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We perform a detailed investigation of total lifetimes for tB¢," and 27, 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 decaysris, which reflect

the fact that these quarks are bound as well as the contributions connected to the effects of both the Pauli
interference for th& ;" baryon and the weak scattering for B¢, baryon. The realization of such a program

leads to the following estimates for the total lifetimes of doubly charmed bary@zrg}::o.43t 0.11 ps and
TE;ZO.lﬁO.OS ps.[S0556-282199)06309-3

PACS numbes): 14.20.Lq, 12.39.Hg, 13.36a

. INTRODUCTION ation of quark diagrams shows that in the decay=gf."
baryons, the Pauli interference for the decay products of the

A study on weak decays of doubly charmed baryons is otharmed quark and the valent quark in the initial state takes
great interest for two reasons. The first one is connected tplace in an analogous way to ti®"-meson decay. In the
the investigation of the basic properties of weak interactionslecay of 2., the exchange by th& boson between the
at the fundamental level, including the precise determinatiovalence quarks plays an important role as in the dec& of
of Cabibbo-Kobayashi-Maskawa matrix parameters. Thelhese speculations and the presence of two charmed quarks
second reason is related to the possibility of exploring QCDn the initial state result in the following estimates for the
as it is provided by the systems containing the heavy quarkdifetimes:
In the limit of a large scale given by the heavy quark mass,
some aspects in the dynamics of strong interactions become 1
simpler and one obtains the possibility of drawing definite (B ~§T(D+)20-53 ps,
model-independent predictions. Of course, both these topics
appear in the analysis of weak decays for the doubly
charmed baryons, whose dynamics is determined by an in-
terplay between the strong and weak interactions. That is
why these baryons are attractive and reasonable subjects for

theoretical and experimental consideration. . : .
The doubly charmedE 2-baryon, where® denotes the In th_|s work we'dls_cuss the systematic approach to the
cc ' evaluation of total lifetimes for the doubly charmed baryons

electric charge depending on the valence light quark, FePren the basis of both the optical theorem for the inclusive

sents an absolutely new pre_of object in comparison Wi.“becay width and the operator product expangiORE for
ordinary baryons contglnmg light quarks only. The _bas'cthe transition currents in accordance with the consequent
state of such a baryon is analogous taj meson, which  nponrelativistic expansion of hadronic matrix elements de-
contains a single heavy antiquatk and a light quarlg. In rived in the OPE. Using the OPE at the first step, we exploit
the doubly heavy baryon the role of the heavy antiquark ighe fact that due to the presence of heavy quarks in the initial
played by the ¢c) diquark, which is an antitriplet color state, the energy release in the decay of both quarks is large
state. It has a small size in comparison with the scale of thenough in comparison with the binding energy in the state.
light quark confinement. Nevertheless the spectrum ofThus, we can use the expansion over the ratio of these scales.
(ccg)-system states has to differ essentially from the heavyl'echnically, this step repeats an analogous procedure for the
meson spectra, because the composa)l @iquark has a set inclusive decays of heavy-light mesons as it was reviewed in
of the excited stateffor example, & and 2P) in contrast [2]. Exploring the nonrelativistic expansion of hadronic ma-
with the heavy quark. The energy of diquark excitation istrix elements at the second step, we use the approximation of
twice less than the excitation energy of light quark boundnonrelativistic QCD[3,4], which allows one to reduce the
with the diquark. So, the representation on the compact dievaluation of matrix elements for the full QCD operators,
guark can be straightforwardly connected to the level struceorresponding to the interaction of heavy quarks inside the
ture of the doubly heavy baryon. diquark, to the expansion in powers pf/m., wherep.
Naive estimates for the lifetimes of doubly charmed bary-=m. .~1 GeV is a typical momentum of the heavy quark

ons were done by the authors earlig}. A simple consider- inside the baryon. The same procedure for the matrix ele-

ments, determined by the strong interaction of heavy quarks

with the light quark, leads to the expansion in powers of
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This way, taking into account the radiation of hard gluons .
in these decays, leads to the expansion in powersofv, 7=Im mf d*x{THes(X)Her(0)}, )
=p/m; andA gcp/mc . Itis worth noting, that this expansion
would be well defined, provided the expansion parametergshereH . is the standard effective Hamiltonian, describing
are small. In thec—sud transition, the ratio of typical the low-energy interactions of initial quarks with the decays
momentum for the heavy quark inside the hadron to theroducts, so that
value of energy released in the decay, is not so small. We
would like also to stress the important roles, played by both E
the Pauli interference and the weak scattering, suppressed as Hefr=—\/—qu1Vf§q1[C+(M)O+ +C_(#)O_]+H.c,
1/m§ with respect to the leading spectator contribution, but 2y2
the former are enhanced by a numerical factor, caused by the
ratio of two-particle and three-particle phase spd&@sNu-  \yhere
merical estimates show that the value of these contributions

