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Semileptonic decays of doubly heavy baryons in the relativistic quark model
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Semileptonic decays of doubly heavy baryons are studied in the framework of the relativistic quark model.
The doubly heavy baryons are treated in the quark-diquark approximation. The transition amplitudes of heavy
diquarksbb andbc going, respectively, tobc andcc are explicitly expressed through the overlap integrals of
the diquark wave functions in the whole accessible kinematic range. The relativistic baryon wave functions of
the quark-diquark bound system are used for the calculation of the transition matrix elements, the Isgur-Wise
function, and decay rates in the heavy quark limit.
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I. INTRODUCTION

The description of doubly heavy baryon properties h
acquired in the last few years the status of an actual phys
problem that can be studied experimentally. The appeara
of experimental data onBc mesons@1# and heavy-light bary-
ons @2# stimulate the investigation of heavy quark-bou
states and can help in discriminating numerous quark m
els. Recently, the first experimental indications of the ex
tence of doubly charmed baryons were published by Matt
et al. @3#. Although these data need further experimental c
firmation and clarification, it manifests that in the near futu
the mass spectra and decay rates of doubly heavy bar
will be measured. This gives additional grounds for the t
oretical investigation of the doubly heavy baryon properti
The success of the heavy quark effective theory~HQET! @4#

in predicting properties of the heavy-lightqQ̄ mesons (B
andD) suggests to apply these methods to heavy-light ba
ons, too. The semileptonic decays of heavy hadrons pre
also an important tool for determining the parameters of
Cabibbo-Kobayashi-Maskawa~CKM! matrix.

The relativistic quark model has been remarkably s
cessful in describing the observed hadronic states and
decay rates@5–8#. This includes the heavy-light mesons a
heavy quarkonia. The quark model predicts the existenc
doubly heavy baryons containing two heavy qua
(cc,bc,bb) and one light quark (u,d,s). The energies nec
essary to produce these particles are already reached.
main difficulty remains in their reconstruction, as these sta
have in general a large number of decay modes, and
high statistics is required@1#.

Doubly heavy baryons occupy a special position amo
existing baryons because they can be studied in the qu
diquark approximation and the two-particle bound st
methods can be applied. The two heavy quarks compos
this case, a bound diquark system in the antitriplet co
0556-2821/2004/70~1!/014018~13!/$22.50 70 0140
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state, which serves as a localized color source. The l
quark q is orbiting around this heavy source at a distan
much larger (;1/mq) than the source size (;2/mQ). The
estimates of the light-quark velocity in these baryons sh
that its value isv/c;0.7–0.8, and the light quark should b
treated fully relativistically. Thus the doubly heavy baryo
look effectively like a two-body bound system and strong
resemble the heavy-lightB and D mesons@9,10#. Then the
HQET expansion in the inverse heavy diquark mass can
performed. We used a similar approach for the calculation
the mass spectra of doubly heavy baryons@8#. The ground-
state baryons with two heavy quarks can be composed f
a compact doubly heavy diquark of spin 0 or 1 and a lig
quark. According to the Pauli principle the diquarks~bb! or
~cc! have the spin 1 whereas diquark~bc! can have both the
spin 0 and 1.

There exists already a number of papers devoted to stu
ing both the mass spectra of doubly heavy baryons and t
decay rates@2,5,11–22#. Whereas the results for the ma
spectra are in agreement, the calculations of exclusive se
leptonic decays lead to essentially different values for
decay rates@13,15–17# obtained with the help of the Bethe
Salpeter equation, QCD sum rules, and the relativistic thr
quark model.

Here we study semileptonic decay rates of doubly he
baryons using the relativistic quark model in the qua
diquark approximation. The covariant expressions for
semileptonic decay amplitudes of the baryons with the s
1/2,3/2 are obtained in the limitmc ,mb→` and compared
with the predictions of HQET. The calculation of semile
tonic decays of doubly heavy baryons (bbq) or (bcq) to
doubly heavy baryons (bcq) or (ccq) can be divided into
two steps~see Fig. 1!. The first step is the study of form
factors of the weak transition between initial and final doub
heavy diquarks. The second step consists of the inclusio
©2004 The American Physical Society18-1
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the light quark in order to compose a baryon with spin 1/2
3/2.

