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Phenomenological analysis of heavy hadron lifetimes
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A phenomenological analysis of lifetimes of bottom and charmed hadrons within the framework of the
heavy quark expansion is performed. The baryon matrix element is evaluated using the bag model and the
nonrelativistic  quark model. We find that bottom-baryon lifetimes follow the pattern
T(Qp)=7(E,)>7(Ap)= T(Eg). However, neither the lifetime ratig( A,)/ 7(Bg4) nor the absolute decay rates
of the A, baryon andB mesons can be explained. One way of solving both difficulties is to allow the presence
of linear 1mq corrections by scaling the inclusive nonleptonic width with the fifth power of the hadron mass
my,_ rather than the heavy quark masg . The hierarchy of bottom baryon lifetimes is dramatically modified
to 7(Ap)>7(E,)> T(Eg)> 7(Qp): The longest-lived), among bottom baryons in the OPE prescription now
becomes the shortest lived. The replacememgfoy My, in nonleptonic widths is natural and justified in the
PQCD-based factorization approach formulated in terms of hadron-level kinematics. For inclusive charmed
baryon decays, we argue that since the heavy quark expansion does not converge, local duality cannot be tested
in this case. We show that while the ansatz of substituting the heavy quark mass by the hadron mass provides
a much better description of the charmed-baryon lifetiratos, it appears unnatural and unpredictive for
describing theabsoluteinclusive decay rates of charmed baryons, contrary to the bottom case.
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I. INTRODUCTION _ 1 NQM,
(Aplbb[Ap)
The lifetime differences among the charmed mesons 2m, B f d3r[ud(r)—vd(r)] bag model,
D*, D°and charmed baryons have been studied extensively
both experimentally and theoretically since the late 1970s. It

was realized very early that the naive parton model gives th&vhere u_(r) andu(r) are the large and small components,
respectively, of the quark wave function. However, the ma-

same lifetimes for all heavy particles containing a heavymx element(1.1), which is equal to unity in the nonrelativ-

quark Q and that the underlying mechanism for the decay._.. ;
width differences and the lifetime hierarchy of heavy had—ls'tIC quark modelNQM), becomes smaller in the bag model

. due to the contribution from the lower component of the
rons comes mainly from the nonspectator effects suctas quark wave function. In the HQE approach, it is given by
exchange and Pauli interference due to the identical quark{%ee Eq.(2.9) below]

produced in heavy quark decay and in the wave fundfion

a review, se¢l,2]). The nonspectator effects were expresse T . 2

in the 1980s in terms of local four-quark operators by relatc-{AbIbeAb> - ! /<Ab| b(iD,)%b|As)
ing the total widths to the imaginary part of certain forward
scattering amplitude$3-5]. (The nonspectator effects for 1 ((A |b_ Gb|A
charmed baryons were first studied[B].) With the advent 2/ bIDI” b)
of heavy quark effective theorfHQET), it was recognized 4mb\ 2mAb

in the early 1990s that nonperturbative corrections to the

parton picture can be systematically expanded in powers okith D/'=¢*—v*v-D. This expression is not only model
1/mg [7,8]. Subsequently, it was demonstrated that thisindependent but also contains nonperturbative kinetic and
1/mq expansion is applicable not only to global quantitieschromomagnetic effects which are either absent or over-
such as lifetimes, but also to local quantities, e.g., the leptotooked in the earlier quark-model calculations.

spectrum in the semileptonic decays of heavy hadf@hs Based on the OPE approach for the analysis of inclusive
Therefore, the above-mentioned phenomenological work inveak decays, predictions for the ratios of bottom hadron life-
the 1980s acquired a firm theoretical footing in the 1990sfimes have been made by several groups. The first correction
namely, the heavy quark expansittiQE), which is a gen-  to bottom hadron lifetimes is of orderrif and it is model
eralization of the operator product expansi0@PE in  independenfl0]:

1/mqg. Within this QCD-based framework, some phenom-

enological assumptions can be turned into some coherent ang(B ) s T(Bs) 5
quantitative statements and nonperturbative effects can bemzlﬂLO(l/mb), (By) =(1.00+0.0) + O(1/my),
systematically studied. As an example, consider the baryon
matrix element of the two-quark operatok,|bb|A ). The A
conventional quark-model evaluation of this matrix element M
is model dependent: 7(By)

1.9

2m,

) 2mg| 2my,

+0(1md), (1.2

=0.98+O(1/md). 1.3
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The 1/mf, corrections are small and essentially canceled ouaccommodated by the theoretical predictidry) without in-

in the lifetime ratios. Nonspectator effects in inclusive de-voking a too large value aof or B, which is expected to be
cays due to the Pauli interference andexchange contribu- order unity. It is reasonable to conclude that thenZLor-
tions account for 1h3 corrections and they have two emi- rections in the heavy quark expansion do not suffice to de-
nent features: First, the estimate of nonspectator effects i&cribe the observed lifetime differences betwégpandBy.
model dependent; the hadronic four-quark matrix elements In order to employ the OPE approach to compute inclu-
are usually evaluated by assuming the factorization approxisive weak decays of heavy hadrons, some sort of quark-
mation for mesons and the quark model for baryons. Secondladron duality has to be assumédr an extensive discus-
1/m? corrections can be quite significant due to a phaseSion of quark-hadron duality and its violation, e8,19).
space enhancement by a factor of7£6Predictions made in Consider the inclusive semileptonic decay. The OPE cannot

[11] for lifetime ratios of bottom hadrons are be carried out on the physical cut in the complexq plane
since T#”, the time-ordered product of two currents, along
m(B™)

7(Ap) the physical cut is dominated by physical intermediate had-
7(By) ' 1(By) =0.9. ron states whiph are noqurturbative in nature. To compute
(1.4) T#” or the Wilson coefficients by perturbative QCD, the
OPE has to be performed in the unphysical region far away
Experimentally{ 12], while theB™ andBy lifetimes are very from the physical cut. The question is then how to relate the
close, it appears that thi,, lifetime is significantly shorter operator product expansion fdr” in the unphysical region

fe
200 MeV,

=1.0+ 0.05(

than theB meson one: to the physical quantities in the physical Minkowski space.
Since the physically observable quantity is related to the

7(B™) _ o imaginary part ofT#”, it can be reliably computed by de-
7(By) =1.06+0.04, forming the contour of integration into the unphysical region

[20,18, provided that the physical quantity involves certain
7(Ap) integrals of T#” in the physical region. This procedure is
(By) =0.79+0.06 (world averagg. (1.9  called “global duality” [18]. Global quark-hadron duality

also means that the hadronic cross section is dual or match-

It should be mentioned that while the world average valudng to the OPE-based quark cross section. However, unlike
for (Ap)/ 7(By) is dominated by CERN* e~ collider LEP  the total cross section ie”e™ annihilation, there is a small

experimentg12], the Collider Detector at FermilatCDF) portion of the contour near the physical cut where global
experiment alone yieldgl3] duality can no longer be applied. As stressed 18], one

must resort to local duality to justify the use of the OPE in
this small region. Fortunately, the contribution is of order
(Ap) —0.87+0.11 (CDF (1.6 Aqcp/Mg and can be neglected for quantities smeared over
(Bg) ' ' an energy scale of ordeYqcp.
Global quark-hadron duality for inclusive semileptonic
It is thus important to confirm the lifetime ratio experimen- decays, namely, the matching between the hadronic and
tally in the near future. Evidently, the conflict between ex- OPE-based expressions for decay widths or smeared spectra
periment Eqgs(1.5 and theoretical expectations from Eqs. in semileptonidd and Ay, decays, has been explicitly proved
(1.3 or (1.4 is striking and intriguing. This has motivated to the first two terms in b, expansion and the first order in
several subsequent studies trying to understand the enhangs in the Shifman-VoloshinSV) limit [21]. The hadronic

ment of the A, decay rate[10,14—17. For example, a decay rate is calculated by summing over all allowed exclu-
model-independent analysis [ih0] gives sive decay channels. In the SV limit f8 meson decays via

b— c transitions, the dominant hadronic final states ardxthe
andD*. (At zero recoil, the quark-mixing-favored semilep-

7(B7)

~1+0.03,+0.008,—0.70,+0.2C,, tonic decays of & meson in the heavy quark limit can only
7(Ba) produce aD or D* meson[21,22.) The exclusive decay
rates or distributions foB— (D +D*)/ v depend on hadron