()

is considerably large, and it is of the order of 40—140 %. O+=[_ (1— ye)C ][U (1= ve) Q]
These effects take place in the different barydgg,” and =T e ARSI Cp L, VST YS 2
E ... and, thus, they enhance the difference of lifetimes for X(6a56,5% 0as0yp),
these baryons. The final result for the total lifetimes of dou-
bly charmed baryons is the following: and
M) ]6/(33-2f) M) ]~ 12433-2f)
7=++=0.43+0.11 ps, C.= ol W)} , _| o W)} ,
ce as(p) as(u)
7z+=0.11+0.03 ps. wheref is the number of flavors.
cc

Assuming that the energy release in the heavy quark de-
. . : . . cay is large, we can perform the operator product expansion
The paper is organized in the following way. Section Il for the transition operatdfin Eq. (1). In this way we find a

contains a general appl|cat|on.of the OPE.'” the frameworlgeries of local operators with increasing dimension over the
of heavy quark expansion, basically repeating a common for:

. : . . energy scale, wherein the contributions Ego are sup-
mulation given by[2—-9]. We include also the corrections ) o Scc
due to the nonzero strange quark mass as well as the logRressed by the increasing inverse powers of the heavy quark
rithmic renormalization for effective nonrelativistic heavy- masses. This formalism has already been applied to calculate
quark fields in the weak Lagrangi&thybrid logs”). In Sec.  the total decay rates for the hadrons, containing a single
Il we evaluate different contributions to the inclusive decayh€avy quark2] (for most early work, having used similar
rates of doubly charmed baryons. So, we apply the ideologynethods, see al46,8]). Here we would like to stress that the
of [9], wherein the differences between heavy-heavy an@xpansion applied in this paper is simultaneously in the pow-
heavy-light mesons were stressed and investigated. TH¥S of the inverse heavy quark mass and the relative velocity
method allows a generalization to the heavy-heavy diquarRf heavy quarks inside the hadron. Thus, the latter points to
system, interacting with a light quark, as it happens in thehe difference from the description of both the heavy-light
doubly heavy baryons. Numerical estimates are given in Sedhesons(the expansion in powers ol qcp/mc) and the
IV. Conclusions are drawn in Sec. V. Some formulas used ifeavy-heavy meson$] (the expansion in powers of relative

the calculations are collected in the Appendix for a referencevelocity of heavy quarks inside the hadron, where one can
apply the scaling rules of nonrelativistic QGB]).

In this work we will extend this approach to the treatment
of baryons, containing two heavy quarks. The operator prod-

Now let us start the description of our approach for theuct expansion applied has the form
calculation of total lifetimes for the doubly charmed baryons.
The optical theorem, taking into account the integral quark-
hadron duality, allows us to relate the total decay width of
the heavy quark with the imaginary part of its forward scat-
ter<i>ng amplitude. This relationship, applied to the The leading contribution in OPE is determined by the
Ecc-baryon total decay widtli'= ¢, can be written down as  gperator cc, corresponding to the spectator decays cof

quarks. The use of the equation of motion for the heavy

II. OPERATOR PRODUCT EXPANSION

— 1 — 1
T:Cl(,u)chrFCZ(M)cgaWGWHﬁO(l). 4

Cc Cc

1 quark fields allows one to eliminate some redundant opera-
zo= (ES|TES), (1)  tors, so that no operators of dimension-four contribute. There
cc — . . . . . -
2M=c<>c is a single operator of dimension fivQgo=Qgo,,G*"Q.

As we will show below, significant contributions come from
o

where theE ., state in Eq.(1) has the ordinary relativistic the operators of dimension—si@zquzal“qEF’Q, repre-

normalization(Z &|E ) =2EV, and the transition operator senting the effects of Pauli interference and weak scattering

T'is determined by the expression for 2" andE,, correspondingly. Furthermore, there are
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also  other  operators of dimension-six Qg1  Where the first terms account for the operators of dimension
= QUM%DMGVIQ and Qgxo=QD,G*'T,Q. In what fol- threeO3q and fiveOgq, the second terms correspond to the
lows, we do not calculate the corresponding coefficient funceffects of Pauli interference and weak scattering. The explicit
tions for the latter two operators, so that the expansion iformulas for these contributions have the following form:
certainly complete up to the second order ahldnly. The

reason for the restriction of dimension-six operators is two- — Toe

fold. First, the operatorQg1o andQg,q do not contribute to Tase=2| T spe€C—— [(2+Kge) P1+K5cP2]Og¢ |

the lifetime difference between the doubly charmed baryons me

under consideration, since they are independent of the quark (5)
contents of hadrons. Second, the four-quark operators are

enhanced in comparison with the quark-gluon terms with thevhere T'oo=G2m2/1927° and Ko,=C2+2C%, Ky
same dimension because the two-particle phase space inte2(C2 —C?). This expression has been derived10] (see

grated in the calculation of coefficients in front of the Paulialso[11]), and it is also discussed {2]. The phase-space
interference and weak rescattering has an additional factor @ictorsP; are[2,12]

1672 in contrast to the three-particle phase space expressed
in units of the heavy quark mass as it occurs for the coeffi-
cients of operatorQg;o and Qgyn, SO that they are sup-
pressedsee a detailed discussion [i6,7]).

