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We use the heavy quark expansion to investigate the width differAﬂTcBg between theB; mass eigen-
states. The corrections Qf( A gcp/my) andO(mg/my) to the leading-order expression in the operator product
expansion are derived and estimated to yield a sizable reduction of the leading resulitgfoby typically
30%. For completeness we also quantify small effects due to penguin operators and CKM-suppressed contri-
butions. Based on our results we discuss the predictionMiT/I‘)BS with particular emphasis on theoretical
uncertainties. We findKF/F)Bszo.lﬁfgjég, where the large error is dominated by the uncertainty in hadronic
matrix elements. An accuracy of about 10% iﬁI(/l“)BS should be within reach, assuming continuing
progress in lattice calculations. In addition, we address phenomenological issues and impIicatiaMEB(s)f a
measurement for constraints vArMBS and CKM parameters. We further consider in some detail the lifetime
ratio 7(Bg)/7(By) and estimate that, most likelyr(By)/7(By) — 1| <1%.[S0556-282(96)01519-6

PACS numbd(s): 14.40.Nd, 13.25.Hw

[. INTRODUCTION the remaining uncertainties more reliably. Combined with
future measurements dfFBS, these predictions can be used
Mixing phenomena in neutrd® meson systems provide to derive indirect constraints of¥/s/Vy4 [2] and AMg_.
an important testing ground for standard model flavordynampygn-standard-model sources @P violation in the By sys-
ics. The mass difference between Ui eigenstates, tem would reduceAl’s  compared to its standard model
AMBd, gave the first evidence for a large top-quark mass angalue, as explained ifi13], so that a lower bound on the
provides a valuable constraint diV4| and the Cabibbo- standard model prediction is especially interesting.
Kobayashi-Maskaw8CKM) unitarity triangle. A direct mea- Starting from the flavor eigenstatd$B.),|Bo)}, Be-Bs
surement ofAMg_, the corresponding quantity fds me-  mixing is determined by the 22 matrix
sons, through Bs-Bg oscillations, would vyield further .
information and help to reduce hadronic uncertainties in the M=M— I—F, (1)
extraction of CKM parameters. Complementary insight can 2
be gam_ed from the Wldt_h d|ﬁeren¢FBS beMeen theBs with Hermitian M and I'. Because ofCPT conservation,
mass eigenstatdd,2]. This width difference is expected to Mi1=M=Mg, T11=F225FBS- We recall that for theB,

be the largest among pottom had“ﬁa.’ﬁ and.'t may be large system the off-diagonal elements obey the pattern
enough to be accessible by experiment in the near future.

The width difference folB4 mesons, on the other hand, is I m?

CKM suppressed and experimentally much harder to deter- Mo :O(W>' 2
. 12 t

mine.

If AT’ is indeed found to be sizable, the observation ofrhe mass and lifetime difference between eigenstates are
CP violation and the extraction of CKM phases from un- given by H for “heavy,” L for “light” )
taggedB, data samples can be contemplafdg4,5. This

possibility could be important in two respects. First, tagging AMg =My—M_ =2[My, ()
any B4 data sample costs in statistics and in purity. Second,

the rapid oscillations dependent &M t all cancel in time 2 REM 7l

evolutions of untaggeB data samples, which are governed Alg =l =Ty=- M4 @

by the two exponentials exp(" t) and exp{-T'4t) alone.

The present article continues previous work of one of usThe corrections to Eq$3) and(4) are extremely suppressed.
[1] on the phenomenological potential Mg, and focuses They enter only at orddi";,/M 1,2 and vanish altogether in
on theoretical uncertainties and improvements of the predicthe limit of exactCP symmetry. Anticipating the actual hi-
tion. We compute the width difference in the heavy quarkerarchy of eigenvalues, we have defined bathg_ and
expansion and include explicitrbj, corrections, which im- AFBS to be positive quantities.
proves over previous estimates df's_based on a partonic  Neglecting CP-violating corrections, which are very
[6—11] or exclusive[12] approach and allows us to assesssmall in the standard modéEM), the mass eigenstates are
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CP eigenstategup to corrections of at most 18), and with ~ (6) even before expanding the matrix elements of local op-

the phase convention CP|By)=—|B;) one has erators. The heavy quark expansion applies as well to the
IBu)=(IBs)£|Bg))/\2. Then! using standard CKM diagonal elementk;; =I'g =(I',+1'|)/2 and has been used
phase conventiond 4], to predict the total width of bottom hadrof3]. A contribu-
tion to I'1, requires that the spectator strange quark and the
Alg =—2T1p=—2Ty. (5)  bottom quark come together within a distancenlin a me-