The paper is organized as follows. In Sec. II we descr
our relativistic quark model and present predictions for
masses of ground-state heavy diquarks and doubly he
baryons. We apply our model to the investigation of t
heavy diquark transition matrix elements in Sec. III. T
transition amplitudes of heavy diquarks are explicitly e
pressed in a covariant form through the overlap integrals
the diquark wave functions. The obtained general exp
sions reproduce in the appropriate limit the predictions
heavy quark symmetry. Section IV is devoted to the co
struction of transition matrix elements between doubly he
baryons in the quark-diquark approximation. The cor
sponding Isgur-Wise function is determined. In Sec. V se
leptonic decay rates of doubly heavy baryons are calcula
in the nonrelativistic limit for heavy quarks. Our conclusio
are given in Sec. VI.

II. RELATIVISTIC QUARK MODEL

In the quasipotential approach and quark-diquark pict
of doubly heavy baryons, the interaction of two heavy qua
in a diquark and of the light quark with a heavy diquark in
baryon are described by the diquark wave function (Cd) of
the bound quark-quark state and by the baryon wave func
(CB) of the bound quark-diquark state, respectively. Th
wave functions satisfy the two-particle quasipotential eq
tion @23,24# of the Schro¨dinger type@25#

S b2~M !

2mR
2

p2

2mR
DCd,B~p!5E d3q

~2p!3
V~p,q;M !Cd,B~q!,

~1!

where the relativistic reduced mass is

mR5
E1E2

E11E2
5

M42~m1
22m2

2!2

4M3
, ~2!

and the center of mass energies of particles on the mass
E1 ,E2 are given by

E15
M22m2

21m1
2

2M
, E25

M22m1
21m2

2

2M
. ~3!

Here M5E11E2 is the bound state mass~diquark or
baryon!, m1,2 are the masses of heavy quarks (Q1 andQ2),
which form the diquark, or of the heavy diquark~d! and light
quark (q), which form the doubly heavy baryon (B), andp

FIG. 1. Weak transition matrix element of the doubly hea
baryon in the quark-diquark approximation.
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r

e
e
vy

-
f

s-
f
-
y
-
i-
d

e
s

n
e
-

ell

is their relative momentum. In the center-of-mass system,
relative momentum squared on mass shell reads

b2~M !5
@M22~m11m2!2#@M22~m12m2!2#

4M2
. ~4!

The kernelV(p,q;M ) in Eq. ~1! is the quasipotential op
erator of the quark-quark or quark-diquark interaction. It
constructed with the help of the off-mass shell-scattering a
plitude, projected onto the positive energy states. Here
closely follow the similar construction of the quark-antiqua
interaction in heavy mesons, which were extensively stud
in our relativistic quark model@26,27#. For the quark-quark
interaction in a diquark we use the relationVQQ5VQQ̄/2
arising under the assumption about the octet structure of
interaction from the difference of the projection ontoQQ

and QQ̄ color states. The quasipotential of the quar
antiquark interaction is the sum of the usual one-gluon
change term and the confining part, which is the mixture
long-range vector and scalar linear potentials, where the v
tor confining potential contains the Pauli terms. The expl
expressions for these quasipotentials are given in Ref.@8#.
The quark masses have the following valuesmb

54.88 GeV, mc51.55 GeV, ms50.50 GeV, and mu,d

50.33 GeV.
We calculated, in the framework of the relativistic qua

model, the mass spectra of heavy diquarks and doubly he
baryon masses in the quark-diquark approximation in R
@8#. The masses of the ground state axial vector diqua
were found to beMcc

AV53.226 GeV,Mbb
AV59.778 GeV, and

Mbc
AV56.526 GeV, and the mass of the scalar diquarkMbc

S

56.519 GeV. The calculated masses of the ground-s
doubly heavy baryons are listed in Table I.

TABLE I. Mass spectrum of ground states of doubly hea
baryons~in GeV! @8#. $QQ% denotes the diquark in the axial vecto
state and@QQ# denotes the diquark in the scalar state.

