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Abstract

The lifetime splitting between th8+ and BY mesons has recently been cal-
culated in the next-to-leading order of QCD. These corrections are necessary for
a reliable theoretical prediction, in particular for the meaningful use of hadronic
matrix elements computed with lattice QCD. Using results from quenched lattice
QCD we findr(BT)/7(BJ) = 1.053 £ 0.016 & 0.017, where the uncertainties
from unquenching andl/m; corrections are not included. The lifetime difference
of heavy baryon&) andZ, is also discussed.
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b ¢ WA b

Figure 1: Weak annihilation(WA) and Pauli interference(Pl) diagrams in the lead-
ing order of QCD. They contribute t6(BY) andI'(B*), respectively. The crosses
represenjAB| = 1 operators, which are generated by the exchangd’ dbosons.
CKM-suppressed contributions are not shown.

1 Introduction

In my talk | present work done in collaboration with Martin Beneke, Gerhard Buchalla,
Christoph Greub and Alexander Lenz [1].

Twenty years ago the hosts of this conference showed that inclusive decay rates of
hadrons containg a heavy quark can be computed from first principles of QCD. The
Heavy Quark ExpansiofHQE) technique [2] exploits the heaviness of the bottom (or
charm) quark compared to the fundamental QCD sdaje'p. In order to study the
lifetime of someb-flavored hadrond containing a single heavy quark one needs to
compute its total decay ral&(H;). Now the HQE is an operator product expansion
(OPE) expressing (Hy) in terms of matrix elements of locdl B = 0 (B denotes the
bottom number) operators, leading to an expansiafi(éf ;) in terms ofAgcp /me.

In the leading order oA ocp/m; the decay rate off;, equals the decay rate of a free
b-quark, unaffected by the light degrees of freedontlgf Consequently, the lifetimes

of all b-flavored hadrons are the same at this order. The dominant source of lifetime dif-
ferences are weak interaction effects betweerbifjeark and the light valence quark.
They are depicted in Fig. 1 for the case of the—B?Y lifetime difference. The rela-

tive size of these weak non-spectator effects to the leading free-quark decay is of order
16m%(Agep/ms)® = O(5—10%). The measurement of lifetime differences among
differentb-flavored hadrons therefore tests the HQE formalism at the third order in the
expansion parameter.

The optical theorem relates the total decay i&tH ;) to the self-energy off}:

I'(Hy,) = (Hy|T|Hp). 1)

Here we have introduced the transition operator:
T = Imi/d4a:T[H(a:) H(0)] 2)
with the effective] AB| = 1 HamiltonianH describing thé¥ -mediated decay of the

b quark. The HQE amounts to an OPE appliedtavhich effectively integrates out
the hard loop momenta (corresponding to the momenta of the final state quarks). We
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decompose the result as

T = [T+ T+ T+ O1/m})]
7?3 = T1L+Td+7;ing~ (3)

HereT,, denotes the portion of which is suppressed by a factoriyfm } with respect
to 7o describing the free quark decay. The contributiorisgdrom the weak interaction
with the valence quark read

T = [ Vil (FUQT + FEQE + GUT* + GUTY)

| Veal? (FQT + F5Q% + G°T? + G4TY)]

+ (d—s)

2 2 2
7! = 7GF”2”71VC”| [FIQ + FiQL + G'T* + GLTY]. (@)
HereG r is the Fermi constanty, is the bottom mass and thg;'s are elements of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. The superseriptthe coefficientd ¢,
Fi, GY, G refers to thezq intermediate state. The leading contributions/t® and
T are obtained from the left and right diagram in Fig. 1, respectively. They involve
the local dimension-6\ B = 0 operators

Q" = byl —)gqy" (1 —75)b,

Q% = b(1—75)qq(1+7)b,

T = byu(1—7)T"qqy" (1 — )T,

TE = b(1—7)T%q(1+ )T, (5)

whereT“ is the generator of color SU(3). The Wilson coefficieAts . .. G contain

the physics from scales abowg, and are computed in perturbation theory. The remain-
derTsing in (3) involves additional dimension-6 operators, which $t&3) r singlets

and do not contribute to the lifetime splitting within th& *, BY) and (=}, =,) iso-
doublets. In order to predict the width¥B}) andT'(B™) one needs to compute
the hadronic matrix elements of the operators in (5). After using the isospin relation
(BYQ%¥|BYY = (BT|Q"4BT) the matrix elements will entef(B)) — I'(BT) in
isospin-breaking combinations, which are conventionally parametrized as [3, 4]