Further, the different contributions to OPE are given bywherey=mZ/m;.
the following: "¢ specdenotes the contribution to the total decay width of
the free decay for one of the twooquarks, which is explicitly
expressed below.

For the effects of Pauli interference and weak scattering,
we find the following formulas:

P1=(1-y)*% P,=(1-y)%,

Tz++=Tas+ T pi,
cc !

T+ =T+ T ws:
cc !

2G2 m\ ([ (1-2z_)% (1-z.)% — — (1-z_)> (1-z.)%
%lZ_T;mg(l_E) H( 5 a )[CiYa(l_Ys)Ci][qJ'Ya(l—75)q1']+ 5 3 )
_ 2 _ 3
x<?iyavsci>[€jy“<1—y5>qj]} (c++c,>2+§<1—k1’2>(503+<:%—6c,c+> + (& 22‘) 4 42))
— — (1-z.)* (1-z_)% — —
X[Civa(1=ys)ciI[d;y* (1~ ys)Ci]+ > 3 )(Ci')’a'YSCj)[qj'ya(l_75)qi]
xk¥3(5C%2 +C%2-6C_C,){, (6)

2

1
F
Tws=— P4 (1-2)? | CL+C2+ 2 (1-k'H(Ci -C2)

[Civa(1—ys)cil[a;y(1— y5)q;]1+ kY4 C2 —C?)

X[Ciya(1—ys)cilla;y*(1— w;)qd}. (@)

where p,=p.+pq, P-=pPc—pPq and zi=m§/p§, m, fects mentioned above. This problem is discussed below.
=my 4, k=ag(u)/ ag(my). Anyway, the choice of these scales allows some variations,
In the numerical estimates for the evolution of coefficientsand a complete answer to this question requires calculations
C, andC_, we have taken into account the threshold ef-in the next order of perturbative theory.
fects, connected to thie quark, as well as the threshold ef-  The contribution of the leading operatoc corresponds
fects, related to the-quark mass in the Pauli interference to the imaginary part of the diagram in Fig. 1, as it stands in
and weak scattering. expression4). The coefficient ofcc can be obtained in the
In expression5), the scaleu is approximately equal to usual way by matching the Fig. 1 diagram, corresponding to
m . For the Pauli interference and weak scattering, this scalghe leading term in expressid4), with the operatoa:. This
was chosen in such a way as to obtain an agreement betweggefficient is equivalent to the free quark decay rate, and it is
the experimental differences in the lifetimes/of, 2 and  known in the next-to-leading logarithmic approximation of
Eg-baryons and the theoretical predictions, based on the ef9CD [13-17, including the strange quark mass effects in
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d, o d
FIG. 2. The Pauli interference afquark decay products with

FIG. 1. The spectator contribution to the total decay width of . o Yy
the valence quark in the initial state for th&. ;" baryon.

doubly charmed baryons.

the final statg17]. To calculate the next-to-leading logarith- t.hosg c:“ontf!putlons, yvherem one of the mteruadr_d quark
mic effects, the Wilson coefficients in the effective Weaklme IS ,CUt n th_e diagram of Fig. 1. The_res_ultlng graphs
Lagrangian are required at the next-to-leading accuracy, an@f€ depicted in Figs. 2 and 3. These contributions correspond
the single gluon exchange corrections to the diagram in Fi%_;the effects of Pauli mterfe_rence and weak scatterlng. We
1 must be considered. In our numerical estimates we use tH&ve calculated the expressions for these effects which ac-
expression fol gye,, including the next-to-leading order cor- count for both thes-quark mass in the final state and the
rections ands-quark mass effects in the final state, but welogarithmic renormalization of effective electroweak La-
neglect the Cabibbo-suppressed decay channels forc the grangian at low energies.
quark. The bulky explicit expression for the spectator Since the simultaneous account for the mass effects and
c-quark decay is placed in the Appendix. low-energy logarithmic renormalization of such contribu-
Similarly, the contribution byOgq is obtained when an tions has been performed in this work, we would like to
external gluon line is attached to the inner quark lines in Figdiscuss this question in some detail.
1 in all possible ways. The corresponding coefficients are The straightforward calculation of the diagrams in Figs. 2
known in the leading logarithmic approximation. Finally, the and 3 with the account for thequark mass yields the fol-
dimension-six operators and their coefficients arise due ttowing expressions:

2G2 (1-z_)3 (1-z_)% (1-z_)%\p*p? _
%lz_ 477Fp2{ 12 gaﬁ+( 2 - 3 ) p2_ {(C++Cf)2[cl’)/a(l_’)/S)CI][q]’}/,B(l_’YS)qJ]

+(5C4 —6C ., C_+C2)[Ci¥a(1—¥5)¢; 1[0 v5(1— ys)ail}, (8)

'2: . —
Tws=——P2(1=2.){(CL +C)[Civa(1— y5)Cilla; vp(1 = v5)aj1+ (CL — C2)[Civa(1— ¥s) il 74(1— vo) i}
9

For p, andp_ we use their threshold values:
My my
P+=Pc 1+Fc v P-=Pc¢ 1_Fc )

taking into account that the logarithmic renormalization of effective low-energy Lagrangian has the followinfp{6fm

GZmZ (1 1
f °( C2+C? + 2 (1-Kk)(C% ~C?)