Baryon Quark content JP Mass

Jcc $cc%q 1/21 3.620
Jcc* $cc%q 3/21 3.727
Vcc $cc%s 1/21 3.778
Vcc* $cc%s 3/21 3.872
Jbb $bb%q 1/21 10.202
Jbb* $bb%q 3/21 10.237
Vbb $bb%s 1/21 10.359
Vbb* $bb%s 3/21 10.389
Jcb $cb%q 1/21 6.933
Jcb8 @cb#q 1/21 6.963
Jcb* $cb%q 3/21 6.980
Vcb $cb%s 1/21 7.088
Vcb8 @cb#s 1/21 7.116
Vcb* $cb%s 3/21 7.130
8-2
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III. HEAVY DIQUARK TRANSITION FORM FACTORS

The form factors of the subprocessd(QQs)
→d8(Q8Qs)en̄, where one heavy quarkQs is a spectator,
are determined by the weak decay of the active heavy qu
Q→Q8en̄. The local effective Hamiltonian is given by

He f f5
GF

A2
VQQ8@Q̄8gm~12g5!Q#@ l̄ gm~12g5!ne#, ~5!

whereGF is the Fermi constant andVQQ8 is the CKM matrix
element. In the relativistic quark model the transition mat
element between two diquark states is determined by
contraction of the wave functionsCd of the initial and final
diquarks with the two particle vertex functionG @24#

^d8~Q!uJm
Wud~P!&

5E d3pd3q

~2p!6
C̄d8,Q

ls
~q!Gm

ls,rv~p,q!Cd,P
rv ~p!,

l,s,r,v56
1

2
. ~6!

Here we denote mass, energy, and velocity of the initial
quark (QbQs , indexb stands for the initial active quark an
index s for the spectator! by Mi , Ei5Miv

0 andv5P/Mi ,
and mass, energy, and velocity of the final diquark (QaQs ,
index a means the final active quark! by M f , Ef5M fv80,
andv85Q/M f .

The leading contribution to the vertex functionGm comes
from the diagram in Fig. 2@24,28,29# ~we explicitly show
spin indices!

Gm
ls,rv~p,q!5Gm

(1)5ūa
l~q1!gm~12g5!ub

r~p1!

3ūs
s~q2!us

v~p2!~2p!3d~p22q2!dsv, ~7!

where the Dirac spinors are

ul~p!5Ae~p!1m

2e~p! S 1

~sp!

e~p!1m
D xl,

e~p!5Ap21m2, l56
1

2
. ~8!

Relativistic four momenta of the particles in the initial an
final states are defined as follows

FIG. 2. Leading order contributionG (1) to the diquark vertex
function G.
01401
rk

e

i-

p1,25e1,2~p!v6(
i 51

3

n( i )~v !pi , v5
P

Mi
,

Mi5e1~p!1e2~p!,

q1,25e1,2~q!v86(
i 51

3

n( i )~v8!qi ,

v85
Q

Mf
, Mf5e1~q!1e2~q! ~9!

andn( i ) are three four vectors defined by

n( i )~v !5H v i ,d i j 1
1

11v0
v iv jJ .

After making necessary transformations, the expression
G should be continued inMi andMf to the values of initial
Mi and finalM f bound state masses. The transformation
the bound state wave functions from the rest frame to
moving one with four-momentaP andQ is given by@24,28#

Cd,P
rv ~p!5Db,ra

1/2 ~RLP

W !Ds,vb
1/2 ~RLP

W !Cd,0
ab~p!,

C̄d8,Q
ls

~q!5C̄d8,0
«t

~q!Da,«l
†1/2~RLQ

W !Ds,ts
†1/2~RLQ

W !,

~10!

where RW is the Wigner rotation,LP is the Lorentz boost
from the diquark rest frame to a moving one, and the rotat
matrix D1/2(R) is defined by

S 1 0
0 1DDb,s

1/2~RLP

W !5S21~p1,2!S~P!S~p!, ~11!

where

S~p!5Ae~p!1m

2m S 11
~ap!

e~p!1mD
is the usual Lorentz transformation matrix of the four-spin
Using relations~9! and ~10! we can express the matrix ele
ment~6! in the form of the trace over spinor indices of bo
particles. For this aim the following relations are useful

Sab~L!ub
l~p!5 (

s561/2
ua

s~Lp!Dsl
1/2~RLp

W !,

ūb
l~p!Sba

21~L!5 (
s561/2

Dls
† 1/2~RLp

W !ūa
s~Lp!.

~12!

Substituting expressions~7! and ~10! in Eq. ~6! and using
relations~11! and ~12!, we obtain
8-3
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^d8~Q!uJm
Wud~P!&

5E d3pd3q

~2p!3
C̄d8,0

«t
~q!ūa

«~0!
~ q̂a1ma!

