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Lifetimes of doubly charmed baryons: Jcc
1 and Jcc
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We perform a detailed investigation of total lifetimes for theJcc
11 and Jcc

1 baryons in the framework of
operator product expansion over the inverse mass of the charmed quark, whereas, to estimate matrix elements
of operators obtained in operator product expansion, some approximations of nonrelativistic QCD are used.
This approach allows one to take into account the corrections to the spectator decays ofc quarks, which reflect
the fact that these quarks are bound as well as the contributions connected to the effects of both the Pauli
interference for theJcc

11 baryon and the weak scattering for theJcc
1 baryon. The realization of such a program

leads to the following estimates for the total lifetimes of doubly charmed baryons:tJ
cc
1150.4360.11 ps and

tJ
cc
1 50.1160.03 ps.@S0556-2821~99!06309-2#

PACS number~s!: 14.20.Lq, 12.39.Hg, 13.30.2a
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I. INTRODUCTION

A study on weak decays of doubly charmed baryons is
great interest for two reasons. The first one is connecte
the investigation of the basic properties of weak interacti
at the fundamental level, including the precise determina
of Cabibbo-Kobayashi-Maskawa matrix parameters. T
second reason is related to the possibility of exploring Q
as it is provided by the systems containing the heavy qua
In the limit of a large scale given by the heavy quark ma
some aspects in the dynamics of strong interactions bec
simpler and one obtains the possibility of drawing defin
model-independent predictions. Of course, both these to
appear in the analysis of weak decays for the dou
charmed baryons, whose dynamics is determined by an
terplay between the strong and weak interactions. Tha
why these baryons are attractive and reasonable subject
theoretical and experimental consideration.

The doubly charmedJcc
L-baryon, whereL denotes the

electric charge depending on the valence light quark, re
sents an absolutely new type of object in comparison w
ordinary baryons containing light quarks only. The ba
state of such a baryon is analogous to a (Q̄q) meson, which
contains a single heavy antiquarkQ̄ and a light quarkq. In
the doubly heavy baryon the role of the heavy antiquark
played by the (cc) diquark, which is an antitriplet colo
state. It has a small size in comparison with the scale of
light quark confinement. Nevertheless the spectrum
(ccq)-system states has to differ essentially from the he
meson spectra, because the composed (cc) diquark has a se
of the excited states~for example, 2S and 2P) in contrast
with the heavy quark. The energy of diquark excitation
twice less than the excitation energy of light quark bou
with the diquark. So, the representation on the compact
quark can be straightforwardly connected to the level str
ture of the doubly heavy baryon.

Naive estimates for the lifetimes of doubly charmed ba
ons were done by the authors earlier@1#. A simple consider-
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ation of quark diagrams shows that in the decay ofJcc
11

baryons, the Pauli interference for the decay products of
charmed quark and the valent quark in the initial state ta
place in an analogous way to theD1-meson decay. In the
decay ofJcc

1 , the exchange by theW boson between the
valence quarks plays an important role as in the decay ofD0.
These speculations and the presence of two charmed qu
in the initial state result in the following estimates for th
lifetimes:

t~Jcc
11!'

1

2
t~D1!.0.53 ps,

t~Jcc
1 !'

1

2
t~D0!.0.21 ps.

In this work we discuss the systematic approach to
evaluation of total lifetimes for the doubly charmed baryo
on the basis of both the optical theorem for the inclus
decay width and the operator product expansion~OPE! for
the transition currents in accordance with the consequ
nonrelativistic expansion of hadronic matrix elements d
rived in the OPE. Using the OPE at the first step, we exp
the fact that due to the presence of heavy quarks in the in
state, the energy release in the decay of both quarks is l
enough in comparison with the binding energy in the sta
Thus, we can use the expansion over the ratio of these sc
Technically, this step repeats an analogous procedure fo
inclusive decays of heavy-light mesons as it was reviewe
@2#. Exploring the nonrelativistic expansion of hadronic m
trix elements at the second step, we use the approximatio
nonrelativistic QCD@3,4#, which allows one to reduce th
evaluation of matrix elements for the full QCD operato
corresponding to the interaction of heavy quarks inside
diquark, to the expansion in powers ofpc /mc , where pc
5mcvc;1 GeV is a typical momentum of the heavy qua
inside the baryon. The same procedure for the matrix e
ments, determined by the strong interaction of heavy qua
with the light quark, leads to the expansion in powers
LQCD/mc .
©1999 The American Physical Society07-1
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This way, taking into account the radiation of hard gluo
in these decays, leads to the expansion in powers ofas , vc
5p/mc andLQCD/mc . It is worth noting, that this expansio
would be well defined, provided the expansion parame
are small. In thec→sud̄ transition, the ratio of typical
momentum for the heavy quark inside the hadron to
value of energy released in the decay, is not so small.
would like also to stress the important roles, played by b
the Pauli interference and the weak scattering, suppresse
1/mc

3 with respect to the leading spectator contribution, b
the former are enhanced by a numerical factor, caused by
ratio of two-particle and three-particle phase spaces@5#. Nu-
merical estimates show that the value of these contribut
is considerably large, and it is of the order of 40–140
These effects take place in the different baryons,Jcc

11 and
Jcc

1 , and, thus, they enhance the difference of lifetimes
these baryons. The final result for the total lifetimes of do
bly charmed baryons is the following:

tJ
cc
1150.4360.11 ps,

tJ
cc
1 50.1160.03 ps.