T(Ap) masses, whereas the inclusive decay rates evaluated by the

(By) =0.98-0.17;+0.2¢,—(0.012+0.02B)r, (1.7  OPE depend on quark masses. Global duality is then proved
by showing explicitly the equality of inclusive and exclusive
~ decay rates. Note that this proof of global duality in QCD is
wheree;, B;, B, andr are the hadronic parameters to bevalid only in the SV limit. Beyond this limit, it becomes
introduced below in Sec. Il. Note that while the ratio difficult to sum over all allowed exclusive semileptonic de-
7(B7)/7(By) is predicted to be greater than unity fitl]  cay channels and evaluate all of them. It was shown recently
[see Eqs(1.4)], it was argued iri10] that the unknown non- in [23] that a proof of quark-hadron global duality in the
factorizable contributions in Eq$1.7) characterized by; general kinematic region to orderA(z,CD/mB)2 can be
make it impossible to have reliable predictions on the magachieved in the PQCD-based factorization approach, which
nitude of the lifetime ratio and even the sign of corrections.is formulated in terms of meson-level kinematics rather than
Since the measured ratio afB~)/7(By) is very close to the quark-level one. It was demonstrated explicitly[ 28]
unity, it follows from Eqgs.(1.7) thate;~0.3¢, [10]. Then it  that the integrated quark-level spectrum equals the hadron-
is clear that the data for the ratig(Ap)/7(Bg) cannot be level spectrum and that linearniy corrections to the total
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decay rate are no_ntriviallly canceled out, in agreement with In the aforementioned factorization approach 28], the
the OPE expectatiofv,8]. nonleptonic widthl' 3¢ of bottom hadrons scales withy, .

of ;J]zllg%tél?ssvearﬁélzggngc I(;lgflgrsrlr\ﬁ] d?ﬁ:ﬁ%maﬁ?';cv;hefrlfniocal duality means that a replacement of meson-level kine-
y g Y matics by quark kinematics, for examplemy

the physical cut, it is pointed out ifl8] that there is no i

external momenturg in inclusive nonleptonic decays which =Mg(1+ Ay, /My+---), ..., etc., will turn i into TRFE,
allows analytic continuation into the complex plane. There-the OPE-based decay rate. Consequently, the relation be-
fore, the OPE isa priori not justified in this case and local tween the violation of local duality and the above-mentioned
duality has to be invoked in order to apply the OPE directlyansatz will become natural in the factorization approach.

in the physical region. It is obvious that local quark-hadron In the present paper we will study nonspectator effects in
duality is less firm and secure than global duality, althougHnclusive nonleptonic and semileptonic decays and analyze
its validity has been proved to the first two terms img/ the Ilfet|_me_ pattern of heavy hadrons. In partlcula_\r, we fo_cus
expansion and first order ir in the SV limit under the ~©N the lifetimes of heavy baryons and study the implications
factorization hypothesi§24]. It should be stressed that of broken local duality. We will demonstrate that the lifetime
quark-hadron duality isxactin the heavy quark limit, but its ht:erarchi of bottom blary%ng, |shdrﬁm§tlcally modified Iwhen_
systematical g expansion is still lacking. It is very likely the quark mass Is replaced by the hadron mass in nonleptonic

that 1mq corrections to quark-hadron duality behave differ- stédcthlsl' vwegilsgog;] énogrg;'ﬁg;,@eaiﬂ %?(r;])l;ﬁgi oar? ;?(IL?\évsséi(I)r;s
ently for inclusive semileptonic and nonleptonic decays. Mo, i'nclusive nonleptonic and semileptonic widths and pay
tivated by the conflict between theory and experiment for theyiantion to the evaluation of baryon four-quark matrix ele-
lifetime ratio 7(Ap)/7(Bg), it was suggested ifiL6] that the  ments and the nonperturbative paramatgfor baryons. We
assumption of local duality is not correct for nonleptonic then study bottom-hadron lifetimes in Sec. 1l and apply the
inclusive widths and that the presence of lineangltorrec-  ansatz mentioned above. In Sec. IV we examine the applica-
tions is strongly indicated by the data. Moreover, thensl/  bility of the same prescription to charmed baryon decays.
corrections are well described by the simple ansatz that thBiscussions and conclusions are given in Sec. V.

heavy quark massg is replaced by the decaying hadron

mass in themg factor in front of all nonleptonic widths. It is Il. FRAMEWORK

easily seen that the factomg/m, )°=0.73 is very close to In this section we write down the general expressions for
the observed value of(Ap)/7(Bg). Under this ansatz, a the inclusive decay widths of heavy hadrons and evaluate the
much better description of the lifetimes of bottom andrelevant hadronic matrix elements. It is known that the inclu-
charmed hadrons was shown[it6]. Irrespective of the life- sive decay rate is governed by the imaginary part of an ef-
time ratio problem, there is another important reason whyfective nonlocal forward transition operatdér When the en-
this ansatz is welcome. The absolute decay rate ofBhe ergy released in the decay is large enough, the nonlocal
meson predicted in the OPE approach is at least 20% smalleffective action can be recast as an infinite series of local
than the experimental valugee Sec. Ill beloyv We shall  operators with coefficients containing inverse powers of the
show in Sec. Ill that the discrepancy between theory andheavy quark masmg. Under this heavy quark expansion,
experiment is greatly improved when the nonleptonic widththe inclusive nonleptonic decay rate of a heavy hadten

scales withm3 . containing a heavy quar® is given by[7,8]
|
GEZmg . 5, 2C1Cy —
FNL(HQ): WNcgzmHQ Cl+CZ+ NC [IO(X,O,0)+Io(X,X,O)](HQ|QQ|HQ>

1 J—
- W[I 1(X,0,0)+ I 1(X,X,0)]<HQ|QO'GQ|HQ>)

Q

4 2cqCy — 1 4
—— ——(12(x,0,0) +15(x,x,0))(Hg|Qo- GQ|Hg) +—(HQ|£nspe$HQ>+O(1/mQ),

mg N 2mHQ

2.1

whereo-G=0,,G"",c1,c, are Wilson coefficient functiond\.=3 is the number of color, the factdr takes care of the
relevant Cabibbo-Kobayashi-Maska@@KM) matrix elements, for examplé=|V,V,4/? for quark-mixing-favored bottom
decay, and, |4, andl, are phase-space factors,

The absence of linearmyj, corrections to decay widths is trivial in the SV limit since the inclusive decay rates depehienmg—mp
rather tharmg, andAM = ém+ O(1/m3) with m=m,—m, [21].
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10(%,0,0)=(1—x2)(1—8x+x?)— 12¢?Inx,
1,(x,0,0)= ! 2 d 14(x,0,0)=(1—x)*
l(X; ] )_E X& O(Xl ’ )_( X) ’

15(x,0,00=(1-x)3, (2.2

for theb—cud (x=m2m2) or c—sud (x=m?2/m?) transition, and

1+v
lo(X,X,0)=v(1— 14x—2x°>— 12x3)+24x2(1—x2)lnm,

1o(X,X%,0),

1 d
I1(X%,%,0)= > 2—x&

1+v
—3x(1—2x%)In

— 2.3

2

X
I2(X,X,0)=v( 1+ = +3x%2

for theb—cc s transition withv = \1—4x.
The dimension-6 four-quark operatafgs,ecin Eq.(2.1) describe nonspectator effects in inclusive decays of heavy hadrons
and are given by3-5]
2.2 2.2
m - - GEm
Lnspei=—5— £(1=0(c]+3)(QQ)(a1d1) +2¢165(Q1)(41Q)} - gw%(ciu—xﬁ

(QQ)(d202)

1+X
2

(Q2)(92Q)— (1+2x)Q

— X
—(1+2x)Q%(1- 75)a5 a5(1+ 75)Q" |+ (216, + Ne€) (1% | 1+ 5

m>2 . _
Q21— aX[(1-X)(QQ)(q3ds) — (1+2X)Q*(1— v5)qEqB(1+ v5)Q“]

w

_ GZ
X(1=v5)0202(1+ 7’5)Q“ ~ 76

+(2€16,+ N€2)V1—4x[ (1-x)(Qd3)(q3Q) — (1+2x)Q(1— y5)d3q3(1+ v5)Ql}

GEm2 . _ -
- 204 631307 | 145 (QQ)(aaa) — (1+ 20 QL y9)a5TB(1+ 75)Q” |+ (2646, + Nech) (1 x)?
1+ 5] (QUs) (@5Q) — (1+2X)Q(1 - 75)T(1+ 75)Q” : 2.4