A2ea~q!@ea~q!1ma#

3S21~LQ!gm~12g5!S~LP!
~ p̂b1mb!

A2eb~p!@eb~p!1mb#

3ub
a~0!ūs

t~0!
~ q̂s1ms!

A2es~q!@es~q!1ms#

3S21~LQ!S~LP!
~ p̂s1ms!

A2es~p!@es~p!1ms#
us

b~0!

3d~p22q2!Cd,0
ab~p!, ~13!
rk
-
ri-
-

01401
where pb5@eb(p),p#,ps5@es(p),2p# and qa5@ea(q),q#,
qs5@es(q),2q# ~we use the notationp̂[pmgm). The spin
wave functions for the scalar and axial vector diquark sta
in the heavy quark rest frame read@15,16#

H S~0!5
11g0

2A2
,

H AV~0!5
11g0

2A2
g5«̂, ~14!

where «a is the polarization vector of the axial vector d
quark. Using these diquark spin wave functions we get
following expression
^d8~Q!uJm
Wud~P!&5E d3pd3q

~2p!3
C̄d8,0~q!Cd,0~p!d~p22q2!TrH ST21~LQ!

~ q̂s1ms!
T

A2es~q!@es~q!1mc#

3H̄S,AV~0!
~ q̂a1ma!

Aea~q!@ea~q!1ma#
S21~LQ!@gm~12g5!#S~LP!

~ p̂b1mb!

A2eb~p!@eb~p!1mb#

3H S,AV~0!
~ p̂s1ms!

T

A2es~p!@es~p!1ms#
ST~LP!J , ~15!
where Cd,0(p) is the spin-independent part of the diqua
wave function and the superscriptT denotes transposing. Af
ter explicit multiplication of the matrices we get the cova
ant ~see Ref.@24#! expression for the transition matrix ele
ment

^d8~Q!uJm
Wud~P!&52AMiM fE d3pd3q

~2p!3
Tr$C̄d8~Q,q!

3gm~12g5!Cd~P,p!%d3~p22q2!,

~16!

where the amplitudesCd for the scalar~S! and axial vector
(AV) diquarks~d! are given by

CS~P,p!5Aeb~p!1mb

2eb~p!
Aes~p!1ms

2es~p! F v̂11

2A2

1
v̂21

2A2

p̃2

@eb~p!1mb#@es~p!1ms#

2S v̂11

2A2

1

es~p!1ms

1
v̂21

2A2

1

eb~p!1mb
D p̂̃Gg0FS~p!, ~17!
CAV~P,p,«!5Aeb~p!1mb

2eb~p!
Aes~p!1ms

2es~p!
F v̂11

2A2
«̂

1
v̂21

2A2

p̃2

@eb~p!1mb#@es~p!1ms#
«̂

2
v̂21

2A2

2~«• p̃! p̂̃

@eb~p!1mb#~es~p!1ms!

1
v̂11

2A2

«̂ p̂̃

es~p!1ms

2
v̂21

2A2

p̂̃«̂

eb~p!1mb
Gg0g5FAV~p!. ~18!

Here Fd(p)[Cd,0(p)/A2Md is the diquark wave function
in the rest frame normalized to unity. The four-vector

p̃5LP~0,p!5S ~pP!

M
, p1

~pP!P

M ~E1M ! D ~19!

has the following properties
8-4
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p̃252p2,

~«• p̃!52~«p!,

~ p̃•v !50. ~20!

The presence ofd3(p22q2), with momentap2 andq2 given
by Eq. ~9!, in the decay matrix element~16! leads to the
additional relations

p̃m5
wes~p!2es~q!

w221
~wvm2vm8 !

5
Ap2

Aw221
~wvm2vm8 !, ~21!

q̃m5
wes~q!2es~p!

w221
~wvm8 2vm!

5
Aq2

Aw221
~wvm8 2vm!, ~22!

es~q!5wes~p!2Aw221Ap2,

q25@Aw221es~p!2wAp2#2, ~23!

es~p!5wes~q!2Aw221Aq2,

p25@Aw221es~q!2wAq2#2, ~24!

which allow to express eitherq throughp or p throughq.
The argument of thed function can then be rewritten as

p22q25q2p2
es~p!1es~q!

w11
~v82v!, ~25!

wherew5(v•v8). Calculating traces in Eq.~16! and using
relations~21!–~24! one can see that the spectator quark c
tribution factors out in all decay matrix elements. Indeed
transition matrix elements have a common factor

Aes~p!1ms

2es~p!
Aes~q!1ms

2es~q!
F12Aw21

w11S Ap2

es~p!1ms

1
Aq2

es~q!1ms
D 1

Ap2Aq2

@es~q!1ms#@es~p!1ms#
G

5A 2

w11
I s~p,q!. ~26!

