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Calculation of the semileptonic decay width of theA, baryon
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We extend the approach based on light-cone expansion and heavy quark effective theory to inclusive
semileptonic decay of an unpolarizbeflavored hadron. It is applied to calculate the semileptonic decay width
of the A, baryon and its ratio to that of th8 meson. We obtail'g (Ay)=(51*9)|V,/? pst and
s (Ap)/T 5 (B)=1.052£0.006. From the latter, the semileptonic branching fractiom\fpis predicted to be
(8.7:0.7)%.[S0556-282(97)07523-1

PACS numbeps): 13.30.Ce, 12.39.Hg

I. INTRODUCTION incorporate nonperturbative QCD effects in inclusive semi-
leptonicB meson decays. This approach provides a founda-
tion for the parton mode[7] for inclusive B decays and
furthermore improves it by including QCD corrections in a
systematic way. This approach accounts correctly for the
phase-space effects and produces a smooth electron spec-
7(Ap) —0.79+0.06 (1.1) trum, which is consistent with the experimental ddha The
#B% ' calculation of the semileptonic decay width for tBemeson
has showr{5] that the kinematically enhanced nonperturba-
suggesting that corrections to the simple spectator decay pitive contributions play numerically an important role.
ture are significantly different for tha,, baryon andB me- In this paper we extend the results[df-6] and compute
sons. Studies of the semileptonic branching fracfidasthe  the inclusive semileptonic decay rate for an unpolarized had-
differentb-flavored hadrons are also useful to probe the deron H,, containing ab quark. The heavy hadron decays in-
cay dynamics. The semileptonic branching fraction Bor  volve two large scales: the heavy hadron mass at the hadron
mesons has been measured at¥l{dS) resonance to bg2]  level and the heavy quark mass at the parton level, which are
much greater than the QCD scale. Both of them are useful
Bg(B)=(10.43+0.24%, (1.2)  for circumventing nonperturbative QCD effects. Because of
o the heaviness of the decaying hadron, extended regions of
which is an average over ti&° andB~. Recently, the first phase space in the inclusive semileptonic decays of heavy
measurement of the ratiB, ,= B(b— baryon—A/X)/B(b hadrons involve large momentum transfer squared. There-
—baryon— AX) was reported by the OPAL Collaboration. fore, the decay dynamics is dominated by the light-cone dis-
They measur¢3] tance. The light-cone dominance attributes the nonperturba-
tive QCD effects to a single distribution function. On the
Ry, =(7.0£1.2+0.7)%, (1.3 other hand, the mass of the heavy quark provides a large
limit to construct an effective theory describing the heavy
which should be a good approximation to the averaige quark interacting with the gluons in the heavy hadron. This
baryon semileptonic branching fraction. These measureso-called heavy quark effective theotfQET) [8] has new
ments have shown an interesting difference inAfeandB  (approximate symmetries that were not manifested in the
semileptonic branching fractions. QCD Lagrangian and sets a framework for parametrizing
In this paper we calculate the semileptonic decay width ohonperturbative effects, which relates various phenomena
the A, baryon and its ratio relative to that of tlemeson’.  (e.g., the spectroscopy and weak decays of hadrons contain-
The last value can then be converted into a value for theng a single heavy quayko a common set of parameters, so
semileptonic branching fraction for the, baryon by using that it has great predictive power. Sum rules for the distribu-
the measuredB and A, lifetimes and the semileptonic tion function can be derived by virtue of the operator product
branching fraction foB mesons. For this purpose we must expansion and the HQET meth¢8—11], which constrain
account for the nonperturbative QCD effects in the underlythe shape of it. Consequently, we can account for the non-

Recent measuremerits] have shown that the lifetime of

the A, baryon is notably shorter than the lifetime of tB8
meson,

ing weak decays. perturbative QCD effects with theoretical uncertainties under
An approach based on the light-cone expansion and theontrol.
heavy quark effective theory has been developed6] to This paper is organized in the following manner. We de-

scribe in Sec. Il the formalism showing how the light-cone
dominance attributes the nonperturbative QCD effects on the
The semileptonic branching fraction for theflavored hadron inclusive semileptonic decays to a single distribution func-
Hy refers to the branching fraction for the inclusive decaytion. The semileptonic decay width for an unpolarizdg
H,— /" v anything, where” indicatese or u mode. hadron is expressed in terms of the distribution function. The
2In the text, the notatiol refers toB® andB~ mesons. properties of the distribution function are discussed in Sec.
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[ll. Two sum rules for the distribution function are obtained 3 2 2
. . d°r GE| Vgl [
using the operator product expansion and the heavy quark > = 5
effective theory. The general formulas for the inclusive semi- dE,dg°dqy, ~ 167°M [
leptonic decay of thé-flavored hadron are applied in Sec. 2
IV to the A, baryon. Section V contains a conclusion. +W3qm(%—25/)