Lettiog™ 3|2

(cT",)(dT#d)+ %(ci —C?)kY¥(cTl",d)(dT #c) +%(ci -C?)

(EI‘#ch —?yﬂgp) (ul'*u)

1
(C++C,)2+§(1—k1’2)(5Ci+C2,—6C+C,) 3

— 1
1/2¢1,—2/9 H
X kY2(k —1)(cFMtac)12—§

1 _ 2 — 1 1
—§k1/2(5c:2+ +C% - 6C+C)( Gl .Gt 36 y#)/SCk) (U u) = 5| (C. —C_)%+ 3(1- k12

— 2 — 1 _ _ _
X (5C2+C2+6C,C_) (crﬂc+ §07M75C) (srﬂs)—§k1’2(5ci+cz_ +ec+c_)( cilueit 36 7My5ck) (s I*s;)

1 — — .
—gk“?(k—”g— 1)(5C2 +cz_)( el mut?c+ §C'yﬂ'y5tac)ja“] , (10)
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s problem but, as we will see below, in our particular calcula-
tion we can get some reliable estimates for the matrix ele-
ments of the required operators.

Using the equation of motion for the heavy quarks, the

local operatorcc can be expanded in the following series
u over the powers of i, :

FIG. 3. The weak scattering of the valence quarks in the initial<: o |€c|: o -1
—+ ~cc ~cc/norm
state for the= .. baryon.

(E&|c[(iD)2= ((112)0G)]c| E &Y nom
a 2

where T,=y,(1-ys), k=[ag(u)lafmy)] and j2

ZU)/#tau-l-dy#tad-i-;yﬂtaS is the color current of light 2mg

guarks (2=\?/2 being the color generatgrsHaving per- 1

formed the manipulations, we have obtained formul@is +O(—3>. (14
(7). me

Here we would like to make a note, concerning the terms ) ) )
of the effective Lagrangian, containing the color current of Thus, this evaluation can be reduced to the calculation of
light quarks. In the analysis below, we have omitted thesdnatrix elements for the following operators:
terms, because they contribute in the Lagrangian with the
strength factok ~2°— 1, whose numerical value is equal to  «(ip)2

c(iD)“c,

0.054(see below.

To calculate the contribution of semileptonic modes to the

i\ _ _
5) coGce, Cy,(1—vys)cay*(1—vs)q,

total decay width of’Eé>C baryons(we have taken into ac- CY,Y5cqv*(1—vs5)Q.
count the electron and muon decay modes pne use the ) ) o
following expression$11] (see, also[17]): The first operator corresponds to the time dilation connected
to the motion of heavy quarks inside the hadron, the second
Ig=4I'({1-8p+8p3—p*—120%Inp} is related to the spin interaction of heavy quarks with the

chromomagnetic field of the light quark and the other heavy

2 3 4 2
+Ec{5—24p+24p—8p”+3p"— 120%In p} quark. Further, the third and fourth operators are the four-

+ K| —6+32p— 24p2— 2p*+ 24p2In p} quark operators, representing the effects of Pauli interference
and weak scattering.
+G{—2+16p—16p3+2p*+24p%In p}), (11) In the system containing the nonrelativistic heavy quark,

y2, 5 5 _— N the quark-antiquark pairs with the same flavor can be pro-
wherel =Vl “GE(Mc/1927°), p=mg/m. The quantities  guced with a negligible rate, since energy greater thgris

Ec=K¢+G., Kc andG, are given by the expressions: required. In this situation, it is useful to integrate out the
o small components of the heavy-quark spinor field and to
K — _< =0 (0) ?(ID) o= <>(U)> present the result in terms of the two component spilgr.
¢ e Yom2 e ' Following this approach, we find that all contributions from
virtualities greater thamp, wherem,>u>mgv., can be ex-
_gG, 0P plicitly taken into account in the perturbative theory. This
Gc:< ECOC(U) CULZCU ECOC(U)> , method is general and analogous to the effective heavy quark
mg theory. So,
12
where the spinor field, in the effective heavy quark theory Ec:q/prc_izqu(i D)%¥,
is defined by the form 2mg
iDM
c(x)—e-mox 21D IMe (13) 2 WDy - wigeBY,
2 8m; 2m?
Thus, we can see that the evaluation of total lifetimes for 1
the doubly charmed baryons is reduced to the problem of ——3\Ifl(DgE)\Ifc+ cee (15
estimation for the matrix elements of operators appearing in 4m;

the above expressions, which is the topic of the next section. .
cgo,,GH'c= —2\1fggaB\1fc—H\1f§(DgE)\1fc+ -
C
(16)