If the d function is used to expressq throughp or p through
q then I s(p,q)5Is(p) or I s(p,q)5Is(q) with
01401
-
ll

Is~p!5Awes~p!2Aw221Ap2

es~p!
uS Aes~p!2ms

2Aw21

w11
Aes~p!1msD

1
ms

Aes~p!@wes~p!2Aw221#

3uSAw21

w11
Aes~p!1ms2Aes~p!2msD .

~27!

The weak current matrix elements have the following c
variant decomposition:~a! Scalar to scalar diquark transitio
(bc→bc)

^Sf~v8!uJm
VuSi~v !&

AMSi
MSf

5h1~w!~v1v8!m1h2~w!~v2v8!m ,

~28!

~b! Scalar to axial vector diquark transition (bc→cc)

^AV~v8,«8!uJm
VuS~v !&

AMAVMS

5 ihV~w!emabg«8* av8bvg,

~29!

^AV~v8,«8!uJm
AuS~v !&

AMAVMS

5hA1
~w!~w11!«8m* 2hA2

~w!

3~v•«8* !vm

2hA3
~v•«8* !vm8 , ~30!

~c! Axial vector to scalar diquark transition (bb→bc)

^S~v8!uJm
VuAV~v,«!&

AMAVMS

5 ihV~w!emabg«av8bvg, ~31!

^S~v8!uJm
AuAV~v,«!&

AMAVMS

5hA1
~w!~w11!«m2h̃A2

~w!

3~v8•«!vm8 2h̃A3
~v•«8!vm ,

~32!

~d! Axial vector to axial vector diquark transition (bb
→bc,bc→cc)
8-5
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^AVf~v8,«8!!uJm
VuAVi~v,«!&

AMAVi
MAVf

52~«8* •«!@h1~w!~v1v8!m1h2~v2v8!m#

1h3~w!~v•«8* !«m1h4~w!~v8•«!«8m*

2~v•«8* !~v8•«!@h5~w!vm1h6~w!vm8 #, ~33!

^AVf~v8,«8!!uJm
AuAVi~v,«!&

AMAVi
MAVf

5 i emabg$«b«8* g@h7~w!~v1v8!a1h8~w!~v2v8!a#

1v8bvg@h9~w!~v•«8* !«a1h10~w!~v8•«!«8* a#%.

~34!

The transition form factors are expressed through the ove
integrals of the diquark wave functions and are given in A
pendix A. These exact expressions for diquark form fact
were obtained without any assumptions about the spec
and active quark masses.

If we consider the spectator quark to be light and th
take the limit of an infinitely heavy active quark mas
ma,b→`, we can explicitly obtain heavy quark symmet
relations for the decay matrix elements of heavy-light
quarks that are analogous to those of heavy-light mes
@28,30#

h1~w!5hV~w!5hA1
~w!5hA3

~w!5h̃A3
~w!5h1~w!

5h3~w!5h4~w!5h7~w!5j~w!,

h2~w!5hA2
~w!5h̃A2

~w!5h2~w!5h5~w!5h6~w!

5h8~w!5h9~w!5h10~w!50,

with the Isgur-Wise function

j~w!5A 2

w11E d3pd3q

~2p!3
F̄F~q!F I~p!I s~p,q!

3d3S p2q1
es~p!1es~q!

w11
~v82v! D . ~35!

The diquark transition matrix element should be multipli
by a factor 2 if either the initial or final diquark is compose
of two identical heavy quarks. For the heavy diquark syst
we can now apply thev/c expansion. First we perform th
integration overq in the form factors~A1!–~A8! and use
relations ~23!. Then, applying the nonrelativistic limit, we
get the following expressions for the form factors:~a! Scalar-
to-scalar diquark transition

h1~w!5F~w!,

h2~w!52~w11! f ~w!F~w!, ~36!
01401
p
-
s
tor

n
,

-
ns

~b! Scalar-to-axial vector diquark transition

hV~w!5@11~w11! f ~w!#F~w!,

hA1
~w!5hA3

~w!5@11~w21! f ~w!#F~w!,

hA2
~w!522 f ~w!F~w!, ~37!