son of size 1A ocp. This volume suppression together with
Note that the lighter state i§P even[1] and decays more the phase space enhancement, leads to the estimate
rapidly than the heavier state. This also follows from the fact
that most of the decay products in the-ccs transition ') Agep)®
which are common t@; andBg are CP even[12]. ', m—b) :
Both the mass and lifetime difference are determined by

the familiar _box. diagrams that give rise to an e1‘f_ect|ve-|-he application of heavy quark expansions to nonleptonic
AB=2 Hamiltonian 8 denotesb-quark number On dis-  gecays assumes local duality. The accuracy of this assump-
tance scales larger thanMyy, but still smaller than My, o cannot be quantified within the framework itself, at least
this effective Hamiltonian contains a localB=2 interac- 10 finite order in the heavy quark expansion. The assump-
tion as well as a bilocal part constructed from tdtocal)  on that the sum over exclusive modes is accurately de-
AB=1 transitions. The mass difference is given by the reak:iped by the heavy quark expansion might be especially

part of the box diagram and is dominated by the top—quarlgroub"ng for ATy, since it is saturated by only a few

contribution. For this reasomVl 1, is generated by an inter- —

. R N (% %% )y (*, %% ) ; : .
action that is local already on scales 1/M,, and theoreti- Ps ' Ds intermediate states and the energy release is

cally well under control. The short-distance contribution hasPnlY Slightly larger than one GeV. On the other hand, in the
been calculated to next-to-leading order in QEIB]. The small-ve_log:lt%/ limit = Agcp<mp—2me<m;, and the
long-distance contribution is parametrized by the matrix elNe¢—°-limit,” local duality with only a few intermediate
ement of a single four-quark operator betwenand Bg states canllndeed be verified epr|C|[t1/2]. N
states. Corrections to this result are suppressed by powers of This article starts from the hypothes!s _that duality viola-

2, . . tions should be less than 10% fAl'z . Aiming at an accu-
m,/ My, and completely irrelevant for all practical purposes. . Bs )

The lifetime difference is given by the imaginary part of 2cy of 10%, the foIIowm_g corrections to the Igadlng—order
the box diagram and determined by real intermediate statefeSult have to be consideredt) 1/m, corrections from
which correspond to common decay products By and glmensmn.-seve_n oPe“rators n Iifa);”(u)dewatlo.ns from the
B, so that only the bilocal part of th&B=2 Hamiltonian vacuum insertion ( facForlzatlon ) assumption for ma-
can contribute. The presence of long-livédn hadronic t.”X elements of fou.r-f(_arm|on op_erator($|;|)ra_d|at|ve correc-
scaleg intermediate states would normally preclude a short-t'ons’_Of prderaslw, (iv) penguin and Cabibbo-suppressed
distance treatment of the lifetime difference as indeed it doegontnbunons. : .
for neutral kaons. But for bottom mesons, tiguark mass The major part of this paper is devoted tar/correc-

m, provides an additional short-distance scale that leads to tons. We hop_e to return to rad|at|_ve corrections in a subse-
large energy releaseompared to\ ocp) into the intermedi- quent publication. These would bring the short-distance part

ate states. Thus, at typical hadronic distancest/m,, the of the calculation forAFBS on the same level that has already

~ 1672 (7

decay is again a local process. The biloa@=2 Hamil- been achieved foAMg . The result forAl's  to next-to-
tonian can be expanded in inverse powers of the heavy quatkading order in the I, expansion is obtained in Sec. Il.
mass, schematically: We use the vacuum insertion approximation for the

dimension-seven operators, and express the result in terms of
C _ two nonperturbative parameters that have to be computed
H 4 AB=1 AB=1 — N ~AB=2
Im 'f d*xTO™*"H(x)O (0)]—; m_gon (0). with lattice methods. Section 1l is devoted to the phenom-
(6) enology ofAFBS. Numerical results are discussed in Sec.
Il A, together with the theoretical uncertainties in
The matrix elements of locaAB=2 operators that appear AFBS/FBS. In Sec. Il B a generally valid upper bound on

here and in the mass difference are not independem,of AT, is derived. Section 11l C describes potential strategies
Their mass dependence could be made explicit with the helfb mseasure the width difference in experiment. Some phe-

of heavy quark effect!ve_theoryﬂQED. The d|fference_be.- nomenological applications of such a measurement are con-
tween the mass and lifetime difference is that for the lifetime,

diff licit 1t i co f h . —sidered in Sec. Il D.
Iierence explicit i, corrections anse from the expansion — an issue related taAl's_ concerns the total decay rate