[ll. EVALUATION OF MATRIX ELEMENTS

Let us calculate the matrix elements for the operators,
obtained as the result of OPE for the transitions under conin these expressions we have omitted the term
sideration. In general, it is a complicated nonperturbativelIon(gEx D)V, corresponding to the spin-orbital interac-
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tion, because it vanishes in the ground states of doublgnergy of quarks is constant and independent of both the
charmed baryons. By definition, the two-component spinoiquark flavors, constituting meson, and the quantum numbers,

V. has the same normalization & describing the excitations of the ground state. Therefore, we
determineT = mg4/2+ mu?/2 as the average kinetic energy
J d3x\Pz\Pc=J’ d3xQ'Q. (17) (1f d|qL21ark and , light quark withm,= mg, and T/2
=mewa/2+Mevg,/2 as the average kinetic energy of

heavy quarks inside the diquaskhe coefficient 1/2 takes
into account the antisymmetry of the color wave function for
the diquark. Finally, we have the following expression: for

Then, with the required accuracy’, can be expressed
through the big components of spinQr

QEe—imt( d,)’ - the matrix elements of the heavy quark kinetic energy:
X
due to the following formula: (S PeliD)* Pl = ~p2= m—,T+ T _
oy 2Mzom; ¢ 2mZ+mgm,  2Mc "
V.= ( 1+ g ®, (19 21)

- . . 2:
(this can be checked with the use of the equation of mation We use the val_ué'—0.4 G.eV,. which results i 0'14.6’
here the dominant contribution comes from the motion of

Let us note that the covariant derivative should be taken iheav Larks inside the diquark
the adjoint representation, when it acts on the chromoelectric ya . q ) .
Now we would like to estimate the matrix element of the

field, . . ; )
chromomagnetic operator, corresponding to the interaction
(DE) = (gTa—gfabeTbAC) E2, (200  of heavy quarks with the chromomagnetic field of the light
quark. For this purpose, we will use the following defini-
Radiative corrections modify the coefficients of the chromo-tions: Omag:Ei2=1(gs/4mc)FU'MVGMVCi and Opag~\[j (]
magnetic term ¢B) and “Darwin” term in Eq.(15). How-  +1)—sy(s4+1)—s(s+1)], wheresy is the diquark spin
ever, in the situation at hand, these effects can be consisas was noticed by the authors earljé, there is only the
tently neglected. vector state of thec diquark in the ground state of such
Now let us consider the significance of different contribu-paryons, s, is the light quark spin, anflis the total spin of
tions to the expansions in Eq4.5) and(16). Evaluating the  the baryon. Since both quarks additively contribute to the
contributions of chromomagnetic and “Darwin” terms, we total decay width of baryons, we can use the diquark picture
have to take into account the interaction of the heavy quarlgnd substitute for the sum ofquark spins, the diquark spin.
with the ||ght quark as well as the interaction with the OtherThis leads to the parametrization fm'mag' as it is given
heavy quark. In the first case, the procedure of the calculaghove, and, moreover, it allows us to relate the value of the
tion is analogous to that for the heavy-light mesons. So, thenatrix element for this operator to the mass difference be-

Darwin term is suppressed by a factor obcp/me in cOm-  tween the excited and ground states of the baryons:
parison with the chromomagnetic term, and, thus, we neglect

its contribution. In the second case, the analysis is analogous
to that for the heavy-heavy mesons, so that we can use the
scaling rules of the nonrelativistic QQI]. In this approach,

the contributions of different operators can be estimated, us-
ing the following relations in the Coulomb gauge:

2 *
Omag:_g(MECOC_ME:?C). (22)

Taking into account the interaction of heavy quarks inside
V.~(mwo)¥, D~mw., gE~mi?, the diquark leads to the following expressions for the chro-
momagnetic and Darwin terms:

2.4 1/2
gB~mgv:, g~v:”.

. . . = Ot =0
From these scaling rules for the heavy-heavy interaction, we EcelVcgo B‘I’c|:cc>_g L1 (0)[? 23
can deduce that the contribution of the “Darwin” term has 2M=o ~g9 m. '
the same order as that of chromomagnetic term. Tee

Let us now start the calculation of matrix elements with

the use of potential models for the bound states of hadrons. (ESWH(D-gE)WES) 2
While estimating the matrix element value of the kinetic en- Zod ¥olDr95) Fel=ce =—g3¥(0)|% (24)
ergy, we note that the heavy quark kinetic energy consists of 2Mgo 3

cc

two parts: the kinetic energy of the heavy quark motion in-
side the diquark and the kinetic energy, related to the diquark
motion inside the hadron. According to the phenomenologywhereW¥ (0) is the diquark wave function at the origin.