The paper is organized in the following way. Section
contains a general application of the OPE in the framew
of heavy quark expansion, basically repeating a common
mulation given by@2–9#. We include also the correction
due to the nonzero strange quark mass as well as the l
rithmic renormalization for effective nonrelativistic heav
quark fields in the weak Lagrangian~‘‘hybrid logs’’ !. In Sec.
III we evaluate different contributions to the inclusive dec
rates of doubly charmed baryons. So, we apply the ideol
of @9#, wherein the differences between heavy-heavy a
heavy-light mesons were stressed and investigated.
method allows a generalization to the heavy-heavy diqu
system, interacting with a light quark, as it happens in
doubly heavy baryons. Numerical estimates are given in S
IV. Conclusions are drawn in Sec. V. Some formulas used
the calculations are collected in the Appendix for a referen

II. OPERATOR PRODUCT EXPANSION

Now let us start the description of our approach for t
calculation of total lifetimes for the doubly charmed baryon
The optical theorem, taking into account the integral qua
hadron duality, allows us to relate the total decay width
the heavy quark with the imaginary part of its forward sc
tering amplitude. This relationship, applied to th
Jcc

L-baryon total decay widthGJ
cc
L, can be written down as

GJ
cc
L5

1

2MJ
cc
L

^Jcc
LuTuJcc

L&, ~1!

where theJcc
L state in Eq.~1! has the ordinary relativistic

normalization,̂ Jcc
LuJcc

L&52EV, and the transition operato
T is determined by the expression
01400
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T5Im mE d4x$T̂Heff~x!Heff~0!%, ~2!

whereHeff is the standard effective Hamiltonian, describin
the low-energy interactions of initial quarks with the deca
products, so that

Heff5
GF

2A2
Vuq1

Vcq1
* @C1~m!O11C2~m!O2#1H.c.,

~3!

where

O65@ q̄1agn~12g5!cb#@ ūggn~12g5!q2d#

3~dabdgd6daddgb!,

and

C15Fas~MW!

as~m! G6/~3322 f !

, C25Fas~MW!

as~m! G212/~3322 f !

,

wheref is the number of flavors.
Assuming that the energy release in the heavy quark

cay is large, we can perform the operator product expans
for the transition operatorT in Eq. ~1!. In this way we find a
series of local operators with increasing dimension over
energy scale, wherein the contributions toGJ

cc
L are sup-

pressed by the increasing inverse powers of the heavy q
masses. This formalism has already been applied to calcu
the total decay rates for the hadrons, containing a sin
heavy quark@2# ~for most early work, having used simila
methods, see also@6,8#!. Here we would like to stress that th
expansion applied in this paper is simultaneously in the po
ers of the inverse heavy quark mass and the relative velo
of heavy quarks inside the hadron. Thus, the latter point
the difference from the description of both the heavy-lig
mesons~the expansion in powers ofLQCD/mc) and the
heavy-heavy mesons@9# ~the expansion in powers of relativ
velocity of heavy quarks inside the hadron, where one
apply the scaling rules of nonrelativistic QCD@4#!.

In this work we will extend this approach to the treatme
of baryons, containing two heavy quarks. The operator pr
uct expansion applied has the form

T5C1~m!c̄c1
1

mc
2

C2~m!c̄gsmnGmnc1
1

mc
3

O~1!. ~4!

The leading contribution in OPE is determined by t
operator c̄c, corresponding to the spectator decays ofc
quarks. The use of the equation of motion for the hea
quark fields allows one to eliminate some redundant ope
tors, so that no operators of dimension-four contribute. Th
is a single operator of dimension five,QGQ5Q̄gsmnGmnQ.
As we will show below, significant contributions come fro
the operators of dimension-sixQ2Q2q5Q̄Gqq̄G8Q, repre-
senting the effects of Pauli interference and weak scatte
for Jcc

11 and Jcc
1 , correspondingly. Furthermore, there a
7-2
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also other operators of dimension-six Q61Q

5Q̄smng lD
mGn lQ and Q62Q5Q̄DmGmnGnQ. In what fol-

lows, we do not calculate the corresponding coefficient fu
tions for the latter two operators, so that the expansion
certainly complete up to the second order of 1/m only. The
reason for the restriction of dimension-six operators is tw
fold. First, the operatorsQ61Q andQ62Q do not contribute to
the lifetime difference between the doubly charmed bary
under consideration, since they are independent of the q
contents of hadrons. Second, the four-quark operators
enhanced in comparison with the quark-gluon terms with
same dimension because the two-particle phase space
grated in the calculation of coefficients in front of the Pa
interference and weak rescattering has an additional facto
16p2 in contrast to the three-particle phase space expre
in units of the heavy quark mass as it occurs for the coe
cients of operatorsQ61Q and Q62Q , so that they are sup
pressed~see a detailed discussion in@6,7#!.