where (q_’q)E?'yM(l— ye)q, and .8 are color indices. that there is a two-body phase-space enhancement factor of
Note that for charm decayQ=c, q,=u, g,=d, and 1672 for nonspectator effects relative to the three-body
gs;=s, and for bottom decayQ=b, gq;=u, gq,=d, and phase space for heavy quark decay. This implies that non-
gz=s. The last term in Eq(2.4) is due to the constructive spectator effects, being of ordem%, are comparable to and
interference of thes quark and hence it occurs only in even exceed the mj terms.(iii) For charmed meson decay,
charmed baryon decays. The third term in E&4) exists the 1N, correction to I'y, characterized by the term
only in bottom decays witle ¢ intermediate states. For in- (2¢,¢,/N¢g){H[cc|H.) is found to be compensated by the
clusive nonleptonic decays of heavy mesons, the first term inonperturbative gluonic effegt.e., the term proportional to
Eq. (2.4) corresponds to a Pauli interference and the seconth(x,0,0)]. This cancellation is small fd8 meson decay due
and third terms toW-exchange contributions. For heavy to the smallness of ﬂdﬁ. This indicates that the rule of dis-
baryon decays, the first term isVd-exchange contribution carding 1N, terms[27] is operative in charm decays but not
and the rest are interference terms. The phase-space suppres-for theB meson cas€iv) Thus far the Wilson coefficients
sion factors, e.g., (£x)2, V1—4x, ..., etc., in Eq.(2.9) and four-quark operators in E(R.4) are renormalized at the
are derived in25,10. heavy quark mass scale. Sometimes the so-called hybrid
Several remarks are in orddi) There is no linear bg renormalizatior]5,28] is performed to evolve the four-quark
corrections to the inclusive decay rate due to the lack obperators(not the Wilson coefficienisfrom mg down to a
gauge-invariant dimension-4 operatf28,7], a consequence low energy scale, say, a typical hadronic scalgy. The
known as Luke’s theorerf26]. Nonperturbative corrections underlying reason is that the factorizable approximation for
start at order lﬁé. (i) It is clear from Eqgs(2.1) and (2.4) meson matrix elements and the quark model for baryon ma-
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trix elements are believed to be more reliable at the scale 1 _
Khag- The evolution frommg down to supaq Will in general Ky=— W<HQ|Q(iDL)2Q|HQ>: —N1,
introduce new structures such as penguin operators. How- Ho
ever, in the present paper we will follo0] to employ Egs.
(2.1) and (2.4) as our starting point for describing inclusive
weak decays since it is equivalent to first evaluating the four- Gy=
quark matrix elements renormalized at thg scale and then
relating them to the hadronic matrix elements renormalized
at upagthrough the renormalization group equation, providedThe mass of the heavy hadréty, is then of the form
that the effect of penguin operators is neglected.

For inclusive semileptonic decays, apart from the heavy _ A duhs
guark decay contribution there is an additional nonspectator mHszQ+AHQ—
effect in charmed baryon semileptonic decay originating
from the Pauli interference of thequark[29]. We are now
ready to deduce the inclusive semileptonic widths from EqWhere the three nonperturbative HQET parameters
(2.2) and the last term in Eq(2.4 by putting c;=1, AHQ, N1, and\, are independent of the heavy quark mass
c,=0, andN,=1:

2m <HQ|Q_%0"GQ|HQ>:dH)\2. (29)
Ho

: (2.10

2mQ 2mQ

and in genera}&_HQ is different for different heavy hadrons.

Gﬁm% , 7(X,%,,0) Since o-G~Sy-B .and smce_th(_a chromomagnetic fleld_ is
Isi(Hg)= W|VCKM| —m produced by the light cloud inside the heavy hadron, it is
i Ho clear thato- G is proportional t0Sq- S, , whereS, (S,) is
_ 1 the spin operator of the heavy qudtight cloud). More pre-
X Io(x,O,O)(HQlQQ|HQ>—Wll(x,O,O) cisely,
Q
— Ggm: duy=—(Ho|48o-S,|H
X (HolQu- GQIHQ) |~ — [V, #= (HolfSe SHQ)
= = 2[Siol( Siot+1) = Sg(Se+1) =SS, +1)]. (2.1
X\ — —
— )2 Z
><2mH (1=x)7{ 1+ 2 (cs)(sc) Thereforedy =3 for B,D mesonsdy=—1 for B*,D* me-

sons,dy=0 for the antitriplet baryorlT,, dy=4 for the
spin sextet baryorSy, anddy=—2 for the spinj sextet

—(1+2x)c(1-ys)ss(1+ys)C), (2.9 baryonsS} . It follows from Eq.(2.10 that

where 7(x,X,,0) with x/=(m/lmQ)2 is the QCD radiative
correction to the semileptonic decay rate. Its general analytic
expression is given if30]. The special casey(x,0,0) is
given in[31] and it can be approximated numerically [[32]

0.12 GeV¥ for theB meson,

1
A\ mesor — m2*_m2 _
2 4( P P) 0.14 Ge\f fortheD meson,

0,0=1 2as
7(x,0,0)= 3

1
NGO 2 (G —mg ). (212
(2.6) °

(772— %)(1—&)%2 .

The values ofA2Y°"will be fixed later. As for the kinetic
With x=0 and the replacement,— 3 «, Eq.(2.6) is reduced ~ energy parametex; we use[33]
to the well-known QED correction to the muon decay. The
second term in Eq(2.5 occurs only in the semileptonic Mmesork)\liaryon:_(OAi 0.2) Ge\”. (2.13
decay ofZ . and () baryons.
We next turn to the two-body matrix elements

(HQ|Q_Q|HQ>. The use of the equation of motion This leads to
Q_Q=a/)Q+—gl Q(iD )2Q+—2—1 Qo GQ+0(1/md) mb—mc=(<ms>—<mo>)(1——l)
2mQ L 4mQ Qs 2<mB><mD>
(2.7) = (3.40+0.03 GeV, (2.14
with D{'=9*—v*v-D, leads to
where{mp) = %(mp+3mp+) denotes the spin-averaged me-
H-0OIH K G Son mass.
{Hol QQIHo) =1- H2 i (2.9 We will follow [10] to parametrize the hadronic matrix
2My, 2mg  2my elements in a model-independent way. For meson matrix el-

ements of four-quark operators, we folldd0] to define the
with parameter®; ande; :
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(Bql(ba) (D) [Bg) =5 m5 B,
<B—q|_(1_ y5)qa(1+ 75)b|B_q> = féqméqu,
(Bql(bta)(qt*h)[Bg) =5 mj e1,
(Bq|bt*(1=75)aqti(1+y5)b[Bg)=f§ m§ o2,  (2.15

where (@'t?q)=q t*y,(1— ys)q andt*=\?/2. Under the
factorization approximationB; and ¢; are given byB;=1

ande;=0, but they will be treated as free parameters here.

As a consequence of EqR.15, we obtain
(Bql(bb)(q0)[Bo)= 3 M3 (3B1+2¢,),

(Balb(1-75)aPaP(1+ y5)b%[Bg) =13 M (3B, +2¢,).
(2.19

As for the baryon matrix elements of four-quark operators,

we have to rely on the quark model. We first consider th
MIT bag model[34] and define three four-quark overlap in-
tegrals:

aq=f d3rLu(r)ud(r)+oi(rvd(n],
bq=f d3r[ua(r)vd(r)+oi(nud(n],

cq=j drug(rvg(rug(rvg(r), (2.1

which are expressed in terms of the large and small compo-

nentsu(r) anduv(r), respectively, of the quark wave func-
tion. For the antitriplet heavy barydhy, or the sextet heavy
baryon Qg (recall that only theQ? and Q, of the sextet
baryons decay weaklythe four baryon matrix elements

(T(QN)(@R)|TQ),  (Tol(QQ)(@YTo),
(TolQ(1—¥5)qq(1+ v5)Q|To),

(TolQ¥(1—v5)aPqP(1+ v5)Q%|Tq)

are not all independent. First of all, we have
(Tol(QA)(@Q)|To) = (ag+bg)(2my, ),

(Ql(Qs)(5Q)| o) =~ §(18as+ 2b+ 32c5) (2my, )
(2.18

(see e.g., Refl.35] for the technical detail of the bag model

evaluation, where we have taken into account the fact that

there are two valence quarks in the wave function of the
Q. Second, since the color wave function for a baryon i

totally antisymmetric, the matrix element oQ_Q)(aq) is
the same as that ofJq)(qQ) except for a sign difference.
Thus we follow[10] to define a parametd:
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(Tol(QQ)(@0)| To)=—B(Tol(Qa)(aQ)| o),
(Q0l(QQ)(s8)| Q) = —B(Q|(Qs)(5Q)[Qg), (219

so thatB=1 in the valence-quark approximation. Third, it is
straightforward to show that

(TolQ%Y, ¥sQP P y*(1— ¥5)q%| To) =0,

b
a— 5) (ZmQQ).
(2.20

The first relation in EqQs.(2.20 is actually a model-
independent consequence of heavy quark spin symmetry
[10]. Since

(Q0lQ%y,¥5QP APy (1— 15)q%| Qo) =4

Q%y,¥5QPqPy*(1— y5)q"