of meson potential models, in the range of average distances Collecting the results given above, we find the matrix
between the quarks: 0.1 fir<1 fm, the average kinetic elements of operatord.5) and(16):
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|cc| 1 1 MH<> —Mzo 2 The color antisymmetry of the baryon wave function results
'—'cc '—‘CC 2 cc g 2 H : : .
=1--vi-2 3|\p(0)| in relations between the matrix elements of operators with
2M =3 2 3 me Img different sums over the color indexes:

1 ES| (T ey (1— yo)ai| ES
—392|\I’(0)|2+ < ccl i K (kY Vs q|| cc>
c

= —(E&J(cT,0)(ay*(1— ¥5)a|ES),

~1-0.074-0.004-0.003-0.005+ - - - whereT , is any spinor structure. Thus, we completely derive
(25)  the expressions for the evaluation of the required matrix el-
ements.
We can see that the largest contribution to the decrease of
the decay width comes from the time dilation, connected to IV. NUMERICAL ESTIMATES
the motion of heavy quarks inside the baryon. For the matrix

element of the operatargo,,G**c, we get Now we are ready to collect the contributions, described

above, and to estimate the total lifetimes of bary@g"

(22[cg0,,GHC|E 0 4 (MEo—Mzo) andE ;. For the beginning, we list the values of parameters,
ScclCY0 4y Zeo/ % Fec ce which we have used in our calculations, and give some com-
M=o 3 me ments on their choice:
~cc
2 m.=1.6 GeV, mg=0.45 GeV, |V J=0.9745,

4g? g
— =W (0)]2— = |W(0)|2
9m§| 0)] 3Irn3| 0)]

C

MEC+0+:3-56 GeV, ME;’C:3-56 GeV,

(26)
Mwo—M~<>—0 1 GeV,

Now let us continue with the calculation of the matrix ele- e
ments for the four-quark operators, corresponding to the ef- T=0.4 GeV, |¥(0)|=0.17 GeW?
fects of Pauli interference and weak scattering. The straight- ' ’
forward calculation in the framework of nonrelativistic QCD m=0.30 GeV.
gives
For the parameterd = T M =] andMZ 20~ M= o we use

the mean values g|ven in the I|terature Thelr evaluat|on has
been also performed by the authors in the potential model for
the doubly charmed baryons with the BucHles Tye poten-
(28) tial, and also in Refd.18-21]. For f, we use the value given

in [6,22] and forT we take it from[23]. The massn, cor-
whereV~1=|¥,(0)|?, and¥,(0) is the light quark wave responds to the pole mass of tbguark. For its determina-
function at the origin of the twa quarks. We suppose that tion we have used a fit of theoretical predictions for the life-
|¥,(0)| has the same value as that in fhemeson. So, we times and the semileptonic width of ti® meson from the

(cy, (1= y5)C)(qy“(1— ¥5)q)=2mV " }(1— 4scsq>(,2

(cy,750)(qY“(1— y5)q) = — 45.S.2mV 1,

find experimental data. This choice ofquark mass seems effec-
tively to include unknown contributions of higher orders in
2m3 perturbative QCD to the total decay width of baryons under
|¥1(0)]?~ 1om, (29 consideration.

In the operator product expansion, combined with the ef-

Then, again remembering that batiyuarks additively con- fective theory of heavy quarks, the heavy quark mass de-
tribute to the total decay width and us|ng the d|quark p|cturepends on the factorization scale for the Wilson coefficients

we can substitute foB, +S.. the Sy, whereSy is the di-  standing in front of corresponding operators. Usually, this
C1 C2 !
quark spin. Thus, we have mass is associated with the pole mass, and not with the cur-

rent mass in the perturbative QCD. While the current mass
=01 _ a1 =0 estimates fi.~1.25 GeV) are less than those of the pole
(Ecdl(cy, (1= ys)C)(ar* (1= y5) )| Eco) one (m.~1.4—1.8 GeV), both contain the nonperturbative
M =2 uncertainty connected to the region of low virtualities, which
are beyond the perturbative theory énf.~Aqcp
=12m |V 4(0)|?, (300 ~200-300 MeV). Anyway, the charmed quark mass value
determines the dominant term in the variation of theoretical
=9(c- a- — = c© redictions. To obtain reliable results, we apply the heav
Eccl(cy,ys0)(ay*(1—vys)q)| EcC p _ : » We apply the Yy
{Eed REIS QRUEE =8mc|\If1(0)|2. quark effective theory to estimate the semileptonic widths of
M = charmed mesor®*,D%, whose absolute values are approxi-
(31)  mately independent of the spectator contents. This procedure
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TABLE I. The contributions of different modes to the total decay width of doubly charmed baryons.