Further, the different contributions to OPE are given
the following:

TJ
cc
115T35c1T6,PI,

TJ
cc
1 5T35c1T6,WS,
nt
ef
f-
e

ca
we

e
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where the first terms account for the operators of dimens
threeO3Q and fiveOGQ , the second terms correspond to t
effects of Pauli interference and weak scattering. The exp
formulas for these contributions have the following form:

T35c52S Gc,specc̄c2
G0c

mc
2 @~21K0c!P11K2cP2#OGcD ,

~5!

where G0c5GF
2mc

2/192p3 and K0c5C2
2 12C1

2 , K2c

52(C1
2 2C2

2 ). This expression has been derived in@10# ~see
also @11#!, and it is also discussed in@2#. The phase-space
factorsPi are @2,12#

P15~12y!4, P25~12y!3,

wherey5ms
2/mc

2 .
Gc,specdenotes the contribution to the total decay width

the free decay for one of the twoc quarks, which is explicitly
expressed below.

For the effects of Pauli interference and weak scatteri
we find the following formulas:
TPI52
2GF

2

4p
mc

2S 12
mu

mc
D 2H F S ~12z2!2

2
2

~12z2!3

4 D @ c̄iga~12g5!ci #@ q̄ jg
a~12g5!qj #1S ~12z2!2

2
2

~12z2!3

3 D
3~ c̄igag5ci !@ q̄ jg

a~12g5!qj #GF ~C11C2!21
1

3
~12k1/2!~5C1

2 1C2
2 26C2C1!G1F S ~12z2!2

2
2

~12z2!3

4 D
3@ c̄iga~12g5!cj #@ q̄ jg

a~12g5!ci #1S ~12z2!2

2
2

~12z2!3

3 D ~ c̄igag5cj !@ q̄ jg
a~12g5!qi #G

3k1/2~5C1
2 1C2

2 26C2C1!J , ~6!

TWS5
2GF

2

4p
p1

2 ~12z1!2F FC1
2 1C2

2 1
1

3
~12k1/2!~C1

2 2C2
2 !G@ c̄iga~12g5!ci #@ q̄ jg

a~12g5!qj #1k1/2~C1
2 2C2

2 !

3@ c̄iga~12g5!cj #@ q̄ jg
a~12g5!qi #G , ~7!
ow.
ns,

ions

in

to

it is
of
in
where p15pc1pq , p25pc2pq and z65mq
2/p6

2 , mq

5mu,d , k5as(m)/as(mc).
In the numerical estimates for the evolution of coefficie

C1 and C2 , we have taken into account the threshold
fects, connected to theb quark, as well as the threshold e
fects, related to thec-quark mass in the Pauli interferenc
and weak scattering.

In expression~5!, the scalem is approximately equal to
mc . For the Pauli interference and weak scattering, this s
was chosen in such a way as to obtain an agreement bet
the experimental differences in the lifetimes ofLc , Jc

1 and
Jc

0-baryons and the theoretical predictions, based on the
s
-

le
en

f-

fects mentioned above. This problem is discussed bel
Anyway, the choice of these scales allows some variatio
and a complete answer to this question requires calculat
in the next order of perturbative theory.

The contribution of the leading operatorc̄c corresponds
to the imaginary part of the diagram in Fig. 1, as it stands
expression~4!. The coefficient ofc̄c can be obtained in the
usual way by matching the Fig. 1 diagram, corresponding
the leading term in expression~4!, with the operatorc̄c. This
coefficient is equivalent to the free quark decay rate, and
known in the next-to-leading logarithmic approximation
QCD @13–17#, including the strange quark mass effects
7-3
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V. V. KISELEV, A. K. LIKHODED, AND A. I. ONISHCHENKO PHYSICAL REVIEW D 60 014007
the final state@17#. To calculate the next-to-leading logarith
mic effects, the Wilson coefficients in the effective we
Lagrangian are required at the next-to-leading accuracy,
the single gluon exchange corrections to the diagram in
1 must be considered. In our numerical estimates we use
expression forGspec, including the next-to-leading order co
rections ands-quark mass effects in the final state, but w
neglect the Cabibbo-suppressed decay channels for tc
quark. The bulky explicit expression for the specta
c-quark decay is placed in the Appendix.

Similarly, the contribution byOGQ is obtained when an
external gluon line is attached to the inner quark lines in F
1 in all possible ways. The corresponding coefficients
known in the leading logarithmic approximation. Finally, th
dimension-six operators and their coefficients arise due

FIG. 1. The spectator contribution to the total decay width
doubly charmed baryons.
01400
nd
g.
he

r
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e
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those contributions, wherein one of the internalu or d̄ quark
line is ‘‘cut’’ in the diagram of Fig. 1. The resulting graph
are depicted in Figs. 2 and 3. These contributions corresp
to the effects of Pauli interference and weak scattering.
have calculated the expressions for these effects which
count for both thes-quark mass in the final state and th
logarithmic renormalization of effective electroweak L
grangian at low energies.

Since the simultaneous account for the mass effects
low-energy logarithmic renormalization of such contrib
tions has been performed in this work, we would like
discuss this question in some detail.