(BH(Q" = Q"|BY) = fMgBi, (B*|(Q%-Q%)|BY) = [EMEBs,
(BT(T" = TY)|B*) = fzMger, (BY(T§ —T9)|BY) = fzMper. (6)

Herefp andM g are decay constant and mass of thmeson, respectively. In thec-
uum saturation approximatiofy SA) one hasB, = 1, B = 1+O0(a,(my), Agcp/ms)
ande; » = 0. Corrections to the VSA results are of ordgiV., whereN, = 3 is the
number of colors.
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We now find from (1) and (4):

G2m2|V.p|? . S D\ o
v -ty = VAL o (VP E s VaP e BB )
Here we have introduced the shorthand notation
Fi(z) B,
l Fq(z) 5 B,
q — S _ _

Fi(z) = Giz) | B = o forqg =d,u,c. (8)

Gqs(z) €2

Since the hard loops involve the charm quark, the coefficfé%tiepends on the ratio
z = m?/m}. The minimal way to include QCD effects is the leading logarithmic
approximation, which includes corrections of ordef In" (m, /Mw),n = 0,1,...in
Fin (7). The corresponding leading order (LO) calculation of the width difference
in (7) involves the diagrams in Fig. 1 [2, 3]. Yet LO results are too crude for a precise
calculation of lifetime differences. The heavy-quark masses in (7) cannot be defined in
a proper way and one faces a large dependence on unphysical renormalization scales.
Furthermore, results faB, » ande; » from lattice gauge theory cannot be matched to
the continuum theory in a meaningful way at LO. Finally, as pointed out in [3], at LO
the coefficients’, Fs in (7) are anomalously small. They multiply the large matrix
elements parametrized by, », while the larger coefficient&!, Gs come with the
small hadronic parametees », rendering the LO prediction highly unstable. To cure
these problems one must include the next-to-leading-order (NLO) QCD corrections of
ordera™ In" (my /My ).

The first calculation of a lifetime difference beyond the LO was performed for the
BY-B) lifetime difference [5], wher&(« ) corrections were calculated in the SU{3)
limit neglecting certain terms of order In this limit only a few penguin effects play
arole. A complete NLO computation has been carried out for the lifetime difference
between the two mass eigenstates of Bfemeson in [6]. In particular the correct
treatment of infrared effects, which appear at intermediate steps of the calculation, has
been worked out in [6]. The recent computation in [1] is conceptually similar to the
one in [6], except that the considered transitioniB = 0 rather tham\ B = 2 and the
quark masses in the final state are different. The NLO calculatiéi{ Bf)) — I'(B™)
involves the diagrams of Fig. 2. In [4] the NLO correctiond{@3 ) — I'(B™) have
been calculated for the limiting case= 0. The corrections to this limit are of order
zIn z or roughly 20%. The first NLO calculation with the completdependence was
presented in [1] and subsequently confirmed in [7].

2 Lifetime differences at next-to-leading order

The analytic expressions for the Wilson coefﬁcieﬁ#“) —Fr0 gel) _ght)

i \ij S,ij
are cumbersome functions einvolving dilogarithms. They depend on the renormal-
ization scheme chosen for theB = 0 operators in (5) and also on the renormalization
scaleug = O(m,) at which these operators are defined. These dependences prop-

erly cancel betweed'? and B in physical observables like (7). When our results for
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Figure 2: WA contributions in the next-to-leading order of QCD. The PI diagrams are
obtained by interchangingandd and reversing the fermion flow of theandd lines.

The first line shows the radiative correctionsd@ =0 operators, which are necessary
for the proper infrared factorization. Not displayed are the diagia ¥, andD5_g
which are obtained from the corresponding unprimed diagrams by left-right reflection
and the reverse of the fermion flow.