qu2+wz(2E/qo—2Ei—

. (2.6

Il. FORMALISM The structure function®V, and Wg do not appear above
Consider the inc|usive semileptonic decay Of an unpo'arbecause their contribution is pI.’OpOI’tional to the Squal‘e of the
ized hadrorH,, containing ab quark charged-lepton mass and we ignore the lepton masses.
Now we employ the light-cone dominance to simplify the
Hbﬁxq/v_/, /=e or u, (2.2 expression for the hadronic tensor. We proceed along the
lines of[4-6]. It is well known that integrals like the one in
where X, is any possible hadronic final state containing aEq. (2.4) are dominated by distances where
charm quark §=c) or an up quark §=u). The decay is
induced by weak interactions and the decay rate is given by , 1
osy‘< —- 2.7
CGHVal? . dk, dk, q
(2m)°Py K2E, 2E,°

(2.2 For inclusive semileptonic decay8.1), g2 is timelike and

varies in the physical range
whereP denotes the momentum of the hadidp andk , ,
andE ) are the momentum and energy of the electam 0=q°<=(M—My )*, (2.8
tineutring, respectively. Vq, are the elements of the ) o ] )
Cabibbo-Kabayashi-Maskaw@&KM) matrix. L, is the lep- whereMxmin is the minimum value of the invariant mass of
tonic tensor, which results from the summation over thethe hadronic final state. Because of the heaviness of the had-

spins of the charged lepton and antineutrino: ronH,, for extended regions of phase space the momentum
_ transfer squared is much larger than the QCD saalgp.
L =2(kEk,+Kuk)—g#k -k, e o gkOKE). Therefore, the integral of Eq2.4) is dominated by the light-

2.3 cone distances in the space-time structure. This allows to
replace the commutator of the two currents with its singular-
Yty on the light cone times an operator bilocal in thejuark
fields, whose on-light-cone matrix element betwekn
8lates is also dominant.

The light-cone dominance leads to the expression of the
1 hadronic tensor in terms of a distribution function

W :—if d4yeiq'y
wy 27 2J+1

xEs (Hp(P,9)|[j o(¥),i H(O)][HW(P,S)),

W, is the hadronic tensor, which incorporates all the mess
complexity of nonperturbative QCD effects for the inclusive
process. It can be expressed in terms of a current commutat
between theH,, hadron states:

W,u.v:4(s,u.av[3_i8,uav,8)J' dngb(f)S(fpo_QO)

X 8[(¢P—q)2—mZ](éP—q)“P”, (2.9

(2.4 where Sﬂavﬂfgwgyﬂ—gﬂﬁgy-a—.gwgaﬁ and. Mgy is t_he
whereq stands for the momentum transfer to the lepton pairMass of the final quarly. The distribution function is defined
q=k,+k,, andj,(y)=0q(y) y.(1—ys)b(y) is the weak
current. The spird hadron stat¢H,(P,s)) satisfies the stan-
dard  covariant  normalization (Hy(P,s)|Hy(P,s)) fy (§)=

. b
=2P,(2m)36%(0). In general, the hadronic tensor can be
decomposed in terms of scalarg,(q%,q-P), a=1,...,5,

! fd P)e'¢y-P !
aowz) GV PER oy

as follows: x 2 (Hp(P,8)[b(0)P(1-7s)
S
P.P, P’q®  q,q,
WMV:_g/LVW1+ |\IL;|2 WZ_IS,U«VDKBWW3+ #WA Xb(y)|Hb(P,S)>|y2:0. (21@
It should be emphasized that the form of the distribution
P.9,+0,P, function is not identical for different hadrons. The light-cone
om0 (2.5 dominance implies that the five hadronic structure functions
can be written in terms of a single distribution function:
whereM is the mass of the hadrdd,, . —
: ) W, =2[f +f 1, 2.1
We can express the decay rates in terms of the five had- 1= 20y (6)F Ty (6] 219
ronic structure functiondV,,a=1, ...,5. Thedifferential 8
decay rate for the proce¢8.1) in the rest frame of théd,, Wo=———[£.fu () - €Ty (£, (212
hadron is I
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4 where the left-handed projection operatey=(1— vs)/2.
W3=— ﬁ[be(é)—be(é)]. (213 Inserting a complete set of hadronic states between quark
o fields and translating thg, dependence out of these fields,
W,=0, (2.14 one gets
W5=W3, (215) 0 1
fuy(§)=2 8M—éM—pl)5o-
where
X m|b,(0)|Hp(P,s))|?, 3.3
q-P= (g PP MAG 1) 2 [(mlbL(0)[Hy(P,9))| 33
£+= M2 . (2.19

whereb, = P b. Thereforef Hb(g) obeys positivity. The had-
ronic state|m) with momentump,, is physical and must