The straightforward calculation of the diagrams in Figs
and 3 with the account for thes-quark mass yields the fol
lowing expressions:

f FIG. 2. The Pauli interference ofc-quark decay products with
the valence quark in the initial state for theJcc

11 baryon.
TPI52
2GF

2

4p
p2

2 H F ~12z2!3

12
gab1S ~12z2!3

2
2

~12z2!3

3 D p2
a p2

b

p2
2 G J $~C11C2!2@ c̄iga~12g5!ci #@qjgb~12g5!qj #

1~5C1
2 26C1C21C2

2 !@ c̄iga~12g5!cj #@qjgb~12g5!qi #%, ~8!

TWS5
2GF

2

4p
p1

2 ~12z1!2$~C1
2 1C2

2 !@ c̄iga~12g5!ci #@qjgb~12g5!qj #1~C1
2 2C2

2 !@ c̄iga~12g5!cj #@qjgb~12g5!qi #%.

~9!

For p1 andp2 we use their threshold values:

p15pcS 11
mq

mc
D , p25pcS 12

mq

mc
D ,

taking into account that the logarithmic renormalization of effective low-energy Lagrangian has the following form@5,6#:

Leff,log5
Gf

2mc
2

2p H 1

2 FC1
2 1C2

2 1
1

3
~12k1/2!~C1

2 2C2
2 !G~ c̄Gm!~ d̄Gmd!1

1

2
~C1

2 2C2
2 !k1/2~ c̄Gmd!~ d̄Gmc!1

1

3
~C1

2 2C2
2 !

3k1/2~k22/921!~ c̄Gmtac! j m
a 2

1

8 F ~C11C2!21
1

3
~12k1/2!~5C1

2 1C2
2 26C1C2!G S c̄Gmc1

2

3
c̄gmg5cD ~ ūGmu!

2
1

8
k1/2~5C1

2 1C2
2 26C1C2!S c̄iGmck1

2

3
c̄igmg5ckD ~ ūkG

mui !2
1

8 F ~C12C2!21
1

3
~12k1/2!

3~5C1
2 1C2

2 16C1C2!G S c̄Gmc1
2

3
c̄gmg5cD ~ s̄Gms!2

1

8
k1/2~5C1

2 1C2
2 16C1C2!S c̄iGmck1

2

3
c̄igmg5ckD ~ s̄kG

msi !

2
1

6
k1/2~k22/921!~5C1

2 1C2
2 !S c̄Gmut

ac1
2

3
c̄gmg5tacD j amJ , ~10!
7-4
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where Gm5gm(12g5), k5@as(m)/as(mc)# and j m
a

5ūgmtau1d̄gmtad1 s̄gmtas is the color current of light
quarks (ta5la/2 being the color generators!. Having per-
formed the manipulations, we have obtained formulas~6!,
~7!.

Here we would like to make a note, concerning the ter
of the effective Lagrangian, containing the color current
light quarks. In the analysis below, we have omitted th
terms, because they contribute in the Lagrangian with
strength factork22/921, whose numerical value is equal
0.054~see below!.

To calculate the contribution of semileptonic modes to
total decay width ofJcc

L baryons~we have taken into ac
count the electron and muon decay modes only!, we use the
following expressions@11# ~see, also,@17#!:

Gsl54Gc~$128r18r32r4212r2ln r%

1Ec$5224r124r228r313r4212r2ln r%

1Kc$26132r224r222r4124r2ln r%

1Gc$22116r216r312r4124r2ln r%!, ~11!

whereGc5uVcsu2GF
2(mc

5/192p3), r5ms
2/mc

2 . The quantities
Ec5Kc1Gc , Kc andGc are given by the expressions:

Kc52K Jcc
L~v !U c̄v

~ iD !2

2mc
2

cvUJcc
L~v !L ,

Gc5K Jcc
L~v !U c̄v

gGabsab

4mc
2

cvUJcc
L~v !L ,

~12!

where the spinor fieldcv in the effective heavy quark theor
is defined by the form

c~x!5e2 imcv•x
11 iD mgm /mc

2
cv~x!. ~13!

Thus, we can see that the evaluation of total lifetimes
the doubly charmed baryons is reduced to the problem
estimation for the matrix elements of operators appearin
the above expressions, which is the topic of the next sect

III. EVALUATION OF MATRIX ELEMENTS

Let us calculate the matrix elements for the operato
obtained as the result of OPE for the transitions under c
sideration. In general, it is a complicated nonperturbat

FIG. 3. The weak scattering of the valence quarks in the ini
state for theJcc

1 baryon.
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problem but, as we will see below, in our particular calcu
tion we can get some reliable estimates for the matrix e
ments of the required operators.

Using the equation of motion for the heavy quarks, t
local operatorc̄c can be expanded in the following serie
over the powers of 1/mc :

^Jcc
Luc̄cuJcc

L&norm51

2
^Jcc

Luc̄@~ iD!22„~ i /2!sG…#cuJcc
L&norm

2mc
2

1OS 1

mc
3D . ~14!

Thus, this evaluation can be reduced to the calculation
matrix elements for the following operators:

c̄~ iD!2c, S i

2D c̄sGc, c̄ga~12g5!cq̄ga~12g5!q,

c̄gag5cq̄ga~12g5!q.

The first operator corresponds to the time dilation connec
to the motion of heavy quarks inside the hadron, the sec
is related to the spin interaction of heavy quarks with t
chromomagnetic field of the light quark and the other hea
quark. Further, the third and fourth operators are the fo
quark operators, representing the effects of Pauli interfere
and weak scattering.