Fe® — FEO L ayl) — ¢4t are combined with some non-perturbative compu-

tatJion ofBlj, ... €, One has to make sure that the numerical values of these hadronic
parameters correspond to the same renormalization scheme. Our scheme is defined by
the use of dimensional regularization witliS [8] subtraction, an anticommutings
and a choice of evanescent operators preserving Fierz invariance at the loop level [9].
Choosing furthepy = my the desired lifetime ratio can be compactly written as

T(Bt

T 1 = ) [ 1)

= 0.0325 [Ves| 2( my )2 /B 2><
‘ 0.04 48GeV/ \200MeV

[(1.0i0.2) By + (0.1£0.1)By — (184£0.9)¢; + (4.0£0.2) 62].(9)

Herer(BT) = 1.653 ps has been used in the overall factor.
The hadronic parameters have been computed in [10] with quenched lattice QCD
using the same renormalization scheme as in the present paper. They read

(By,B2,€1,62) = (1.10£0.20, 0.79 £ 0.10, —0.02 + 0.02, 0.03 & 0.01). (10)
Inserting|V,,| = 0.040 £+ 0.0016 from a CLEO analysis of inclusive semileptorfit
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decays [13], the world averagig; = (200+30) MeV from lattice calculations [14] and
mp = 4.8 £ 0.1 GeV for the one-loop bottom pole mass into (9), our NLO prediction
reads

7(B™T)
= 1.053 £0.016 + 0.01 11
~(BY) 053 £0.016 = 0.017 (11)
compared to
+
{T(BO)] = 1.041 + 0.040 £+ 0.013. (12)
m(By) I1o

Here the first error is due to the errors on the coefficients and the hadronic parameters
(10), and the second error is the overall normalization uncertainty due,to|V,;|

and fg in (9). The Wilson coefficients also depend on the renormalization gcab

which the A B =1 operators entering the diagrams in Figs. 1 and 2 are defined. This
dependence stems from the truncation of the perturbation series and diminishes order-
by-order inas. The dependence gn is the dominant uncertainty of the LO prediction

of the lifetime ratio. In Fig. 3 the:;-dependence of the LO and NLO predictions for
7(BT)/7T(BY) — 1is shown. The substantial reduction of scale dependence at NLO
leads to the improvement in the NLO vs. LO results in (11),(12). Note that the NLO
calculation has firmly established thatB*) > 7(BY), a conclusion which could

not be drawn from the old LO result. The result in (11) is compatible with recent
measurement from the B factories [11, 12]:

7(BT) [ 1.082+0.026+0.012 (BaBawr)
7(B9) | 1.09140.023+0.014 (BELLE)

The calculated Wilson coefficients can also be used to predict the lifetime splitting
within the iso-doublef={) ~ bus, Z; ~ bds) with NLO precision. The corresponding
LO diagrams are shown in Fig. 4. Note that the roleJof and7¢ is interchanged
compared to the meson case wittt* describing the Pauli interference effect. The
lifetime difference betweeA; ~ bud andEg is expected to be small, as in the case
of B? and BY, because it mainly stems from the small U-spin breaking effects in the
matrix elements appearing at ordghm 2.

ForZ,’s the weak decay of the valenegjuark could be relvant: the decays,” —
Ay, By — Aye 7. andZ) — A7 are triggered by — wu transitions and could
affect the total rates at th@(1%) level [15]. Once the lifetime measurements reach
this accuracy, one should correct for this effect. To this end we define

_ _ _ 1 - B(E, = Ay X 1
() = T(E) —T(Z = ApX) = (T(ba,,) b X) _ =
for 2, = =), =, , (13)

where B(E, — A, X) is the branching ratio of the above-mentioned decay modes.
ThusT'(Z,) is the contribution fromb — ¢ transitions to the total decay rate. In
contrast to thé? meson system, the matrix elements of the four operators in (5) are not
independent at the considered ordeAigcp/my. Since the light degrees of freedom
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Figure 3: Dependence af BT)/7(BY) — 1 on u; /m, for the central values of the
input parameters and, = m;. The solid (short-dashed) line shows the NLO (LO)
result. The long-dashed line shows the NLO result in the approximation of [4],ise.
set to zero in the NLO corrections.