= -Q(1-¥5)9q(1+75)Q-(Qq)(qQ), (221
dt follows from Egs.(2.20 that

(Tl Q*(1-76)aPaP(1+ 5)Q“|Tq)
= —B(TolQ(1-75)qq(1+ 15)Q|To)
=—3B(ag+by)(2mr),

(QolQ*(1—¥5)s# sP(1+ ¥5) Q% Q)
= —B(Q|Q(1- 5)s S(1+ 75)Q|02¢)
=B(as—3bs— Feg)(2my ). (2.22

In the nonrelativistic quark modéNQM), baryon matrix
elements of four-quark operators are the same as that of Egs.
(2.18 and(2.22 except for the replacement

aqﬂ|¢Qq(0)|2=fd3ru§(r)ug(r), b;—0, cq—0.
(2.23

In general, the strength of destructive Pauli interference and
W exchange is governed tg;,+ b, in the bag model and
|#(0)|? in the NQM. However, it is well known in hyperon
decay that the bag model calculationagf+ b gives a much
smaller value than the nonrelativistic estimate|g{0)|%:
a,+b,~3x10"2 Ge\?, while |(0)|>~10"2 Ge\®. We
shall see later that this also occurs in bottom baryon decay.
As pointed out in36], naively one may be tempted to con-
clude that the relativistic models are presumably more reli-
able. For example, the lower component of the wave func-
tion is needed to reduce the NQM predictign= 2 to the
experimental value of 1.25. However, the difference between
a,+b, and |4(0)|? is not simply attributed to relativistic
corrections; it arises essentially from the distinction in the
spatial scale of the wave function especially at the origin. As
a consequence, both models give a quite different quantita-
tive description for processes sensitive |i(0)|2. It has
been long advocated if87] that a small value ofy(0)|?
should be discarded since a realistic potential that fits to the



56 PHENOMENOLOGICAL ANALYSIS OF HEAVY HADRON . ..

orbital-excitation  spectrum yields (S8(r;—r,))~10"2

Ge\e. Empirically, it also appears that the NQM works bet-

ter for charmed baryon decaj4,36].

In the following we will consider the NQM estimate of
baryon matrix elements. Considle,lrs(;’(O)l2 as an example.
A straightforward calculation of hyperfine splitting between

S, and Ay yields[38]

ms —my =~ o (m )=y Ae0)2, (2,24
3 A, ™ Tg st mmé bq ) .

where the equal|t)Ll<,/;bb(0)|2 |z,/;b b(0)|2 has been assumed.

The uncertainties in Eo[2 24 assomated witheg(m,) and

the constituent quark masg, can be reduced by introducing
the B meson wave function at the origin squared,

|¢§E(O)|2: £ f2mg, which is related to th&* andB mass
difference by mgs—mg=Zmay(my)| ¢Ea(0)|2/(mbmq)-
Hence,

mzb_

2m
| p2(0)[2=—

my— mq Mpgx —

A
“[Upgt0% (229
Mg

Another method is proposed by Roshéb] to consider the
hyperfine splittings of,, andB separately so that

My* — My
b b, B 2
E— 0)|°.
—mg |40

B*

4
|¢b*’(0)|2—|¢b*’(0)|2=§ (2.26

This method is supposed to be most reliable| #g,(0)|
thus determined does not depend eg and m, directly.
Numerically, we find that Eq9.2.295 and (2.26 both give
very similar results. Defining the wave function ratio

by 2
‘dqu( ) 097

W20

the baryon matrix elements in Eq2.18 and(2.22 can be
recast to

(To|(bb)(qq)| Tp) = — B(To|(bq)(qb)| Tp)
-4 fgquqr'EE(zme),

(Tol (1= 75)a 01+ y5)b| Ty) = 355 m, r(2my),

(Tol (1= v5)aPqP(1+ y5)b"| Ty

- 2i4féqmsqr'l?:(Zme),

(Q,](bb)(58)| Q) = — B(Q,|(05) (5B) | Q)

= %f%quqrg(zme),
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(Qo/b(1-y5)sS(1+ y5)b| Q) =~ £ 15 m, r(2mg,),

(ol b (1= y5)s”SP(1+ y5)b7| Q) = 1215 m, rB(2my ),
(2.28

wherefBq is the decay constant of the mesB_Q

To estimatg] ilqu(O)|2 and the parametar in the NQM,
we find, from Eq.(2. 26,2

4 Msp =My,

Ay =5
b 3 mB*_mB

y rE -
4 Mox— Mo,

rQ:—
b 3 mg«—mg

, (2.29

and likewise forr, , rz, andrgq, where Ey, . denote

spin+ sextets. Heavy baryon masses have been studied in
[39] in 1/mg and 1N, expansions within the HQET frame-
work. The chromomagnetic mass splittings for charmed
baryons are given b}39]

My —My = 65.7-2.3 MeV,
Mzx — Mz = 63.2-2.6 MeV,

Mqx — Mg = 60.65.7 MeV, (2.30
where precise measurementsXf and E have been re-
ported by CLEJ40]. It is evident that the heavy quark spin-
violating mass relatiof39]

(Mg —my )+ (Mgx —Mq )=2(mgx —mz) (2.3)

is very accurate. It follows that
mC
Myx—Mmy = e (mEZ_mEC):Zl'O MeV (2.32

for my=5 GeV,m.=1.6 GeV(see below This mass split-
ting is substantially smaller than the preliminary result
mz;—mzb=(56i 16) MeV reported by the DELPHI Col-
laboration[41]. Since the measured mass differencexgf
and3, is around 66 Me\{cf. Egs.(2.30], a large hyperfine
splitting of order 55 MeV for the, baryon is very unlikely.
Likewise,

mE;—mElr):ZO.Z MeV, mQ;—me=19.4 MeV. (2.33

Because Amg=mg+—mg=45.720.4 MeV and Amp
=Mp+ —Mp=143 MeV[42] [note thatAmg andAmp obey
the same scaling relation as E§.32], we find

rACErAb:O.Gl, rECErEbZO.Sg, rQCErQb:O.S?),

(2.39

20ur result forr, is the same afL5] but different from[10] in
whichr, is given by3(m2*—m2 )/(mB* m3).
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and — Gimp
FSL(B‘)XGV):W|Vcb|27](xio’o)
|¢§;(0)|2:0.87><10—2 Ge\s,

(B|bb|B)
X IO(X’O'O)T
|452(0)[2=0.84x 1072 GeV?, ° o
1 1 OO)(B|ba'-Gb|B) 3.
- 2 X! L - A L "
|Y2(0)|?=0.81 102 GeV?, (2.39 m; * 2mg

_ ) has the salient feature that empirically, (B) is very insen-
for fg =180 MeV [43]. An estimate in the QCD sum rule gjjve to the choice ofn, as long asn,—m,, which is free
analysis yieldsr =0.1-0.3 [17]. Therefore, the NQM esti- of renormalon ambiguity, is fixed according to E§.14).
mate of|¢bq(0)|2 is indeed Iarger than the analogous bagHence, we may use the measuiggl (D) to fix m, to be 1.6
model quantity:a,+by~3X10"° Ge\’. However, for the  GeV (see Sec. IV beloywvhich in turn impliesm,=5 GeV,
charmed baryon we obtalrd/ C(0)|2 3.8x10 % Ge\®for in excellent agreement with the pole mass determined from
fp=200 MeV[43], which is smaller than those in bottom or lattice QCD: m,=5.0+0.2 GeV [44]. Sincex=(m,/mj)?
hyperon decay. It seems that the smallnes$¢cé\g(0)|2 i =0.1024, the phase-space factorsn Egs. (2.2 and (2.3

ascribed to the assumption that themeson wave function "€ad
.. D . .
at the origin squared,wca(0)|2, is given by 5f3mp. We 10(x,0,0)=0.476, 1o(x,x,00=0.147, 1,(x,0,0)=0.649,
will come back to this point in Sec. IV. By comparing Egs.
(2.28 with Eqg. (2.18 we see that is of order 0.20 in the 1,(x,x,00=0.328, 1,(x,0,00=0.723, 1,(x,x,0)=0.220.

bag model. (3.2
Finally we are ready to estimate the HQET parameter
Ab3YoN[see Eq(2.12)]. Using the baryon massg39] From Eg.(3.1) we obtain
My =2452.9 MeV, mg/=2580.8 MeV, T(B—Xer)=4.44<10"" GeV,

I's(B)=2.24"(B—Xer)=9.95< 10" GeV, (3.3
ch=2699.9 MeV,
for |V, =0.039, where use of Eq&2.9), (2.9), (2.12, and
mzb=5824-2 MeV, mE{)=5950.9 MeV, (2.13 has been made, for example,

(Blbo-GbB)

M, =6068.7 MeV, 2.36 ame oM E0.72 GeV. (34
Since the phase space for thesemileptonic decay mode
relative to that of thee mode is 0.24:1, this accounts for the
factor 2.24 in Eqs(3.3. The result(3.3) agrees very well
0.055 Ge\? for charmed baryons, with experimen{42]:

0.041 GeV for3y, . - .
- ' =(4.31x0.17x 10" .
0.040 GeV for 5, I'(B~/B” admixture-»Xev)=(4.31£0.17) X 10 G(g\_/s)

0.039 GeV? forQ,.

and Eqgs.(2.30-(2.33 we find

A tz)aryon:

(2.37 Likewise, we find, for bottom baryon semileptonic decays,

RN ) — — 14
It is interesting to note that the lardé: relation[39] F(Ap—Xev)=T(E,—Xer)=4.59xX10""" GeV,

) — — 14
)\rznesonN NCAtZJaryon (2.3& F(Qb—>XEV)—4.53>< 10 GeV, (3.6)

o o _ and hence
is fairly satisfied especially for bottom hadrons.