In the system containing the nonrelativistic heavy qua
the quark-antiquark pairs with the same flavor can be p
duced with a negligible rate, since energy greater thanmQ is
required. In this situation, it is useful to integrate out t
small components of the heavy-quark spinor field and
present the result in terms of the two component spinorCQ .
Following this approach, we find that all contributions fro
virtualities greater thanm, wheremc.m.mcvc , can be ex-
plicitly taken into account in the perturbative theory. Th
method is general and analogous to the effective heavy q
theory. So,

c̄c5Cc
†Cc2

1

2mc
2
Cc

†~ iD!2Cc

1
3

8mc
4
Cc

†~ iD!4Cc2
1

2mc
2
Cc

†gsBCc

2
1

4mc
3
Cc

†~DgE!Cc1•••, ~15!

c̄gsmnGmnc522Cc
†gsBCc2

1

mc
Cc

†~DgE!Cc1•••.

~16!

In these expressions we have omitted the te
Cc

†s(gE3D)Cc , corresponding to the spin-orbital intera

l

7-5
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V. V. KISELEV, A. K. LIKHODED, AND A. I. ONISHCHENKO PHYSICAL REVIEW D 60 014007
tion, because it vanishes in the ground states of dou
charmed baryons. By definition, the two-component spi
Cc has the same normalization asQ,

E d3xCc
†Cc5E d3xQ†Q. ~17!

Then, with the required accuracy,Cc can be expresse
through the big components of spinorQ

Q[e2 imtS f

x
D , ~18!

due to the following formula:

Cc5S 11
~ iD!2

8mc
2 D f, ~19!

~this can be checked with the use of the equation of motio!.
Let us note that the covariant derivative should be taken
the adjoint representation, when it acts on the chromoelec
field,

~DE!5~Ta2g fabcTbAc!Ea. ~20!

Radiative corrections modify the coefficients of the chrom
magnetic term (sB) and ‘‘Darwin’’ term in Eq. ~15!. How-
ever, in the situation at hand, these effects can be con
tently neglected.

Now let us consider the significance of different contrib
tions to the expansions in Eqs.~15! and~16!. Evaluating the
contributions of chromomagnetic and ‘‘Darwin’’ terms, w
have to take into account the interaction of the heavy qu
with the light quark as well as the interaction with the oth
heavy quark. In the first case, the procedure of the calc
tion is analogous to that for the heavy-light mesons. So,
Darwin term is suppressed by a factor ofLQCD/mc in com-
parison with the chromomagnetic term, and, thus, we neg
its contribution. In the second case, the analysis is analog
to that for the heavy-heavy mesons, so that we can use
scaling rules of the nonrelativistic QCD@4#. In this approach,
the contributions of different operators can be estimated,
ing the following relations in the Coulomb gauge:

Cc;~mcvc!
3/2, D;mcvc , gE;mc

2vc
3 ,

gB;mc
2vc

4 , g;vc
1/2.

From these scaling rules for the heavy-heavy interaction,
can deduce that the contribution of the ‘‘Darwin’’ term h
the same order as that of chromomagnetic term.

Let us now start the calculation of matrix elements w
the use of potential models for the bound states of hadr
While estimating the matrix element value of the kinetic e
ergy, we note that the heavy quark kinetic energy consist
two parts: the kinetic energy of the heavy quark motion
side the diquark and the kinetic energy, related to the diqu
motion inside the hadron. According to the phenomenolo
of meson potential models, in the range of average distan
between the quarks: 0.1 fm,r ,1 fm, the average kinetic
01400
ly
r

in
ic

-

is-

-

rk
r
a-
e

ct
us
he

s-

e

s.
-
of
-
rk
y
es

energy of quarks is constant and independent of both
quark flavors, constituting meson, and the quantum numb
describing the excitations of the ground state. Therefore,
determineT5mdvd

2/21mlv l
2/2 as the average kinetic energ

of diquark and light quark with ml5mq , and T/2
5mc1vc1

2 /21mc2vc2
2 /2 as the average kinetic energy

heavy quarks inside the diquark~the coefficient 1/2 takes
into account the antisymmetry of the color wave function
the diquark!. Finally, we have the following expression: fo
the matrix elements of the heavy quark kinetic energy:

^Jcc
LuCc

†~ iD!2CcuJcc
L&

2MJ
cc
Lmc

2
.vc

2.
mlT

2mc
21mcml

1
T

2mc
.

~21!

We use the valueT.0.4 GeV, which results invc
250.146,

where the dominant contribution comes from the motion
heavy quarks inside the diquark.

Now we would like to estimate the matrix element of th
chromomagnetic operator, corresponding to the interac
of heavy quarks with the chromomagnetic field of the lig
quark. For this purpose, we will use the following defin
tions: Omag5( i 51

2 (gs/4mc) c̄
ismnGmnci and Omag;l@ j ( j

11)2sd(sd11)2sl(sl11)#, wheresd is the diquark spin
~as was noticed by the authors earlier@1#, there is only the
vector state of thecc diquark in the ground state of suc
baryons!, sl is the light quark spin, andj is the total spin of
the baryon. Since bothc quarks additively contribute to the
total decay width of baryons, we can use the diquark pict
and substitute for the sum ofc-quark spins, the diquark spin
This leads to the parametrization forOmag, as it is given
above, and, moreover, it allows us to relate the value of
matrix element for this operator to the mass difference
tween the excited and ground states of the baryons:

Omag52
2

3
~M

J
cc
L* 2MJ

cc
L!. ~22!