~c! Axial vector to scalar diquark transition

hV~w!5h̃A3
~w!5@11~w11! f ~w!#F~w!,

hA1
~w!5@11~w21! f ~w!#F~w!,

h̃A2
~w!50, ~38!

~d! Axial-vector-to-axial-vector diquark transition

h1~w!5h7~w!5F~w!,

h2~w!5h8~w!52~w11! f ~w!F~w!,

h3~w!5h4~w!5@11~w11! f ~w!#F~w!,

h5~w!5h9~w!52 f ~w!F~w!,

h6~w!5h10~w!50, ~39!

where

F~w!5A 1

w~w11!S 11
ma

Ama
21~w221!ms

2D 1/2

3E d3p

~2p!3
F̄FS p1

2ms

w11
~v82v! DF I~p!

~40!

and

f ~w!5
ms

Ama
21~w221!ms

21ma

. ~41!

The appearance of the terms proportional to the funct
f (w) is the result of the account of the spectator quark rec
Their contribution is important and distinguishes our a
proach from previous considerations@15,18#. We plot the
function F(w) for bb→bc and bc→cc diquark transitions
in Figs. 3 and 4.

IV. DOUBLY HEAVY BARYON TRANSITIONS

The second step in studying weak transitions of dou
heavy baryons is the inclusion of the spectator light quark
the consideration. We carry out all further calculations in t
limit of an infinitely heavy diquark mass,Md→`, treating
the light quark relativistically. The transition matrix eleme
between doubly heavy baryon states in the quark-diqu
approximation~see Figs. 1 and 2! is given by@cf., Eqs.~6!
and ~7!#
8-6
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^B8~Q!uJm
WuB~P!&52AMIMFE d3pd3q

~2p!3
C̄B8,Q~q!

3^d8~Q!uJm
Wud~P!&

3CB,P~p!d3~pq2qq!, ~42!

whereCB,P(p) is the doubly heavy baryon wave function,p
andq are the relative quark-diquark momenta, andpq andqq
are the light quark momenta expressed in the form simila
~9!.

The baryon ground-state wave functionCB,P(p) is a
product of the spin-independent partCB(p) satisfying the
related quasipotential equation~1! and the spin partUB(v)

CB,P~p!5CB~p!UB~v !. ~43!

The baryon spin wave function is constructed from the Di
spinor uq(v) of the light spectator quark and the diqua
wave function. The ground-state spin 1/2 baryons can c
tain either the scalar or axial vector diquark. The form

FIG. 3. The functionF(w) for the bb→bc quark transition.
01401
o

c

n-
r

baryon is denoted byJQQ8
8 and the latter one byJQQ8 . The

ground-state spin 3/2 baryon can be formed only from
axial vector diquark and is denoted byJQQ8

* . To obtain the
corresponding baryon spin states we use, in the baryon
trix elements, the following replacements

uq~v !→UJ
QQ8
8 ~v !,

@«m~v !uq~v !#spin 1/2→
i

A3
~gm1vm!g5UJQQ8

~v !,

@«m~v !uq~v !#spin 3/2→U
J

QQ8
*

m
~v !, ~44!

where baryon spinor wave functions are normalized
UB* UB51 (B5J8,J), and the Rarita-Schwinger wav
functions are normalized byUJ*

* mUJ* m521.
Then the decay amplitudes of doubly heavy baryons

the infinitely heavy diquark limit are given by the followin
expressions.

FIG. 4. The functionF(w) for the bc→cc quark transition.
JQQs
8 →JQ8Qs

8 transition

^JQ8Qs
8 ~v8!uJm

WuJQQs
8 ~v !&

2AMIMF

5@h1~w!~v1v8!m1h2~w!~v2v8!m#ŪJ
Q8Qs
8 ~v8!UJ

QQs
8 ~v !h~w!, ~45!

JQQs
8 →JQ8Qs

and JQQs
→JQ8Qs

8 transitions

^JQ8Qs
~v8!uJm

WuJQQs
8 ~v !&

2AMIMF

5
i

A3
@ ihV~w!emabgv8bvg2gmahA1

~w11!1vmvahA2
~w!

1vm8 vahA3
~w!#ŪJQ8Qs

~v8!g5~ga1v8a!UJ
QQs
8 ~v !h~w!, ~46!