The differential decay rate E§2.6) becomes

4°r G2|Vp|? have O<pp<M, thusfy (§)=0 for £&<0 or ¢&=1. There-
/—z{fH (£4+) fore, the support of the distribution function reads 8<1.
2 3 2 L
dE dq dqo 4mM These results, deduced in thig rest frame, hold in arbitrary
X (26, E,M—q2) — (£, — &)} frame due to Lorentz invariance. Furthermore, E§.3

gives a probabilistic interpretation of the distribution func-
(217 tion, namelyf (&) is the probability of finding & quark

Integrating over the phase space, we obtain the total sem\gNlth a momentuan inside the unpolarized hadrdt, .
leptonic decay width for the unpolarized hadridp: he limit fy,, (€)= 5(¢—m, /M), the free quark decay is re-

producec[e 0., Eq.(2.18 reduces to the free quark semilep-
L tonic decay width
j dé, 1, (&4) Since theH, hadron contains a single heavy quark, i.e.,
b theb quark, the heavy quark effective theory can be applied.
The HQET is successful in describing various nature of

_ G,2:|\/| 5|qu|2
19272

2 r6 r8 4

% 1—8r—+8—— __24r_|nL 218 heavy hadrons. More properties of the distribution function
A S o ST A can be deduced exploiting the techniques of the operator
product expansion and the HQET.
where r=my/M and we have ignored thé, (¢£_) term Since theb quark is very heavy within thel, hadron one

whose contribution is negligibly small. Notice that the physi- can extract the large space-time dependence

cal hadron mas$/ instead of theb quark mass enters Eq.
(2.18, which enhances the decay width with respect to the Cimeo.
free quark decay5]. b(y)=e""™"Yb,(y), (3.9

lll. PROPERTIES OF THE DISTRIBUTION FUNCTION wherev is the velocity of the initial hadroil,, defined by
Several important properties of the distribution functionv="P/M. In order to estimate the matrix element of the bilo-
can be derived from field theory. First of all, because of thecal operator we must reduce it to local ones. To this end we
conservation of thé quantum number, the distribution func- make a Taylor expansion of the field in a gauge-covariant

tion is normalized to unity: form. This leads to an operator product expansion
[ deti (o= Pr oS PO o)y pebly)
_ — S (=D _
X 7,(1=75)b(0)[Hy(P,s))=1. (3.0 ey iy, oy, B0y )
C9n5|der nefoHb(g) in the rest frame of théi, hadron. X S[k#1- - -kt (0), 3.5
In this frame,
o (6) 1 dyoe™ &0 1 wherek,=iD ,=i(d,~igsA,) andS denotes a symmetri-
Hp 27 2J+1 zation. The Lorentz structure allows to express the matrix

element of the local operator on the right-hand side of Eq.

% H.(P,s)|bT(0)P, b H.(P,s)), 32 (3.5 between the spin-averagety, hadron states in terms of
§< o P1S)[D/(0)PL(Yo) Hu(P.9)) 32 the H,-hadron momentum:



7270 CHANGHAO JIN 56

L b, B 5m, . .
5351 (Ho(P.9)[b,(0)77(1-y5) Cro=gpp Eo(Hy) +O(Ade/m)), (312

X S kH1. . . kHnTb, (0)|Hu(P,s)) 2m, 3 3
C11=— 357 En(Hp) +O(Age/my),  (3.13

=2 CnOPBPM. .. PHn

_ng 3 3

n C2023M2Kb(Hb)+O(AQCD/mb)v (3.14
+2,1 M2C,;gPFiPH L. . . PH-1PMi+1. .. Pkn

C2=Cx»=0, (3.15

+ terms withg#i*i. (3.6
where the dimensionless HQET parameters
The terms withg#i#i can be omitted on the light cone. Sub-