I'si(Ap)=T's(Ep)=2.24"(A,—Xev)
Il. LIFETIMES OF BOTTOM HADRONS =1.027x 10—13 GeV

Using the formulism described in the last section, semi-
leptonic and nonleptonic widths are calculated in this sec'g () =2.24"(Q,—Xer)=1.014x10" 2 GeV. (3.7
tion. We shall first try to fix the heavy quark pole mass from
the measured inclusive semileptonic decay rate. The semNote that the tiny difference betweéiy (A,) andI'g (Qy)
leptonic width of theB meson given by Eq(2.5), arises from the fact that the chromomagnetic opera-
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tor contributes to the matrix element 8f, but not toA, (or M Bgy)=(—0.491,+0.563%,)x 10" 3 GeV,
H,) as the light degrees of freedom in the latter are spinless;
that is, I'(B~)=(—0.13B; +1.50%,)x 10" GeV. (3.14
(Ap|bo-Gb|Ap) 0 Beyond the factorization approximatios, may receive non-
2my, ' factorizable contributions. A QCD sum rule estimate gives
g,~—0.15 ande,~0 [25]. This implies a constructiv§V
<Qb|Er-Gb|Qb) exchange tdB, and a destructive Pauli interferenceBo.
2—28)\26"“’“: 0.31 GeVt. (3.9 As for the nonspectator effects in nonleptonic decays of
Ma,, bottom baryons we obtain from E(R.4) that
To compute the nonleptonic decay rate we apply the Wil- an _ V2B A2 A2\
son coefficient functions ™A p)=Tonspet (1=X)[B(C1+C2) = 201Co],
~1.14, - -031, 3.9 : 1 Ved ®
calw) ca(w) B9 T A =~ G Tommepet| (10140 |2 VI ax
u
which are evaluated gi=4.4 GeV to the leading logarith- = 5
mic approximation(see Table XIIl of[45]). From Eq.(2.1) X (Bci—2¢c,C,—NcC)),
the nonleptonic widths of bottom baryons arising frdm _ _
quark decay are found to be raME)=Tra"mA,), TMED=T"(A,),

rdeqB)=2.216x10 12 GeV, _ 1
FTI(EE): - ZroﬂnspeE[(l—X)2(1+X)+ \/1_4)(]
rq0,)=2.217<10 2 GeV,

X (Bc2—2c,c,—NC2),
T%4A,) =T9%q=,)=2.220<10 13 GeV. (3.10 (BC1— 20,62~ Nec?)

We see that the quark decay contributiofi Cis very simi- _ Q. )=- Eronnspeg [1—4x(5—8x)

lar for bottom hadrons even though the chromomagnetic 6

mass splitting is different among them. Therefore, to -

O(1/m2) we obtain X (Bcf—2c1C,—~ Ncch), (3.19
Ay 7By  7(Qp) where use has been made of E228. Note that there is no

=0.99+ O(l/mﬁ). (3.1)  We-exchange contribution to th&, and ), and that there
are two Cabibbo-allowed Pauli interference terms in
E, decay, and one Cabibbo-allowed as well as one
Cabibbo-suppressed interferencesAip decay. It is easily
seen that under the valence-quark approximation,

7(Bg) ~ 7(Bg)  7(By)

We next turn to the nonspectator effects of ordeml/
The Pauli interference in inclusive nonleptoBic decay and
the W-exchange contribution B4 can be evaluated from the

first and second terms in ER.4): ie., B=1, the W-exchange contributio’®™ is propor-
tional to c_=(c;—C,)/2 as the four-quark operatdD ,
I'3M(By) = — T 7nsped (1= X)2(1+ 3X)[ (3¢5 +2¢,C, =(0192)(d304) +(d194) (0302) is symmetric in color indi-
ces whereas the color wave function for a baryon is totally
+NcC3)B;+2¢%e,]— (1—x)3(1+2x) antisymmetric. Writing
X[(3c5+201¢,+ NcC3)By+ 2cie, ]}, Iy =Idect panny. pint (3.16
Fift(B’)=Fonnspe£1—x)2[(cf+ c3)(B,+6s4) the numerical results for nonleptonic inclusive decay rates
are
+6¢4,C,B4], (3.12

=[2. . .058)r]x10 13
with [10] I'n(Ap)=[2.220+ (0.042+0.058)r]x 10" ** GeV,
G2md 2m T'n(EQ)=[2.220+(0.043+0.066B)r]x 10" 2 GeV,
_“F b 2 _ 2'B B
[o= 19273 |Vcqud| v Tnspec 167 _rmb , (3.13
I'w(Ep)=[2.220-(0.037+0.118)r]x 10" GeV,
where we have applied Eq.15 and(2.16 and neglected

the Cabibbo-suppressé&ti-exchange contribution tBy. As [\ (Qp)=[2.217-(0.043+0.13B)r]x 10 13 GeV,
stressed i10], the coefficients oB; in Egs.(3.12 are one (3.17

to two orders of magnitude smaller than thategf There-

fore, the contributions oB; can be safely neglected at least where for later convenience we have normalized the param-
in I'*Bg). Numerically, eterr in Eqs.(3.17) to A, [see Egs(2.39]; that is, we have
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taken into account the SB)-breaking effect for. Note that CDF result(1.6) for the lifetime ratio is consistent with the
e; andB; in Eqgs.(3.14 andB andr in Egs.(3.17) are all  theoretical predictior{see, however, a comment after Eq.
renormalized ap=4.4 GeV. @.22). _ o _

Before proceeding, it is worth emphasizing the difference Iréspective of the above-mentioned lifetime ratio prob-
between théN-exchange contributions in the inclusive non- 1€m, there exists another serious difficulty; namely, the pre-
leptonic decays of th& meson and the bottom baryon. It is dicted absolute decay width of tiieor A, hadron based on
conventionally argued tha/ exchange in heavy meson de- the heavy quark expansigeee Eqs(3.3), (3.7), (3.10, and
cay is suppressed by helicity and color mismatch. For ex(3.17] is too small compared to the experimental values
ample, W-exchange inB decay is helicity suppressed by a (12]:
factor of 1672(fg/mg)? relative to the heavy quark decay
amplitude® By contrastW exchange in baryon decay is nei-
ther helicity nor color suppressed. The diqugrf system in
the heavy baryon can have a spin-0 configuration and the
decay of a spin-Gnot spin-] state into two quarks is not
subject to helicity suppression.

T'(By)=(4.246"3%59 %107 1% GeV,
7(Bg)=(1.55+0.04) ps,

I'(B7)=(3.965 3359 %10 ¥ GeV,

SinceB is of order unity and ~0.60, it is evident from -V—
’ ir B7)=(1.66+0. ,
Egs.(3.17 and (3.10 that the bottom baryon lifetimes fol- 7(B7)=(1.66x0.09 ps
low the pattern(see also Table)l F(Ab)=(5.351f8j‘3%§>< 10718 Gev,
(Qp)=7(Ep)>1(AD)=1(ED). (3.18 7(Ay)=(1.230.09 ps. (3.20

Obviously, even if the destructive contributidi™(B™) is
not taken into account, the resulf'{B)+TIg (B)
=3.211x 10 ** GeV is too small by about 20% to account

This pattern originates from the fact that while
Ay, Ep, By, andQ, all receive contributions from de-

i ii =0 -
structive Pauli interference, onl}, and =, have W ex for the observed decay rate Bf 4 To compute the decay

int » .
change and thalf =" is Iqrggst in{2, due to the presence of widths of bottom baryons, we have to specify the values of
two valences quarks in its quark content. We shall see ~

shortly that this lifetime pattern is dramatically modified B_andr. SinceB=1 in the valence-quark approximation and

when theb quark mass is replaced by the bottom baryonsmce the wave function squared ratics evaluated using the
mass in nonleptonic widths quark model, it is reasonable to assume that the NQM and

It follows from Egs.(3.3), (3.7), (3.10, (3.14, and(3.17) the valence-quark approximation are most reliable when the
that