Mode or decay Width (psh) Contribution in % Contribution in %
mechanism (B (Ed
Copec—STU 2.894 124 32.4
c—se'y 0.380 16 4.3
c—sutv 0.380 16 4.3
Pl —1.317 —56
WS 5.254 59
Tg++ 2.337 100
rs: 8.909 100
leads to the value given in the above set of parameters. szmg ) , 1 ) ) )
Moreover, the recent observation of tBe meson by the Ca= —— C++C,+§(4kl 2-1)(c2-Cc2)|,
CDF collaboration[24] yielded the lifetime, which is in a
good agreement with the predictions performed in the same 2 2 1
OPE method9], as it is applied in the present work, if the Cu=— LS (CL+C )2+ = (1— 4k
charmed quark mass is close to the value we have used. So, 167 3
the region of low charmed quark mass values is reliably dis-
favored. x(5Ci+C2—6C+C)}, (33
Next, the masses of light quarks are essential only in the
estimation of kinematical characteristics such as the phase 2 2
spaces in the intermediate states, when we have calculated I (C.—C_)2+ £(1—4k1’2)
the corresponding coefficients of operators, as well as in the s 167 * - 3
evaluations of parameters of bound states such as the average
square of hga_vy_ guark momentum or the wave functions in ><(5Ci+C2_+6C+C,) _
the nonrelativistic approach. In both cases, the use of con-

stituent values of light quark masses is justified, since, first, )

the charmed quark mass is not so large to neglect the masse& use the spin-averaged value of treneson mass for the

of hadrons in the final states, which can be effectively takergstimation of the effective light quark mass as it stands

into account by the constituent values, and second, the pdelow:

tential picture is qualitatively and quantatively explored with ™

the same phenomenological values of light quark masses. Mp =M.+ m, + ' ~1.98 GeV. (34)
The renormalization scalg is chosen in the following M+ m,

way: uq, =M in the estimate of Wilson coefficien&for the )

effective four-fermion weak Lagrangian with tieaquarks at | "€ S-quark mass can be written down as

low energies andu,=1.2 GeV for the Pauli interference _

and weak scatteringk(facton. The latter value of the renor- ms=m+0.15 GeV. (35

malization scale has been obtained from the fit of theoreticahg \ye have already mentioned, the spectator decay width of
predff"ﬂ% for the lifetimes differences of baryons e ¢ quarkT, speciS known in the next-to-leading order of
Ac,=¢ 5 over the experimental data. Here we would like the perturbative QCI)13—17. The most complete calcula-
to note that the theoretical approximations usedShin-  tion, including the mass effects, connected to sheuark in
clude the effect of logarithmic renormalization and do notine final state is given ifil7]. In the present work we have
take into account the mass effects, related tostlygiark in - ;seq the latter result for the calculation of the spectator con-
the final state. For the corresponding contributions to thgipytion to the total decay width of doubly charmed baryons.
decay widths of baryons with the different quark content wej the calculation of the semileptonic decay width, we ne-
have glect the electron and muon masses in the final state. More-
over, we neglect the-lepton mode.
AF"'(A‘J):Cd<od>Ac+CU<OU>Ac' Now, let us proceed with the numerical analysis of con-
tributions by the different decay modes into the total decay

AT (ES)=cyOgyz++cy(0y)=+, (32 width. In Table | we have listed the results for the fixed
¢ ¢ values of parameters described above. From this table one
=0y _ can see the significance of the effects caused by both the
)= =0+ =0, o NN
Aln(Ze) Cd<0d>”(c) CS(OS>“S Pauli interference and the weak scattering in the decays of

_ _ doubly charmed baryons. The Pauli interference gives the
where (Og)x_=(Xc|Og|Xc), Oq=(cv,c)(ay*a), and g  negative correction about 36% for tE&'," baryons, and the
=u,d,s. The coefficientx,(u) are equal to weak scattering increases the total width by 144%Hqg.
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As it has been already noted in the Introduction, these effects ACKNOWLEDGMENTS
take place differently in the baryons, and, thus, they enhance
the difference of lifetimes for these hadrons.

It is worth here recalling that the lifetime difference of
D" and D mesons is generally explained by the Pauli in-
terference ofc-quark decay products with the antiquark in

The authors would like to express their gratitude to Pro-
fessor S. S. Gershtein for useful discussions and, especially,
to Professor M. B. Voloshin for clear explanations of some
questions which appeared when we were working on this

the initial state, while in the current consideration, we see th aper. We acknowledge the kind hospitality of the DESY-

dominant contribution of weak scattering. This should not be heory group, where a final part of this wc_)rk was dong. This
- ; . . work was supported in part by the Russian Foundation for
surprising because under a more detailed consideration,

will find that the formula for the Pauli interference operato\rl\ﬁ"’lSIC Research, Grants No. 96-02-18216 and 96-15-96575.

for the D meson coincides with that for the weak scattering
in the case of baryons, containing, at least, a siegieark.

Finally, collecting the different contributions for the total |, this Appendix we present the explicit formulg] for
!ifetimes of doubly charmed baryons, we obtain the follow- e spectator decay of theeguark in next-to-leading order of
ing values: the perturbation theory, taking into account the mass effects,
related to thes quark in the final state.