stituting Eqs.(3.5) and(3.6) into Eq. (2.10 yields 1 —(iD)?
Kp(Hp)=— m(Hb(PlsﬂthhAHb(P,S)),
o (=D m, b
fr (6= 2 Coi| oM e-2]. 3.7 (3.18
b r=o n! i=0 M
. . 1 —gsGpo®
Therefore we obtain the following moment sum rule for the G, (Hy)=— 5 (Hu(P,5)|h, ———2—h,|Hy(P,s)),
distribution function 2M 4mg
(3.19
n
M,(my/M)=>, Cpi, (3.8 and E,(Hp)=Ku(Hp)+Gp(Hp). The parameterK,(Hp)
=0

corresponding to the second term in the Lagrangian Eq.
(3.11) measures the kinetic energy of thejuark insideH,, .
The parameteG(H,) corresponding to the third term in the
Lagrangian Eq(3.11) measures the chromomagnetic energy
1 due to the spin coupling between thequark and the light
M, (€)= f dg(g—E)”be(g). (3.9  constituents irH,. Both of them are expected to be of order
0 (AQCD/mb)Z. Thus two sum rules for the distribution func-
o - tion can be derived via the moment sum r&8). They
By definition,Mo(§)=Cpo=1. _ determine up to order{ocp/Mp)? the mean valuge and the
We employ the HQET to estimate further expansion coariances? of the distribution function, which characterize

efficients in Eq.(3.6). In this effective theory the QCD the position of the maximum and its width, respectively:
b-quark fieldb(y) is related to its HQET counterpalnt,(y)

where thenth-moment about a poin of the distribution
function is in general defined by

by means of an expansion in powers ofn}/ my
p= 3y [1+Es(Hp) ], (3.19
. 2
b(y)=e Mwy| 1+ 1D, of Aeeol |, (y)
2 mp )] 2_[Mo) [ 2KeH) o ) (3.19
(3.10 o= M 3 b(Hp) |, .
The effective Lagrangian takes the form with the definitions
o _ (iD 2 . o~ —_~
EHQET:hUiU.DhﬁhU%hU p=M(0)=F+M;(), (3.20
b
T?=Ma(p)=My(E)—MI(E). (329

—gSGaBOﬂB 1
+h,———h,+0| <|, (311 o : :
4am,, m3 Therefore, the distribution functiofy (¢) is sharply peaked
around ¢é=u~m,/M close to 1 and its width of order

whereg,G*#=i[D“,D”] is the gluon field-strength tensor. A /M is narrow, in agreement with intuitive expectations.
Only the first term in Eq(3.12) remains in them,—co limit,

which has the heavy quark spin-flavor symmetry. The other
two terms give the M, corrections. Following the method
of [10] to relate matrix elements of local operators in full  As discussed in the last section, the normalization of the
QCD to those in the HQET, the expansion coefficigbtsin distribution function is fixed to be exactly 1 by current con-
Eq. (3.6) can be expressed in terms of the HQET parametersservation and the sum rulg8.18 and (3.19 restrict the
The nonperturbative QCD effects can, in principle, be calcuposition of the maximum and the width of the distribution
lated in a systematic manner. In this formalism the momenfunction, which improve considerably the theoretical accu-
M,(m,/M) is expected to be of order\(ocp/mp)". A few  racy, but otherwise its shape is not determined. In order to
resulting coefficients of this method are calculate the decay rate we shall adopt a distribution function

IV. APPLICATION
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[4—6] that satisfies the theoretical constraints of the previoudhe strong coupling constant is renormalization scale depen-

section: dent. We vary the scale over the rangengf2< u,<m, to
estimate the theoretical error due to the scale dependence. In
&(1-¢) addition, using the modified parametrizatid] of the distri-
f(§)=N t—aib? 0(£)6(1-¢), (4D pution function with two more parameteasand 3,
whereN is the normalization constant arrdandb two pa- f(&)= Nﬂa(g) 0(1—§&), 4.7)
rameters, which depend on the hadkbpand are related via [(é—a)’+Db?)?

the sum ruleg3.18 and(3.19 to the two HQET parameters ] ) ] .
Ky(Hp) andGy(Hy). Fora=m,/M andb=0, this distribu- We find that the values of the semileptonic decay widths for

tion function reduces to a delta functiod(&—m, /M), and both Ay gndlB are in;en;itive to the change of the sha_pe of
thus reproduces the free-quark decay model. the_ dlstrlbutlon functlor_1 |f the mean va_IU(_a gnd the variance