(Ay) “The problem with the absolute total decay widttB) of the B
T ~ o . .
b =0.99-0.15,+0.17,— (0.013+0.018)r, (3.19 mesoq is |nt|ma_tely re.lated to the proble_m with H_Siepeson seml-
7(Byg) leptonic branching rati®g, . The theoretical prediction fdBg, is
in general above 12.5%[48], while experimentally Bg

which is a model-independent result. This is consistent with~ (10-230.39)%([49]. In our case we obtaiBs =13.8%. Sev-

. . . = I ios h fi in th I h
the resuli(L7) obtained I{10] with &, B, andr renormal-  croy SCENaos have been put forward In the past (0 resalve the
ized atu=4.85 GeV and withfg=200 MeV. As stated in |

. . we mention two of the possibilitie$i) Since the theoretical results
the Introduction,e; and e, obey the constraing;~0.3¢,; P %

o . . . § ; depend on the scale to renormalizex and the Wilson coef-
then, it is quite difficult, if not impossible, to accommodate P le ()

. . . ficients ¢, (u), one may choose a low renormalization scale,
the experimental valuel.5) for 7(Ap)/7(Bg) without invok- ulmp~0.3—0.5, to accommodate the d4te0]. Local duality holds

ing too large a value af and/orB. We will argue below that i, this scenario(ii) Next-to-leading order QCD radiative correc-

the contribution of-0.1%,+--- —0.018r in Eq.(3.19 IS tjons to nonleptonic decay will increase the rate o ccs sub-

at most of order 6%. We hasten to remark that the currentantially and decreas®, [50,51. Using the result of50], we find
that the QCD effect will bringBg, down by 1% and hence
B =12.7%. It was suggested 52,18 that a failure of local

3t had been claimed that soft gluon emission from the initial duality in theb— ccs channel, which has a smaller energy release

quark line or soft gluon content in the initial wave function can than that inb—cud, will further enhancel'(B) and suppress

vitiate both helicity and color suppressi¢a6]. The net effect is  Bg . However, this explanation encounters a problem: The charm

that the factorfg/mg is effectively replaced byg/m,, wheremg  countingn, will increase and become as large as 150, which is

is the constituent quark mass of the antiquark in Bhmeson[47]. too large compared to the experimental vafide= 1.12+0.05[49].

As a consequence, contributions\&f exchange will exhibit pow- One way out of this difficulty forn, is proposed in53] that a

erlike (mB/mq)2 enhancement and this renders the treatment of thesizable fraction ofb—ccs transitions can be seen as charmless

heavy quark expansion foW exchange invalid. This issue was b—s processes. In the present paper we will not pursue any of the

resolved by Bigi and Uraltsgvl7] who showed that such powerlike aforementioned possibilities as none of them can explain the life-

enhancement does not arise for fully inclusive transitions and théime difference betweer\, and B;. The recipe we are going to

soft gluon effect merely amounts to renormalizing the coefficientsdiscuss belowsee Eq.(3.23] will solve all the problems with

of four-quark operators. Bg , I'(B), n¢, andr(Ap)/ 7(By).
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TABLE |. Various contributions to the decay ratés units of 10 12 GeV) of bottom baryons.

Fdec rann I‘Ift rSL rtot 7_(10— 12 S) Texpl( 10” 12 S)
A 2.220 0.145  —0.064 1.027 3.327 1.98 1.29.09
= 2.220 0.138  -0.051 1.027 3.334 1.97
=y 2.220 -0.110 1.027 3.137 2.10
Q, 2.217 -0.127 1.014 3.104 2.12

baryon matrix elements are evaluated at a typical hadronic T Ay) =[3.986+ (0.075+0.108)r|x 10~ 3 GeV

scaleupgg. As shown in[10], the parameterB andr renor-

malized at two different scales are related via the renormal-

ization group equation to be
B(u)r (1) =B(thad " (Hnad

E(Mhad)
K+ (LN (k—1)B(ftpad

p ( aswhad)) nto_ faslmnad ooy
as(p) as(p)

and Bo=%N.—%n. Choosingag(unad=0.5 andu=4.4

GeV, we obtain B(u)=0.5B(unad=0.59 and r(w)
=17 (nad - Usingr (upad =0.61[see Eq.2.34)], the cal-

B(u)= (3.21

with

+ s (Ap),

T Bg) =[2.908+ (—0.644,+0.73%,) X 10”1 GeV
+1's(B),

[ B7)=[2.907+(—0.171B,+1.97%4,)]x 10 GeV

with ' (Ap) and I'g (B) being given by Eqs(3.3) and
(3.7), respectively. Consequently,

T(Ab) —~
— > =0.78-0.13,+0.15%,— (0.015+ 0.0248)r.

7(Bg)
(3.26

culated decay rates of bottom baryons are summarized in

Table I. It_ is evident that the_predicteﬁlb Iifetime_z is too Comparing this with Eq(3.19 we see that the main effect of
large by eight standard deviations. Note that while the CDFRcjyding linear 1, corrections is to shift the central value
measuremerttl.6) for the lifetime ratior(Ay,)/7(Bg) can be o the Jifetime ratio from 0.99 to 0.78. Moreover, the experi-
easily accommodated in theory, it is still difficult to explain ental valuer(A )/ m(By) =0.79+0.06 [12] indicates that
the absolute lifetimer(Ap)=(1.32+0.15+0.07) ps mea- the remaining contributior-0.13,+ - - - in Eq. (3.26) is at
sured by CDH13]. , _ _ most+6%. It is also evident from Eqg$3.25 that the dis-
It has been advocated 6] that, unlike the semileptonic crepancy between theory and experiment for the absolute

inclusive case, since the OPE cannot be rigorously justifieqlecay width ofB mesons is greatly improved.

for nonleptonic inclusive decays, the failure of explaining the  The most dramatic effect due to the ans@23 occurs
observed lifetime ratior(Ap)/7(Bg) implies that the as- 4 the lifetime pattern of bottom baryons. Employing the
sumption of local duality is not correct for nonleptonic in- psitom baryon masses (2.3 (3.24) and

clusive widths. It is further suggested|ib6] that corrections 1, —5g803.2- 7.1 MeV? some large enhancement to vari-
of order 1mq should be present and this amounts to replac- " '

ing the heavy quark mass by the mass of the decaying hadr s nonlt_eptonlc co_ntr|but|ons o the decay W'dt.hs of bottom
: 5 ! oo aryons is shown in Table Il. We see that the improved
in the my factor in front of all nonleptonic widths. In the . - L i ) .

. Q lifetime is in agreement with experiment and the new hier-
following we shall see that the ansatz

archy of bottom baryon lifetimes emerges as
= _ b
NL NL m

will not only solve the shortA}, lifetime problem but also  which is drastically different from the previous one: The
provide the correct absolute decay rates for bottom hadronfongest-lived(), among bottom baryons in the conventional

Employing the hadron masses OPE now becomes shortest lived. Needless to say, it is of
great importance to measure the hierarchy of bottom baryon
lifetimes in order to test the ansat3.23. The branching
ratios of semileptonic inclusive decays are calculated from
Table Il to be

(3.23 (A >1(Ep)>r(ED>r(Qy),

(3.27

mg,=5279.2-1.8 MeV [42],
mg-=5278.9-1.8 MeV [42],

mAb=562115 MeV [54], (3.249
SWe have used the CDF mass of thg [see Egs.3.24] to

we obtain update the=, mass prediction given if39].
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TABLE |I. Various contributions to the decay raté® units of 10 '® GeV) of bottom baryons. The
ansatz(3.23 has been applied to enhance the nonleptbnipiark decay and nonspectator effects.