The coefficient<€C, andC_ in the effective Lagrangian,
taking into account the next-to-leading order in perturbative
QCD, acquire the additional multiplicative factors:

APPENDIX

75;+=043 ps, 7z:=0.11 ps.

There are several sources of uncertainties in the above pre- ar(Myy) — arg( ) PO [ D B
dictions. First, in this point, the most important value is the Fo(p)=1+ L _i(_i_ _1)
charmed quark mass, since the spectator-independent widths am 2B0\ 2 Bo
behave asn> and the spectator-dependent terms dovds

At low m, the destructive interference will be more essential. +MB+ '

However, as we have already mentioned, the high values of Am B

m. are preferable for the reasonable agreement with the ex- 0 - _ )
perimental data on the semileptonic width@fmesons and where vy’ are the coefficients of the anomalous dimensions
B, lifetime. So, rather broad variations of both theuark  for the operators., :

mass in the range of 1.6—1.65 GeV and the mass difference

for the strange and ordinary light quarks in E85) in the y.= y@)ﬁJr 7(3)(_
range of 0.15—0.2 GeV lead to the uncertainties in the life- ST 4w T4
times about 15%. Next, the dependence of lifetimes on the .
values off 5 and the normalization point results in an uncer—WIth

tainty of less than 10%. Finally, as we have seen, the next- 4
to-leading order terms of expansion in the heavy quark ve- yO=4, 49=-8 V= —7+gn,
locity v can reach the relative value of 10% in the total

widths, which can be used as the estimation of possible con-

tributions from the higher-order terms in Summing up the M= 14— §nf ,

various sources of uncertainties we find>‘7-50+C+=

*+0.11 ps,5rEC+C=tO.O3 ps.

2
+0(ad)

in the naive dimensional regularizatigNDR) with the an-
ticommutatingys, andn; is the number of flavors taken into
account.g; is the initial two coefficients of the QCIB func-

V. CONCLUSION tion:
In this work we have performed a detailed investigation s a2
on the lifetimes of doubly charmed baryoBs.", =, on B= —gs[ Bog—+Pil 7 +O(a§)],

the basis of the operator product expansion for the transition
currents. We have presented formulas taking into account > 38
both the mass effects and the low-energy logarithmic renor- Bo=11-=n;, PB;=102——n;.
malization for the contributions to the total decay width of 3 3

baryons containing heavy quarks, as is caused by the effec . , . .
y 9 y 4 y e coefficient8.. are written down in accordance with the

of Pauli interference and weak scattering. The usage of th ) 4
requirement of the agreement between the effective Lagrang-

digquark picture has allowed us to evaluate the matrix ele:
ments of operators derived. Further, we have discussed ¢@n. evaluated at the scale=myy, and the Standard Model

procedure of choosing the values of parameters for the totdfduirement up to terms of the order @f (my):
lifetimes of these baryons. The obtained results show the N.F1

significant role of both the Pauli interference and the weak B.—+B—"
scattering. - 2N¢
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whereN.= 3 is the number of colors. In the NDR scheme Byrwe findB=11.
Using the effective Lagrangian in the next-to-leading order of the perturbative QCD and calculating the one-gluon correc-
tions, we get the following expression for the spectatguark decay:

[(c—sud=T, 2C2+(M)+C%(M)+M

{2CZ(w)R, +C2()R_}+

S(M)

—{2C% (u)B. +C2(n)B_}

2
3 (,u (,u)
+71C () +C( m}z S (Gat Gl + {C+<m c. <m}2 =G+ Gy
1 2 2 S(Iu‘
+§{C m)—C4 ,u)}— {G,+Gp+Ge}, (A1)
where
2 5
2 2
1—‘0 1927 3|Vcs| fl(m /mc)
f,(a)=1—8a+8a—a*—12a%na,
and
Ro—BL+ 12 Y2 B
sTBeT 2B, yf) Bo|

ForG,, Gy, G;, G4, andG, we have found:

31 8
(G,+Gp)fi(a)= T m2—a[80—Ina]+32a%27%—a?[ 273+ 1672 — 18 Ina+ 36 Infa] + 3225272 — §a3[118— 57Ina]

+0(a’),

31
(Ge+Ga)fa(@) =7

4
- §a3[79+ 2m?—62Ina+6 Ina]+0O(a%),

2

m
(Ga+Gp+Ge+B)fy(a)= ( 6In— +11
)72

(A2)
—7%2—8a[10— m?+3 Ina]—a?[117— 2472+ (30— 87)In a+ 36 Irfa]
(A3)
fi(a)— Szl— w?+8a[ 21— 7w?— 3 Ina]+ 32a%?72
—a?[111+ 407%— 258 Ina+ 36 IrPa] + 3222
(A4)

4
- §513[305+ 1872+ 30Ina—54Irfa]+0(a™).

These approximations can be used in the range wlues:a<0.15, wherea=(m¢/m.)?, which indeed, takes place in the

calculations under consideration.
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