FBS of B mesons, averaged over the long-lived and short-

1Subsequently, we present the result of our calculatiofi,gis a  lived component. For experimental investigationsAdfg_
result for AT'g_using Eq.(5). If one does not want to assume [1] it would be helpful to know to what extent the average
standard modeCP violation, Eqg.(5) must be generalized to Eq.
(4), but our result foll",, is still valid, provided non-standard-model
CP violation modifies onlyM 5, but notI';,. Sincel ;, results 2This limit is necessary to justify the factorization assumption for
predominantly from tree decays, this is reasonable to assume. four-fermion operators.
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B, decay ratel“BS differs fromI'g " These decay widths are
estimated to coincide to a high accurd@&]. We quantify
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this expectation and detail the contributions that could give

rise to a difference betweths andl“Bd in Sec. IV. A sum-

mary is presented in Sec. V. Penguin and Cabibbo-

suppressed contributions turn out to ssziifBS by less then

b

S

10% and are discussed in the appendices, along with a com-

ment on the lifetime ratio oB™ to B4 mesons.

Il. Al'g: BASIC FORMALISM

The optical theorem relates the total decay width of a
particle to its forward scattering amplitude. The off-diagonal

elementl’,; of the decay width matrix is given by

1
2Mg,

Iy= <B_s|71 Bs)-

8

The normalization of states {8¢|Bs)=2EV (conventional
relativistic normalizatiopand the transition operatdris de-
fined by

T=Im i f A*X THei( X) Hes(0). 9)

Here, Hq is the low energy effective weak Hamiltonian me-

diating bottom quark decay. The component that is relevan

for I'y, reads explicitly

G -
:T;v:bvcs[clwbicj>V7A<c,-si>va

Heff

+Ca) (B a(C;S))v_al, (10)

where we are neglecting Cabibbo-suppressed channels aﬂ

FIG. 1. Diagram that gives the leading- and next-to-leading or-
der in 1y terms in the heavy quark expansion of the forward
scattering amplitude.

Qs=(b;si)s-p(bjs)s-p- (13

The first operator coincides with the single operator that con-
tributes to the mass difference. The appearance of a second
operator can be traced to the fact that in the calculation of
I'5; the externab momentum cannot be neglected, because
its zero componen(in the meson rest frameprovides the
large momentum scale.

To include 1, corrections, the forward scattering am-
plitude, evaluated between on-shell quark states, is expanded
in the small strange quark momentum and matched onto op-
erators with derivatives or with a factor of, the strange
quark mass, which we count &s,cp. Operators with addi-
tional gluon fields contribute only to corrections of order
%AQCD/mb)2 and need not be considered. It is more direct
and rather trivial at this ordgrto use the background field
method[16]. Since we do not scale out the “kinematic” part
of orderm,, in derivatives acting ot fields, we do not have
immediate power counting. Some operators of higher dimen-
sion in Eq.(6) have to be kept, if they contain derivatives on
b fields, such ak, below. Using the equations of motion,
we are left with operators with at most one derivativeton
Slds and obtain

the contributions from penguin operators, whose coefficients G2m?

are small numerically. These contributions will be consid- Iy=- F—b(vgbvcs)Z‘/1_4z
ered in the appendices. We use the notation 1277(2'\455)
(9192)v-a=017,(1— ys)d, and similar notation for other 1

combinations of Dirac matrices. The indiceg refer to X (l—Z)K1+—(1—4Z)K2)<Q>
color. The Wilson coefficient functionS, , read in the lead- 2

ing logarithmic approximation

C,*xC_ as(My)]%2
2155 Ci(u)= m} ,
(Myy)] 1223
C-(w)= aai(u\gl)} ’ (D

with scalew of orderm, .
The leading contribution to thAB=2 transition operator

+(1+22)(K1_K2)<QS>+31/m}7 (14
wherez=mZ%/'m2 and
K;=N,C2+2C,C,, K,=C3. (15)

The brackets denote the matrix_element of an oper&tor
between &B and B state,(O)=(B4 O|B). The 1, cor-