Taking into account the interaction of heavy quarks ins
the diquark leads to the following expressions for the ch
momagnetic and Darwin terms:

^Jcc
LuCc

†gs•BCcuJcc
L&

2MJ
cc
L

5
2

9
g2

uC~0!u2

mc
, ~23!

^Jcc
LuCc

†~D•gE!CcuJcc
L&

2MJ
cc
L

5
2

3
g2uC~0!u2, ~24!

whereC(0) is the diquark wave function at the origin.
Collecting the results given above, we find the mat

elements of operators~15! and ~16!:
7-6
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^Jcc
Luc̄cuJcc

L&

2MJ
cc
L

512
1

2
vc

22
1

3

MJ
cc
L2MJ

cc
L

mc
2

g2

9mc
3

uC~0!u2

2
1

6mc
3

g2uC~0!u21•••

'120.07420.00420.00320.0051•••.

~25!

We can see that the largest contribution to the decreas
the decay width comes from the time dilation, connected
the motion of heavy quarks inside the baryon. For the ma
element of the operatorc̄gsmnGmnc, we get

^Jcc
Luc̄gsmnGmncuJcc

L&

2MJ
cc
L

52
4

3

~M
J

cc
L* 2MJ

cc
L!

mc

2
4g2

9mc
3

uC~0!u22
g2

3mc
3

uC~0!u2.

~26!

Now let us continue with the calculation of the matrix el
ments for the four-quark operators, corresponding to the
fects of Pauli interference and weak scattering. The strai
forward calculation in the framework of nonrelativistic QC
gives

^c̄gm~12g5!c!~ q̄gm~12g5!q&52mcV
21~124ScSq!,

~27!

^ c̄gmg5c!~ q̄gm~12g5!q&524ScSq2mcV
21,

~28!

whereV215uC1(0)u2, and C1(0) is the light quark wave
function at the origin of the twoc quarks. We suppose tha
uC1(0)u has the same value as that in theD meson. So, we
find

uC1~0!u2'
f D

2 mD
2

12mc
. ~29!

Then, again remembering that bothc quarks additively con-
tribute to the total decay width and using the diquark pictu
we can substitute forSc1

1Sc2
the Sd , whereSd is the di-

quark spin. Thus, we have

^Jcc
Lu~ c̄gm~12g5!c!~ q̄gm~12g5!q!uJcc

L&

MJ
cc
L

512mcuC1~0!u2, ~30!

^Jcc
Lu~ c̄gmg5c!~ q̄gm~12g5!q!uJcc

L&

MJ
cc
L

58mcuC1~0!u2.

~31!
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The color antisymmetry of the baryon wave function resu
in relations between the matrix elements of operators w
different sums over the color indexes:

^Jcc
Lu~ c̄iTmck!~ q̄kg

m~12g5!qi uJcc
L&

52^Jcc
Lu~ c̄Tmc!~ q̄gm~12g5!quJcc

L&,

whereTm is any spinor structure. Thus, we completely deri
the expressions for the evaluation of the required matrix
ements.

IV. NUMERICAL ESTIMATES

Now we are ready to collect the contributions, describ
above, and to estimate the total lifetimes of baryonsJcc

11

andJcc
1 . For the beginning, we list the values of paramete

which we have used in our calculations, and give some co
ments on their choice:

mc51.6 GeV, ms50.45 GeV, uVcsu50.9745,

MJ
cc
1153.56 GeV, MJ

cc
1 53.56 GeV,

M
J

cc
L* 2MJ

cc
L50.1 GeV,

T50.4 GeV, uC~0!u50.17 GeV3/2,

ml50.30 GeV.

For the parametersMJ
cc
11, MJ

cc
1 and M

J
cc
L* 2MJ

cc
L we use

the mean values given in the literature. Their evaluation
been also performed by the authors in the potential mode
the doubly charmed baryons with the Buchmu¨ller-Tye poten-
tial, and also in Refs.@18–21#. For f D we use the value given
in @6,22# and forT we take it from@23#. The massmc cor-
responds to the pole mass of thec quark. For its determina-
tion we have used a fit of theoretical predictions for the li
times and the semileptonic width of theD0 meson from the
experimental data. This choice ofc-quark mass seems effec
tively to include unknown contributions of higher orders
perturbative QCD to the total decay width of baryons und
consideration.