The semileptonic decay width of the unpolarized hadrorPf it are kept fixed. This insensitivity diminishes the model
H, can be calculated by use of Eq&.18 and(4.1) adding dependence. We neglect the mass, lifetime, and semileptonic
the known perturbative ordets correction[12]. The semi-  branching fraction differences betweBf andB~ in all the
leptonic decay width of th& meson has been computgs]  numerical analyses of this work. Because of the small
in our approach. A similar calculation can be done forthe  |Vyp/Vep|~0.1, the contributions due to the—u transition
baryon. One needs to know the values of the correspondingre negligible at the present level of accuracy. The CKM
parameters. matrix elementV,| cancels in the ratio of th&.,, and B

As mentioned in the Introduction, the HQET relates vari-semileptonic decay widths making the prediction of the ratio
ous phenomena with each other. Information on the param«ery reliable. We obtain the following results for the semi-
eters can be gained with the help of the HQET. Unlike leptonic decay width of thé, baryon and its ratio to that of
mesons, the chromomagnetic contribution vanishes for th#he B meson:
ground-state baryon:

Isi(Ap)=(51£9)|Vy® ps, (4.9
Gp(Ap)=0, (4.2
Psilho) ) 052+ 0.006 (4.9
since the light constituents insidg, have total spin zero. I'g(B) T '

The difference between thequark kinetic energies in thg

meson and in the\, baryon can be inferred by using the The B meson mas#lz=>5.28 GeV[2] and theA, baryon
HQET mass formuld13] . It follows that K,(Ap) — Ky(B) massM Ab:5'62 GeV from the ALEPH and Collider Detec-
=0.0002£0.0006. For numerical analyses, we therefore astor at Fermilab(CDF) averagd 16] have been used. We find

sume the approximate equality: that the semileptonic decay width of thg, baryon is about
5% larger than the semileptonic decay width of Bieneson.
N Using the theoretical value in E@4.9), together with the
Kp(Ap)~Kp(B)=~— om’ (4.3 measured semileptonic branching fraction for Bameson in
b Eqg. (1.2 and the lifetime ratio o\, andB in Eq. (1.1), the

which is further supported by the calculations of the QCDsemileptonic branching fraction for the, is predicted to be
sum rules for theB meson[14] and for theA, baryon[15]. 7(Ay) T (Ap)

The difference between theeandc quark masses can also be Bs(Ap)=Bs (B) A
derived[13] from the observed hadron masses by using the 7(B) T's(B)
mass formula: (4.10

=(8.7£0.7%,

\ where the error is dominated by the experimental uncertain-
My,—Me=(Mg—Mp){ 1— 1 +o(umd) |, ties on theA, andB lifetimes.

BVID
4.9 V. CONCLUSIONS

where the spin-averaged meson massy_bg: LM The much more model-independent approach to inclusive

+3Mge)=5.31 GeV andy= 1 (Mp+3Mpe) = 1 974Ge\B/ semileptonicB meson decays has been extended to the in-
B*) = 9. p=a(Mp p*)= 1. : : S

Finally, the remaining theoretical input parameters for ourclusive decaysi,— X,/ v,. We have presented the formula

calculation arem, , A, and the strong coupling constas, for thg _semlleptonlc decay_W|dth of an unpolarized hadron

which is practically the same set of parameters as in the ca&@ntaining ab quark. Equatior(2.18 shows that the decay

of the B meson[5]. wid?h depends on the mads of _the deca_ying hadrqhib. _
For M. we use An increase irlM amounts to an increase in the semileptonic
b ; ; 5
decay width, but it does not go &8> partly because of the
my,=4.9-0.2 GeV. (4.5  suppression due to the decrease in the mean value of the

distribution function forced simultaneously by the sum rule
According to the QCD sum rule calculatiofist, 15, we take  (3.18. We applied the formulas to compute the semileptonic
decay width of the\,, baryon and found that it is about 5%
A=—(0.5+0.2) Ge\2. (4.6 larger than the semileptonic decay width of tBemeson.
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This suggests that the increase in the tdtgldecay width  surements and more accurate measurements of jrendB
observed in the\, andB lifetime measurements originates lifetimes will probe the decay dynamics more extensively
mainly in the nonleptonic-decay sector. Our prediction forand deeply.

the semileptonic branching fraction fdr, in Eq. (4.10 is

compatible with the OPAL result in Eql.3). Pure measure-

ments of the semileptonic branching fraction fog are ea- ACKNOWLEDGMENTS
gerly awaited. Once such measurements become available, _ .
the theoretical value for the semileptonic decay width\gf I am grateful to Bernd Kniehl and the Max-Planck-Institut

obtained in this work can be used to gain an independerftir Physik(Werner-Heisenberg-Institufor the warm hospi-
determination of the CKM matrix eleme[¥.,|. These mea- tality, where part of this work was done.
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