region (10).
The values of different formfactors at Q? = 0 may be found in Table 2. The
results of [13] are also included.

Table 2. The formfactors of the transitions B. — J/¢(n.)er at Q* = 0.

700 (0] FA0) FF0) | Ref.
GeV ™1 GeV~1 GeV
0.23 +£0.01 {0.035+0.03 | —0.024 +0.002 | 2+£0.2 | Present
0.2+ 0.02 0.04 +0.01 —0.03 £ 0.01 25+0.3 [13]

10



The deviation from the mean values in Table 2 corresponds to the quark and
B_-meson mass variations within the above range.
Assume that tlte formfactors have the following pole behavior:

Fi(0)

Fi 2 = . i 2 : 37

@)= g 9 (37)

where mpye = 6.3 + 6.4 GeV, and ¢;(Q?) = 1 + ¢;Q?. Fitting with (73)-(75).

we get the following values: -0.025, -0.007, -0.012, -0.02 for the formfactors f,,

F,, F{{ and F f respectively. For the widths of the transitions B, — 7.er and
B, — J/yev there are: '

T(B. — neev) = 1.4107% eV | (38)
D(B, — J/yev) = 461075 eV . (39)

These estimates are quite close to those obtained within the Borel sum rules
[13].

Let us now consider the contribution from the (a,/v)-corrections. In Ref.
(17], the formula for specifying the axial decay constant of a meson composed
of heavy quarks has been derived:

2
g = et S L), (40)
In that case, the imaginary part was calculated near the threshold. Clearly,
there are also the {a,/v)-corrections which have turned out to be most impor-
tant. The summation of these corrections yielded [22]:
oy _ 78 o [EE(0)]°
Imll(g") = ImII”(q )W7
where ImII®(g?) is the value of the imaginary part of the correlator calculated
in the Born approximation.

To calculate the formfactors, let us make use of fg. and f,, found from for-
mula (40). As can easily be seen, the factors allowing for the (a/v)-corrections
in py, fB. and f,, are cancelled. In [25], where B-meson semileptonic decays
were considered, to reduce the ambiguities of the higher QCD corrections, the
spectral densities and the axial constants of the relevant mesons wére calculated
in one and the same order (the lower one). In our approach, we will act in the
same way. For the formfactor Fi' we will use the experimental value g; Jp- 1
this case only the wave functions relevant to the B.-system cancel, eliminat-
ing thereby the strong dependences of the B.-meson and b-quark masses. The

11



formfactors will no more be proportional to dM,/dk, which is another sonzce
of ambiguity (especially in the case of the B.- and n,-families, whose masses

have not yet been established experimentally), but they are in proporticnu to
the root of this factor.

As a result, the following values for the formfictors are obtained at Q% = 0:
f+(0)=085+£015 and F&=6.5+1GeV.

The widths of the corresponding decays are given in Table 3 tegether with the
data of diflerent quark models:

Table 3. Partial widths of the semileptonic decays of B. in units 1076 GeV.

mode ISGW [11] [WSB [11] | [14] preseat |
BY — ety 38.5 - 218 37.3 44
Bt — ety 10.6 16.5 20.4 15

Note, we have ignored the contributions from other formfactors participating
in the decay B, — J/vev. which may result in an overestimation of the width
by 16-20%. The obtained widths values does not contradict the results of
the quark models (Table 3) in the limnits of the theoretical ambiguities of the
methods applied.

Conclusion

In the present paper, the semileptonic decays of the B.-meson with the J/y-
and n.-mesons in the final state have been considered. The formfactors of the
decays have been obtained in the framework of QCD SR using the excited states
mass spectra of participating mesons. The obtained values of the formfactors
and decay widths fit well the results of the Borel sum rules [13].

To elucidate the observed discrepancy between the data of QCD SR and
quark models, the higher QCD-corrections to the spectral densities in the theo-
retical part of the SR have been considered. In particular, we have summed the
(s fv)-corrections, following from the ladder diagrams with the Coulomb-like
gluon exchange at ¢® close to g2, (q” is the invariant mass of the lepton pair).
The account of these corrections reduces to multiplying the Born value of the
absorptive part of the three-point function by the nonrelativistic factor C:

L, IE(0)TE(0 .
pi(q?naz) = pz}g(q:nuz)w = sz(qrznuz)L’
2

12



On the assumption that there should be a weak dependence of C on ¢?, the
obtained decay widths may be understood as the upper bounds in QCD SR.
Our estimates do not come into contradiction with the data of the quark models
(see Table 3).

In conclusion, we acknowledge G.V.Jikia and A.K.Likhoded for useful ideas
and discussions. This work was supported, in part, by a Soros Foundation
Grant awarded by the American Physical Society.
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