are in a spin-0 state, the matrix elemef$|2Q% + Q7|=,) and(Z,|2Td + T7|Z;) are
power-suppressed compared to those in (14) (see e.qg. [2, 3]). This, however, is not true
in all renormalization schemes, in théS scheme used by %) % + Q7 and27' + T
receive short-distance corrections, because hard gluons can resolve thé-yeavly

mass. A priori one can choose the renormalization of@.gindependently frond)?,

so that(Z|2Q% + Q7|Zs) = O(Agep/me) can only hold in certain renormalization
schemes. This is also the case, if the operators are defined in heavy quark effective
theory (HQET) rather than in full QCD. After properly taking into account these short-
distance corrections, one can express the desired lifetime ratio solely in terms of two
hadronic parameters defined as

(E1Q" = Q) (m)|=) = fEMpMsz, Lib(uo),
(ST =T (o)IZ)) = fEMpMs, Ly* (o). (14)
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b ¢ Pl b

Figure 4:Weak scatteringWS) and Pl diagrams fd&E, baryons in the leading order of
QCD. They contribute t&'(Z)) andI'(Z; ), respectively. CKM-suppressed contribu-
tions are not shown.

Then one finds

TED 1 — 7= Ire) - 1)
b
Val\* ¢ ms N2 ( fs > T(EY

059 (004) (4.8Gev) <2OOMeV> Lops ™

[(0.04 +0.01) Ly — (1.00 £ 0.04) Ly ] . (15)

with L; = L,»E” (o = my). For the baryon case there is no reason to expect the color-
octet matrix element to be much smaller than the color-singlet ones, so that the term
with L, will dominate the result. The hadronic parameters, have been analyzed in

an exploratory study of lattice HQET [16] fdt, baryons. Up to SU(3) corrections,
which are irrelevant in view of the other uncertaintié$’ andZ** are equal.

3 Conclusions

Twenty years ago the ITEP group has developed the Heavy Quark Expansion, which
allows to study inclusive decay rates of heavy hadrons in a model-free, QCD-based
framework [2]. The HQE expresses these decay rates as a series i ot/ m,
and a,(mp). With the advent of precision measurements of lifetimes-8&vored
hadrons at the B factories and the Tevatron correspondingly precise theory predictions
are desirable. This requires the calculation of higher-order terms in the HQE. The
inclusion of thea; corrections presented in this talk is in particular mandatory for any
meaningful use of hadronic matrix elements computed in lattice gauge theory. The
calculated QCD corrections to the WA and Pl diagrams in Figs. 1,2 allow to study the
lifetime splitting within the(B*, BY) and (=9, Z;") iso-doublets with NLO accuracy.
It is gratifying that these corrections have been independently calulated by two groups
finding agreement in their analytic expressions for the Wilson coefficients [1, 7].
Current lattice calculations, which are still in a relatively early stage in this case,
yield, when combined with our calculationg,B ) /7(BY) = 1.053 £ 0.016 £ 0.017
[see (11)]. The effects of unquenching ahfin, corrections are not included in the
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error estimate, but the unquenching effects can well be sizable. A substantial improve-
ment of the NLO calculation is the large reduction of perturbative uncertainty reflected
in the scale dependence stemming fromA@ = 1 operators. This scale dependence
had been found to be very large at leading order, preventing even an unambiguous
prediction of the sign of (B*)/7(BY) — 1 up to now [3].

At present the experimentally measureglifetime falls short ofr(BY) by roughly
20% [17], which has raised concerns about the applicability of the HQE to baryons.
Unfortunately this interesting topic cannot yet be addressed at the NLO level for two
reasons: Firstr(A,)/7(BY) receives contributions from the yet uncalculated SW¢3)
singlet portion7,;,, of the transition operator in (3). Second, the hadronic matrix
elements entering(A;)/7(BY) involve penguin (also called ‘eye’) contractions of
the operators in (5), which are difficult to compute. These penguin contractions are
contributions to the matrix elements in which the lightand § quark fields of the
operator are contracted with each other, not with the hadron’s valence quarks.
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