^JQ8Qs
8 ~v8!uJm

WuJQQs
~v !&

2AMIMF

5
i

A3
@ ihV~w!emabgv8bvg2gmahA1

~w11!

1vm8 va8 h̃A2
~w!1vmva8 h̃A3

~w!#ŪJ
Q8Qs
8 ~v8!~ga1va!g5UJQQs

~v !h~w!, ~47!
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JQQs
8 →JQ8Qs

* and JQQs
* →JQ8Qs

8 transitions
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* transition
014018-8



SEMILEPTONIC DECAYS OF DOUBLY HEAVY BARYONS . . . PHYSICAL REVIEW D 70, 014018 ~2004!
^JQ8Qs
* ~v8!uJm

WuJQQs
* ~v !&

2AMIMF

52$grl@h1~w!~v1v8!m1h2~w!~v2v8!m#2h3~w!gmrvl2h4~w!gmlvr8

1vr8vl@h5~w!vm1h6~w!vm8 #1 i emabg~gr
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1v8bvg@h9~w!gr
avl1h10~w!gl

avr8# !%Ū
J

Q8Qs

*
l

~v8!UJ
QQs
*

r
~v !h~w!. ~53!
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Here h(w) is the heavy diquark–light quark Isgur-Wis
function, which is determined by the dynamics of the lig
spectator quarkq and is calculated similarly to Eq.~35!

h~w!5A 2

w11E d3pd3q

~2p!3
C̄B~q!CB~p!I q~p,q!

3d3S p2q1
eq~p!1eq~q!

w11
~v82v! D . ~54!

We plot the Isgur-Wise functionh(w) in Fig. 5. In the non-
relativistic limit for heavy quarks, the diquark form facto
hi(w) obey relations~36!–~39!. In this limit the baryon tran-
sition matrix elements contain the common fac
F(w)h(w) ~cf., @18#!.

V. SEMILEPTONIC DECAY RATES OF DOUBLY HEAVY
BARYONS

The exclusive differential rate of the doubly heavy bary
semileptonic decayB→B8en̄ can be written in the form

dG

dw
5

GF
2 uVbcu2MF

3Aw221

48p3
V~w!, ~55!

where w5(v•v8)5(MI
21MF

22k2)/(2MIMF), k5P2Q
and the functionV(w) is the contraction of the hadroni
transition matrix elements and the leptonic tensor. For
massless leptons the differential decay rates of the transit
JQQs

8 →JQ8Qs
andJQQs

→JQ8Qs
8 are as follows:

FIG. 5. The Isgur-Wise functionh(w) of the light quark–heavy
diquark bound system.
01401
t

r

e
ns

dG

dw
~JQQs

8 →JQ8Qs
!5

GF
2 uVQQ8u

2

72p3
~w221!1/2~w11!3MF

3

3H 2~MI
21MF

222MIMFw!FhA1

2 ~w!

1
w21

w11
hV

2~w!G1$~MF2MIw!hA1
~w!

1~w21!@MFhA2
~w!1MIhA3

~w!#%2J h2~w!,

~56!

dG

dw
~JQQs

→JQ8Qs
8 !5

MF
3

MI
3

dG

dw
~JQQs

8 →JQ8Qs
,MI

↔MF ,hA2
→h̃A2

,hA3
→h̃A3

!,

~57!

The differential decay rates for other transitions are given
the Appendix B. The semileptonic decay rates of dou
heavy baryons are calculated in the nonrelativistic limit
heavy quarks and presented in Tables II and III.

VI. CONCLUSIONS

In this paper we calculated the semileptonic decay rate
doubly heavy baryons in the quark-diquark approximatio

TABLE II. Semileptonic decay rates of doubly heavy baryo
Jbb andJbc ~in 310214 Gev).