In the operator product expansion, combined with the
fective theory of heavy quarks, the heavy quark mass
pends on the factorization scale for the Wilson coefficie
standing in front of corresponding operators. Usually, t
mass is associated with the pole mass, and not with the
rent mass in the perturbative QCD. While the current m
estimates (mc'1.25 GeV) are less than those of the po
one (mc'1.421.8 GeV), both contain the nonperturbativ
uncertainty connected to the region of low virtualities, whi
are beyond the perturbative theory (dmc;LQCD
;200–300 MeV). Anyway, the charmed quark mass va
determines the dominant term in the variation of theoreti
predictions. To obtain reliable results, we apply the hea
quark effective theory to estimate the semileptonic widths
charmed mesonsD1,D0, whose absolute values are approx
mately independent of the spectator contents. This proce
7-7
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TABLE I. The contributions of different modes to the total decay width of doubly charmed baryon

Mode or decay Width (ps21) Contribution in % Contribution in %
mechanism (Jcc

11) (Jcc
1 )

cspec→sd̄u 2.894 124 32.4

c→se1n 0.380 16 4.3
c→sm1n 0.380 16 4.3
PI 21.317 256
WS 5.254 59
GJ

cc
11 2.337 100

GJ
cc
1 8.909 100
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leads to the value given in the above set of paramet
Moreover, the recent observation of theBc meson by the
CDF collaboration@24# yielded the lifetime, which is in a
good agreement with the predictions performed in the sa
OPE method@9#, as it is applied in the present work, if th
charmed quark mass is close to the value we have used
the region of low charmed quark mass values is reliably d
favored.

Next, the masses of light quarks are essential only in
estimation of kinematical characteristics such as the ph
spaces in the intermediate states, when we have calcu
the corresponding coefficients of operators, as well as in
evaluations of parameters of bound states such as the av
square of heavy quark momentum or the wave functions
the nonrelativistic approach. In both cases, the use of c
stituent values of light quark masses is justified, since, fi
the charmed quark mass is not so large to neglect the ma
of hadrons in the final states, which can be effectively tak
into account by the constituent values, and second, the
tential picture is qualitatively and quantatively explored w
the same phenomenological values of light quark masse

The renormalization scalem is chosen in the following
way: m15mc in the estimate of Wilson coefficientsC for the
effective four-fermion weak Lagrangian with thec quarks at
low energies andm251.2 GeV for the Pauli interferenc
and weak scattering (k factor!. The latter value of the renor
malization scale has been obtained from the fit of theoret
predictions for the lifetimes differences of baryo
Lc ,Jc

1 ,Jc
0 over the experimental data. Here we would li

to note that the theoretical approximations used in@5# in-
clude the effect of logarithmic renormalization and do n
take into account the mass effects, related to thes quark in
the final state. For the corresponding contributions to
decay widths of baryons with the different quark content
have

nGnl~Lc!5cd^Od&Lc
1cu^Ou&Lc

,

nGnl~Jc
1!5cs^Os&J

c
11cu^Ou&J

c
1, ~32!

nGnl~Jc
0!5cd^Od&J

c
01cs^Os&J

c
0,

where ^Oq&Xc
5^XcuOquXc&, Oq5( c̄gmc)(q̄gmq), and q

5u,d,s. The coefficientscq(m) are equal to
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cd5
Gf

2mc
2

4p FC1
2 1C2

2 1
1

3
~4k1/221!~C2

2 2C1
2 !G ,

cu52
Gf

2mc
2

16p F ~C11C2!21
1

3
~124k1/2!

3~5C1
2 1C2

2 26C1C2!G , ~33!

cs52
Gf

2mc
2

16p F ~C12C2!21
1

3
~124k1/2!

3~5C1
2 1C2

2 16C1C2!G .
We use the spin-averaged value of theD-meson mass for the
estimation of the effective light quark massml as it stands
below:

mD5mc1ml1
Tml

mc1ml
'1.98 GeV. ~34!

The s-quark mass can be written down as

ms5ml10.15 GeV. ~35!

As we have already mentioned, the spectator decay widt
the c quark Gc,spec is known in the next-to-leading order o
the perturbative QCD@13–17#. The most complete calcula
tion, including the mass effects, connected to thes quark in
the final state is given in@17#. In the present work we have
used the latter result for the calculation of the spectator c
tribution to the total decay width of doubly charmed baryon
In the calculation of the semileptonic decay width, we n
glect the electron and muon masses in the final state. M
over, we neglect thet-lepton mode.

Now, let us proceed with the numerical analysis of co
tributions by the different decay modes into the total dec
width. In Table I we have listed the results for the fixe
values of parameters described above. From this table
can see the significance of the effects caused by both
Pauli interference and the weak scattering in the decay
doubly charmed baryons. The Pauli interference gives
negative correction about 36% for theJcc

11 baryons, and the
weak scattering increases the total width by 144% forJcc

1 .
7-8
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As it has been already noted in the Introduction, these eff
take place differently in the baryons, and, thus, they enha
the difference of lifetimes for these hadrons.

It is worth here recalling that the lifetime difference
D1 and D0 mesons is generally explained by the Pauli
terference ofc-quark decay products with the antiquark
the initial state, while in the current consideration, we see
dominant contribution of weak scattering. This should not
surprising because under a more detailed consideration
will find that the formula for the Pauli interference operat
for the D meson coincides with that for the weak scatteri
in the case of baryons, containing, at least, a singlec quark.

Finally, collecting the different contributions for the tot
lifetimes of doubly charmed baryons, we obtain the follo
ing values:

tJ
cc
1150.43 ps, tJ

cc
1 50.11 ps.