[ dec ram rm s ret T (10125) 7o (1012 5)
AD 3.986 0.260 —0.116 1.027 5.157 1.28 1.23.09
= 4.678 0.290  —0.107 1.027 5.888 1.12
=1 4.678 -0.231 1.027 5.474 1.20
Qp 5.840 -0.335 1.014 6.519 1.01
B(A,—Xev)=8.9%, B(E2—Xev)=7.8% We find that the experimental values or" and D° semi-

leptonic widths[42] can be fitted by the quark pole mass
m.=1.6 GeV. Taking mg=170 MeV, we then have

B(Ep, —Xev)=8.4%, B(Qp,—Xer)=6.9%. X:(ms/mc)220_0113 and

(3.28

Since serious and precise measurements of the hierarchy
of lifetimes of bottom baryons may not be available in the
very near futurd,it is thus important to carry out more pre-

cise measurement of tHg; lifetime. An application of the  for charm decay. Repeating the same exercise for charmed

10(%,0,00=0.9166, 14(x,0,0)=0.9556,

1,(x,0,0)=0.9665 4.2

prescription(3.23 will modify the prediction[10] baryons, we obtain the charmed baryon semileptonic decay
rates
7(Bs)
——=1+0(1%) (3.29 L .
7(Bq) [(A,—Xev)=T(E.—~Xer)=1533x10" 1 GeV,
to [16] [(Q,—Xer)=1.308< 1013 GeV, 4.3
7(Bs) ~0.938 (3.30  Which are larger than that of tf2 meson:
7(Bg) ' o
o , I'(D—Xer)=1.090x 10 13 GeV. (4.9
for the averageB, lifetime. The current world average is
7(Bs)/ 7(By) =0.98+0.05[12]. The prediction(4.3) for the A baryon is in good agreement

with experiment:

IV. LIFETIMES OF CHARMED BARYONS _
T (Ac—Xev)exp=(1.438£0.543 X 10° 12 GeV.
In Sec. Il we see that a replacement of the heavy quark (4.5

mass with the decaying hadron mass in n@factor in front

of nonleptonic widths provides a much better description ofFor charmed baryon= . and{}., there is an additional con-
the lifetimes of the\, baryon andB mesons. It is claimed in  tribution to the semileptonic width coming from the Pauli
[16] that a much better fit to the charmed hadron lifetimes ignterference of thes quark[29]. From Eq.(2.5 we obtain
also achieved ifi"y, for charm decay approximately scales

with the fifth power of charmed hadron masses, apart from I'™(E—Xev)= 3T mnspef = (1= X*)(1+X),
corrections of order hi2. We will carefully examine the
applicability of this recipe in this section. For a theoretical Fint(ﬂc_’xe_)zéréﬂnspegﬂ (1-x%)(5+x), (4.6
overview of charmed baryon lifetimes, the reader is referred ¢
to the review of Blok and Shifmaf2]. where we have applied Eq€&.28 for charmed baryon ma-
We begin with the semileptonic inclusive decay of thetrix elementsI'y=T/|V,q/? and

D meson:

G2m? cc r —gé g)|v L 16 2—Tf%m0 @.7)
I'(D—Xev)= %Zm;gwcsm(x,o,m[mm,m% 0719273 Vestudl > Tnspec™ =T 73

We shall see later that, depending on the paramet¢he
(4.1  nonspectator effect in the semileptonic decay=gfand (.
can be very significant, in particular for the latter.
We now turn to the nonleptonic inclusive decays of
charmed hadrons. It is well known that the longer lifetime of
The current LEP results for the lifetime off, are D relative toD® comes mainly from the destructive Pauli
(1.35°037+015 s by ALEPH [55] and (1.5%7+0.3) ps by interference irD™ decay[57,3]. However, it is also known

0.28-0.17 . .
DELPHI [56]. The average is(E,)=(1.39"339) ps. Evidently, that, depending on the paramet&sgand especially,, the

the uncertainty is still too large to have a meaningful test on thePauli interferenc&™(D*) in analogue td"™(B~) given by

prediction(3.27). Egs.(3.12 can be easily overestimated and may even over-

1 (D[co-Gc|D)
—m—gll(x,0,0)— .

2mp
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TABLE lIl. Various contributions to the decay ratés units of 10 12 GeV) of charmed baryons. When
nonspectator effects in semileptonic decay are included, the predictions are shown in parentheses. Experi-
mental values are taken fropd2].

pdec pem o ptopi T re T (1072s) 7o (1001 5)
A7 0.903 0.858 —0.238 0.306 1.829 3.60 2.66.12
EJ 0903 0.042 —-0.226 0.423 0.300.498 1.4471.639  4.554.02 35704
22 0903 0.817 0.423 0.308.4989 2.4482.640 2.692.49 0.98'0%3
Q2 0968 0.224 1.256 0.262772 2.7103.220  2.432.04 0.64+0.20

come thec quark decay ratd 9 so that the resulting non- €valuated at the scale=1.25 GeV. From Egs(3.21) and
leptonic width becomes negative. This certainly does not3.22 we obtain B(u)=0.78(nnd=0.74 and r(u)
make sense. It has been discussed in great length by1.36 (un.d. Repeating the same exercise as the bottom
Chernyak[25] as how to circumvent the difficulty with the baryon case, the results of calculations are exhibited in Table
lifetime of D*. We shall not address this issue in the presentll. We see that the lifetime pattern

work and instead focus on the lifetimes of charmed baryons. . N —0 0

Our purpose is to apply the ansatz similar to E2j23 and T(E¢)>1(Ag)>1(Ec)> (L) (4.12

see if a better description of charmed baryon lifetimes can be
achieved. Is in accordance with experiment. It is evident that when

In addition to the destructive Pauli interferericdt, there nonspectator effects in semileptonic decay are included, as

. - it : shown in parentheses in Table Ill, the discrepancy between
exists another Pauli interference tefif}’ in charmed baryon
decay which arises from the constructive interference betheory and experiment is improved. This lifetime hierarchy
Y (4.12 is qualitatively understandable. THE. baryon is

tween thes quark produced in the quark decay and the longest lived among charmed baryons because of the small-
spectators quark in the charmed baryon. Since the expres- 9 9 y
ann int ness ofW exchange and partial cancellation between con-
sions of['"*""andI"Z" for charmed baryons are similar to Egs. . . o )
(3.15 for bottom baryon decays, here we will only write structive gnd destructive Pauli interferences, WK!lg is
ddwn the expressions fdi'™ desc,ribed by the last term in shortest lived due to the presence of twauarks in the
b + y Q. that renders the contribution &F" largely enhanced. It

Eq.(2.4) is also clear from Table Il that, although the qualitative
int g 2 feature of the lifetime pattern is comprehensive, the quanti-
I(Ee) = =4l omnspet = (1 =X (1+%) tative estimates of charmed baryon lifetimes and their ratios
are still rather poor.
In order to have a better quantitative description of non-
nt L 5 leptonic inclusive decays of charmed baryons, we shall fol-
T(Qe)= =5 0Mnspet 0 (1=X)(5+X) low [16] to assume thal'y scales withmy, instead of

5.
o -

X (Bci—2c,¢,— N(cd),

X (Bc5—2¢,C,— NC3). 4g M

I'y(Ay):T r 'y (Q
ItiseasilyseenthatEq(s4.8)arereducedto Eq$4.6) when n(Ae) T (B T (o) T (o)

=1, ¢,=0, N.=1, andV,4=1. TheE_ and() baryons my \® mz+\°
also receive contributions from Cabibbo-suppresgéex- —F(O)(AC)( c) TQ(ES (#) TO(EY)
change: Me ¢
Fanf‘t':”r):lv IV |21" _y2 mgg ’ 0) mQ ’
=c us’/ Vud OnnspegEc(l X“) X o ( Q) (4.13
C C

B2 ~2y
X[B(ertc3) —2¢1Co), whereT'(?) is the nonleptonic decay rate calculated in the

framework of the heavy quark expansion and it has the form
remMQe) = 6|Vus/Vud| 21—‘07/nspe$ QC( 1- Xz)
2,5

_ Ggmg
X[B(c2+c2)—2c,c,]. (4.9 r<°>—9?[a+ b/m2+c/m3+0(1/m})]. (4.14
The Q. matrix elemen{see Eq(2.18)] To compute the absolute decay width, we introduce a param-

eter\ so that
(| (c5)(s0)| Q)= — 6| proe (0)[%(2mg) (410 ]
) _y o] MHe
accounts for the factor of 6 in E¢4.9). INC—= D= AN m. (419
To proceed we employ the Wilson coefficients
Unlike the ansatz3.23 for bottom hadrons, it will become

Cc1(m)=1.35, cy(u)=-—0.64, (4.11 clear shortly that\ is much less than unity for charmed
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TABLE IV. Same as Table Ill except that the ans&tzl5 has been applied to enhance the nonleptonic
¢ quark decay and nonspectator effects.

pdec  pam o pit i I ret T (1071 S)  Tegy (10 )
Al 0960 2753 —0.884 0.306 3.136 2.10 2.66.12
ES 1404 0195 —1.231 1227 0.300.837 1.9022.432 3.462.70 3594
22 1415 3.868 1.238 0.306.837 6.8287.358  0.960.89 0.98"3%2
0 2389 1.668 5775 0262675 10.0911.5)  0.650.59 0.64+0.20

hadrons. Applying the prescriptid#.19), treatingk, r,and A , Z5, EY andQ., wherel'®Cis taken from Table III.

B as free parameters, and fitting them to the data of charmegherefore, even in the absence off/and 1m2 corrections
baryon lifetimeg42], we find or even when the heavy quark expansion converges, the
scaled nonleptonic quark decay ratel“de"(mHC/mC)5 al-

ready exceeds the experimental decay widths: 3.20, 1.88,
7.72, and 10.28in units of 10 12 GeV) [42], that is,

A=0.18, r=1.72, B=1.46, (4.16)

wherer andB are renormalized at.=1.25 GeV. The nu-

merical results are summarized in Table IV. Contrary to the My
Fdet{

5
- ) >T o Ho), (4.19

C

previous case, a prefect agreement with experiment will be
achieved if nonspectator effects in semileptonic decay are
not included.