Decay Our Ref.@16# Ref. @15# Ref. @17# Ref. @13#

Jbb→Jbc8 1.64 4.28
Jbb→Jbc 3.26 28.5 8.99
Jbb→Jbc* 1.05 27.2 2.70
Jbb* →Jbc8 1.63 8.57
Jbb* →Jbc 0.55 52.0
Jbb* →Jbc* 3.83 12.9
Jbc8 →Jcc 1.76 7.76
Jbc8 →Jcc* 3.40 28.8
Jbc→Jcc 4.59 8.93 4.0 8.87 0.8
Jbc→Jcc* 1.43 14.1 1.2 2.66
Jbc* →Jcc 0.75 27.5
Jbc* →Jcc* 5.37 17.2
8-9
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The weak transition matrix elements between heavy diqu
states were calculated with the self-consistent account of
spectator quark recoil. It was shown that recoil effects lea
the additional contributions to the transition matrix elemen
Such terms were missed in the previous quark model ca
lations. If we neglect these recoil contributions, the pre
ously obtained expressions@15,18# for heavy diquark transi-
tion matrix elements are reproduced. It was found that th
recoil terms, which are proportional to the ratio of the hea
spectator to the final active quark mass@see Eqs.~36!–~41!#,
give important contributions to transition matrix elements
doubly heavy diquarks even in the nonrelativistic limit.
this limit these weak transition matrix elements are prop
tional to the functionF(w) ~40!, which is expressed throug
the overlap integral of the heavy diquark wave functio
The function F(w) falls off rather rapidly, especially for
bb→bc diquark transition where the spectator quark is thb
quark~see Figs. 3 and 4!. Such a decrease is the conseque
of the large mass of the spectator quark and high recoil
menta (qmax'mb2mc;3.33 GeV) transfered.

We calculated the doubly heavy baryon transition ma
elements in the heavy diquark limit. The expressions
transition amplitudes and decay rates were obtained for
most general parametrization of the diquark transition ma
elements. The Isgur-Wise functionh(w) ~54! for the light
quark–heavy diquark bound system was determined. T
function is very similar to the Isgur-Wise function of th

TABLE III. Semileptonic decay rates of doubly heavy baryo
Vbb andVbc ~in 310214 Gev).

Decay G Decay G

Vbb→Vbc8 1.66 Vbc8 →Vcc 1.90
Vbb→Vbc 3.40 Vbc8 →Vcc* 3.66
Vbb→Vbc* 1.10 Vbc→Vcc 4.95
Vbb* →Vbc8 1.70 Vbc→Vcc* 1.48
Vbb* →Vbc 0.57 Vbc* →Vcc 0.80
Vbb* →Vbc* 3.99 Vbc* →Vcc* 5.76
01401
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is

heavy-light meson in our model@28# as it is required by the
heavy quark symmetry. In the heavy quark limit, the bary
transition matrix elements contain the common factor, wh
is the product of the diquark form factorF(w) and the Isgur-
Wise functionh(w).

Our results for the semileptonic decay rates of dou
heavy baryonsJbb and Jbc are compared with previou
predictions in Table II. It is seen from this table that resu
of different approaches differ substantially. Most of previo
papers@13,15,17# give their predictions only for selected de
cay modes. Their values agree with our in the order of m
nitude. Our predictions are smaller than the QCD sum r
results@17# by a factor of;2. This can be a result of ou
treatment of the heavy spectator quark recoil in the he
diquark. On the other hand the authors of Ref.@16#, where
the Bethe-Salpeter equation is used, give more decay c
nels. Their results are substantially higher than ours,
some decays the difference reaches almost two order
magnitude, which seems quite strange@e.g., for the sum of
the semileptonic decaysJbb→Jbc

(8,* ) Ref. @16# predicts
;6310213 GeV, which almost saturates the estimate of t
total decay rateGJbb

total;(8.360.3)310213 GeV @2# and thus
is unlikely#.

All considerations in the present paper were done in
heavy quark limit. The calculations of the semileptonic d
cay rates of heavy mesons indicate that the 1/mQ corrections
to the heavy quark limit~especially 1/mc) are important
@4,28–30#. Thus they can give sizeable contributions also
the semileptonic decay rates of doubly heavy baryons. T
account will result in the more complicated structure of t
baryon matrix elements. We plan to study these correcti
in the future.
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APPENDIX A: FORM FACTORS OF THE DIQUARK TRANSITIONS

h1~w!5h1~w!5h7~w!5A 2

w11E d3pd3q

~2p!3
F̄d8~q!Aea~q!1ma

2ea~q!
Aeb~p!1mb
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@ea~q!1ma#@eb~p!1mb#
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w11
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2
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APPENDIX B: DIFFERENTIAL DECAY RATES OF DOUBLY HEAVY BARYONS

dG

dw
~JQQs

8 →JQ8Qs
8 !5
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2 uVQQ8u

2

24p3
~w221!3/2~w11!MF
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