There are several sources of uncertainties in the above
dictions. First, in this point, the most important value is t
charmed quark mass, since the spectator-independent w
behave asmc

5 and the spectator-dependent terms do asmc
3 .

At low mc the destructive interference will be more essent
However, as we have already mentioned, the high value
mc are preferable for the reasonable agreement with the
perimental data on the semileptonic width ofD mesons and
Bc lifetime. So, rather broad variations of both thec-quark
mass in the range of 1.6–1.65 GeV and the mass differe
for the strange and ordinary light quarks in Eq.~35! in the
range of 0.15–0.2 GeV lead to the uncertainties in the l
times about 15%. Next, the dependence of lifetimes on
values off D and the normalization point results in an unce
tainty of less than 10%. Finally, as we have seen, the n
to-leading order terms of expansion in the heavy quark
locity v can reach the relative value of 10% in the to
widths, which can be used as the estimation of possible c
tributions from the higher-order terms inv. Summing up the
various sources of uncertainties we finddtJ

cc
115

60.11 ps,dtJ
cc
1 560.03 ps.

V. CONCLUSION

In this work we have performed a detailed investigati
on the lifetimes of doubly charmed baryonsJcc

11 , Jcc
1 on

the basis of the operator product expansion for the transi
currents. We have presented formulas taking into acco
both the mass effects and the low-energy logarithmic ren
malization for the contributions to the total decay width
baryons containing heavy quarks, as is caused by the ef
of Pauli interference and weak scattering. The usage of
diquark picture has allowed us to evaluate the matrix e
ments of operators derived. Further, we have discussed
procedure of choosing the values of parameters for the t
lifetimes of these baryons. The obtained results show
significant role of both the Pauli interference and the we
scattering.
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APPENDIX

In this Appendix we present the explicit formulas@17# for
the spectator decay of thec quark in next-to-leading order o
the perturbation theory, taking into account the mass effe
related to thes quark in the final state.

The coefficientsC1 andC2 in the effective Lagrangian
taking into account the next-to-leading order in perturbat
QCD, acquire the additional multiplicative factors:

F6~m!511
as~mW!2as~m!

4p

g6
~0!

2b0
S g6

~1!

g6
~0!

2
b1

b0
D

1
as~mW!

4p
B6 ,

whereg6
( i ) are the coefficients of the anomalous dimensio

for the operatorsO6 :

g65g6
~0!

as

4p
1g6

~1!S as

4p D 2

1O~as
3!

with

g1
~0!54, g2

~0!528, g1
~1!5271

4

9
nf ,

g2
~1!52142

8

9
nf ,

in the naive dimensional regularization~NDR! with the an-
ticommutatingg5, andnf is the number of flavors taken int
account.b i is the initial two coefficients of the QCDb func-
tion:

b52gsH b0

as

4p
1b1S as

4p D 2

1O~as
3!J ,

b05112
2

3
nf , b151022

38

3
nf .

The coefficientsB6 are written down in accordance with th
requirement of the agreement between the effective Lagra
ian, evaluated at the scalem5mW , and the Standard Mode
requirement up to terms of the order ofas

2(mW):

B656B
Nc71

2Nc
,

7-9
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whereNc53 is the number of colors. In the NDR scheme forB, we findB511.
Using the effective Lagrangian in the next-to-leading order of the perturbative QCD and calculating the one-gluon

tions, we get the following expression for the spectatorc-quark decay:

G~c→sud̄!5G0F2C1
2 ~m!1C2

2 ~m!1
as~mW!2as~m!

2p
$2C1

2 ~m!R11C2
2 ~m!R2%1

as~m!

2p
$2C1

2 ~m!B11C2
2 ~m!B2%

1
3

4
$C1~m!1C2~m!%2

2

3

as~m!

p
$Ga1Gb%1

3

4
$C1~m!2C2~m!%2

2

3

as~m!

p
$Gc1Gd%

1
1

2
$C1

2 ~m!2C1
2 ~m!%

2

3

as~m!

p
$Ga1Gb1Ge%G , ~A1!

where

G05
Gf

2mc
5

192p3
uVcsu2f 1~ms

2/mc
2!,

f 1~a!5128a18a32a4212a2ln a,

and

R65B61
g6

~0!

2b0
S g6

~1!

g6
~0!

2
b1

b0
D .

For Ga , Gb , Gc , Gd , andGe we have found:

~Ga1Gb! f 1~a!5
31

4
2p22a@802 ln a#132a3/2p22a2@273116p2218 lna136 ln2a#132a5/2p22

8

9
a3@118257 lna#

1O~a7/2!, ~A2!

~Gc1Gd! f 1~a!5
31

4
2p228a@102p213 lna#2a2@117224p21~3028p!ln a136 ln2a#

2
4

3
a3@7912p2262 lna16 ln2a#1O~a4!, ~A3!

~Ga1Gb1Ge1B! f 1~a!5S 6 ln
mc

2

m2
111D f 1~a!2

51

4
2p218a@212p223 lna#132a3/2p2

2a2@111140p22258 lna136 ln2a#132a5/2p2

2
4

9
a3@305118p2130 lna254 ln2a#1O~a7/2!. ~A4!

These approximations can be used in the range ofa values:a,0.15, wherea5(ms /mc)
2, which indeed, takes place in th

calculations under consideration.
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