Let us examine the fitted parameté4s16 in more detail.  except for the=. The presence of large nonspectator con-
The value r=1.72 is fairly reasonable as it implies tributions(see Tables Il and IYwill make the discrepancy

|¢£q°(0)|2: 1.1x 102 Ge\?, which is consistent with those between theory and experiment for decay widths even much

of hyperons and bottom baryons. Then, does it mean that oi¥orse. Hence, we have to introduce a paramaterl to
previous estimate af for charmed baryongsee Eqs(2.34] ~ suppress the absolute rates. However, sindg an entirely
is too small? In our opinion, the enhancemenh@j&(oﬂz is  unknown parameter in theory, the recipe of scalihg with

likelv d he f hats®—(0)I2 i ol | the fifth power of charmed hadron massag hocand does
lkely due to the fact t at"/’ca( )| is not simply equal to not have the predictive power for the absolute decay widths.

y/12f5mp with y=1 andfp~200 MeV. We conjecture that we conclude that, although the ansd13 provides a
a more realistic value of is probably close to 3 for charmed much better description of lifetimeatios for charmed bary-

baryons and to unity for bottom baryons. ons (apart from the annoying paramet@), the prescription

As for the parameteB(), it is expected to be less than (4.15 appears unnatural and unpredictive for describing the
unity if the valence-quark approximation is believed to beabsoluteinclusive decay rates of charmed baryons due to the
valid at a lower hadronic scale. Therefore, itis not clear to U%)resence of the unknown param@te[Since the heavy quark
why B(w) is larger than unity and what is its implication. expansion converges very badly, local duality is thus not
The smallness of is attributed to the fact that the inclusive testable in inclusive nonleptonic charm decay.
nonleptonic decays of charmed baryons are not dominated
by the ¢ quark decay. Nonspectator effects\&f exchange V. DISCUSSIONS AND CONCLUSIONS
and Pauli interference terms are expected to be of order

We have analyzed the lifetimes of bottom and charmed
1672(Agcp/me)®~0.5-0.7, (4.17  hadrons within the framework of the heavy quark expansion.
Special attention is paid to the nonperturbative parameter

where the factor of 16° is a two-body phase-space en- \bavon ang four.quark matrix elements for baryons. We
hancement relative to the three-body phase space of hanéfund that the large¥, relation\ Te5°" N )\garyonis satisfac-
Cc C

guark decay. Realistic calculatiolisee Tables Ill and 1Y
indicate that nonspectator contributions are comparable t
and even dominate over tleequark decay mechanism. This
implies that the charmed quark is not heavy eno(igh, the
energy release is not sufficiently lajg® make a sensible
and meaningful heavy quark expansion. For bottom hadron
we see in Sec. lll that at least for the, baryon andB
mesons, the nonleptonic decay rate is approximated by

torily obeyed by bottom hadrons. We have followdd)] to
arametrize the four-quark matrix elements in a model-
independent way. Baryon matrix elements are evaluated us-
ing the NQM and the bag model. The bag-model estimate for
bottom baryon matrix elements is smaller than that of the
SNQM by a factor of~3. The hadronic parameterdefined in
Eqg. (2.27) is estimated in the NQM to be in the range 0.53—
0.61 for both bottom and charmed baryons. Nonspectator
5 effects in inclusive nonleptonic decays are then studied in
) 4.18 detail. The main results of our analysis are as follows.
' (1) Using the charmed quark pole mass fixed from the
measured semileptonic decay widthsof andD®, we have
wherel'®is the heavy quark decay rate. However, we findcalculated Ihg nonperturbative corrections to the semilep-
de 5 L . .
for charmed baryons thaf “*{my_/mc)> are 5.36, 7.84, tonic inclusive widths for other heavy hadrons. We found
7.84, and 13.24in units of 10 *? GeV), respectively, for that while I's (B) is very close toI's (Ap), I'si(D) is

my
~ de —b
Py (Hp)~T D(mb



56 PHENOMENOLOGICAL ANALYSIS OF HEAVY HADRON . .. 2797

smaller thanT'g (A.). The predicted semileptonic decay the parameteB, a better description of inclusive decays of
rates for theB meson and thé\, baryon are in good agree- charmed baryons is achieved by scaliig, with mﬂc in-

ment with experiment. This implies that global duality is g;a5q ofm3. Contrary to the bottom case, a small parameter

valid for inclusive semileptonic decay. For charmed baryo.ng\<1 has to be introduced, namelyNL_))\rNL(ch/mc)s;

E. andQ., there is an additional contribution to the semi- therwi bsolute d idths of ch db il b

leptonic width coming from the constructive Pauli in'[erfer-l0 erlwlse, apsolute decgy widths ot ¢ ?‘”‘fe Eryons witbe

ence of thes quark. This interference effect is sizable for the argely o_veresUma;e - Since s an entirely unknown pa-
rameter in theory, it renders the above prescription unnatural

= . and becomes overwhelming for tlik. . q] dictive. As the h K ion in ch
(2) The lifetime pattern of the bottom baryons is predictedan €SS prediclive. AS the heavy quark expansion in charm
decay converges very badly, it is meaningless to test local

~7r(E;)> =7(ED). Y = =Y :
:jougetg(vg\)/bzexcﬁanb)e aTrEé\t:j)es:r(ucgz/engjlri) eiﬁgtr?érzf;igtsacguahty in nonleptonic inclusive decay of charmed hadrons.
9 We conclude that the recipe of allowing the presence of

count for their lifetime differences. The modeI—independent"maar 1, corrections by scaling the nonleptonic decay
Q

expression in the OPE for(Ay)/7(By) is given by Eq. . , , . 7
N . widths with the fifth power of the hadron mass is operative in
(3.19, which is difficult to accommodate the data without the bottom family but becomes unnatural in charm decay.

l:t\é(:glr:?reingittxslz :ﬁg Sligéb ?i/%l E%‘Z Oiol?grfn;ﬁepé";ﬁmban this prescription be justified in a more fundamental
culatéd abspolute decav width of the chaFr) d me’son is at way? It is interesting to note that a PQCD-based factoriza-
y & tion formulism has been developed for inclusive semilep-

least 20% too small compared to experiment. Since the Pr& i : , .
. . - onic B meson decay23]. This approach is formulated di-
dictedI's (B) agrees with data, the deficit of t meson rectly in terms of meson-level kinematics. Quark-hadron

dec(:gy Lj?\tl?kls tﬁlamercri]i?n :hﬁinc&nleptonltchwﬁth.v K Xduality can be tested by comparing results obtained from
) Uniike the semiieptonic decays, the heavy quark € ‘quark-level kinematics and those from meson kinematics.

: . L Mhe validity of global duality has been demonstrated in the
analytic continuation into the complex plane and local dual- eneral kinematic region up ©(1/m): 1/mg corrections
ity has to be assumed in order to apply the OPE directly irf 9 P Q- Q

the physical region. The shorter lifetime of thg relative to Czl'englgi'tvilvsﬁgg'lﬁ\??;;'&g:g;?;?; m::loeai(::] ri]:m:r\:gg)llizce%n;o
that of the By meson suggests a significant violation of X P 9

! ; nonleptonic decays and to heavy baryons, it is natural to
uark-hadron local duality. The simple ansatz that . o
lq‘NL_’FNL(mH /m,)® not or>1/Iy solves thg lifetime ratio expect tha‘rNL(B)/FNL(Ab)“(mB/mAb)s|f local duality is
b

problem but also provides the correct absolute decay width |o.Iate.d. Since the application of PQCD and hence thg fac-

for the A, baryon and th& meson. The hierarchy of bottom orization scheme of23] to charm decay is very _margmal i
. - - —0 due to the fact that the charmed hadron scale is not suffi-

baryon lifetimes is modified tor(Ap)>7(=p)> (=) ciently large, the scaling behavior &%, with m>_ occur-

> 7(Qy): The longest-lived), among bottom baryons in the 1y 1arge, 9 LT T Hg _

OPE approach now becomes shortest lived. This ansatz c4td in the bottom decay is no longer anticipated in inclusive

be tested by measuring tH#, lifetime in the near future. Nonleptonic decays of charmed hadrons.

More precise measurement of tBg lifetime provides an-

other quick and direct test of local duality.

(4) The lifetime hierarchy T(E:)>T(AC)>T(EE) | am grateful to Hoi-Lai Yu for helpful discussions. This
> 1(Q,) is qualitatively understandable in the OPE approachwork was supported in part by the National Science Council
but not quantitatively. Apart from an annoying feature with of ROC under Contract No. NSC86-2112-M-001-020.
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