_ rections are summarized in

is shown in Fig. 1, where the vertices correspond to the in-

teraction terms in Eq(10). The operator product expansion
is constructed using standard methd8% Because of the

large momentum flowing through the fermion loop, it can be

contracted to a point. To leading order imil/, the strange
momentum can be neglected and thauark momentum

identified with the meson momentum. The result can be ex-

pressed in terms of two dimension-six operators

Q=(bS)y_a(b;S)v_4. (12)

Sum=(1+22)[Ky(— 2(Ry) — 2(Rp)) + K,((Ro)
- - 1272
—2(Ry)—2(Ry))1— m[K1(<R2>+ 2(R3))
+Ko((Ro) +2(Ra)) 1. (16)

The subdominant operators are denotedRyyand ﬁi and
read R, will be needed beloyw
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~ 1 - — — to 10% are not yet available, especially not {@<) (and all
Ro=Qs+Qst5Q, Qs=(bis))s-p(bjSi)s-p, (17)  the subleading operatorsVe therefore adopt the following
strategy: we parametrize the two operators that appear at
me — o leading order. They can be estimated in vacuum insertion or
Rlzﬁ(bisi)s, p(DjSj)s+p, (18 thel largeN, limit, but should ultimately be computed on the
lattice. The operatorR;, R;, on the other hand, are only of
_ _ subleading importance and we shall content ourselves here
[biDy*(1—vs5)Dsi][b;y.(1—vs)s;], (190  with the factorization approximation.
Following standard conventions we express the matrix el-
1 — _ ements ofQ and Qg in terms of the corresponding “bag”
Rs==2[biD(1-v5)Dsi][bj(1-¥s)s;], (200 parameter® andBg:
b

R2:

3||—\
TN

1 — i — 2 ap2 i
Ri=[bi(1=79)iD,slby (1= y9)5 ). (21 (@ =TeMg2| 1+ |B, 24
The in denote the color-rearranged operators that follow M2

B

from the expressions fdR; by interchangings; ands;. In (Qg)=—fz M ésm(z— N

deriving Eq.(14) we omitted total derivative terms, because b s ¢

four-momentum is conserved in the forward scattering am-

plitude. WhereMBS and fBS are the mass and decay constant of the
The operator®; andR; are not all independent at order Bs meson and\,. is the number of colors. The parameters

1/m,. Relations can be derived by using the equations o andBs are defined such th&=Bs=1 corresponds to the

motion and omitting total derivatives. To redugg, one can  factorization(or “vacuum insertion’) approach, which can

Bs, (25

start from the Fierz identity provide a first estimate. Factorization of four-fermion opera-
tors is a controlled approximation only for larg or for a
[b_im(l—75)Si][b_j%(1—75)8j] nonrelativistic system. In the largl. limit, B=3/4 and
Bs=6/5. In the sense of these limiting cases, factorization
= —[b_in( 1— 7,5)31.][b_n,v( 1—vs5)si] for realistic By mesons can be expected to yield the correct

order of magnitude and, in particular, the right sign of these
1 — — matrix elements. Existing nonperturbative calculations such
+59ulbiy (1= ys)sllbym(l-rs)s] (22 44 lattice simulations fo(r%)), arl?d for its counterpart in the
K—K system, are in agreement with this expectation. Be-
and apply derivatives in an appropriate way. Up to correcyond these limits factorization does not reproduce the correct
tions of 1, (or less, we find renormalization scale and scheme dependence, necessary to

R0=2§1—R2+2R4 ca_ncel the (_:o_rrespond_ing, _unphysical c_ie_pendences_ in the

' Wilson coefficients. This raises the additional question, to

]50: Ro, which we return below, at what scale factorization should be
employed to estimate the matrix elements. Without further
ﬁzz—Rz, information, a certain variation of the parametdds Bg
- should be allowed in performing a numerical analysis.
Rs=R3+Ry,/2, Next, we consider the subleading operaf@fsR; , where

~ ~ we apply factorization. Using relations such as 8 refer to

Ri=Ry+Ri=Ri=R,. 23 spinor indicesj,j to color as before

The first of these relations shows explicitly that the matrix . __

element ofR, is 1/m, suppressed compared @, which is <Bs|baiDprSﬁj|0>: %(mﬁ— MZB )<Bs|baisﬁj|0>a

not directly evident from its definition above. ° (26)
At this point, we have expressed tham}/corrections to

ATg_ in terms of five new unknown parameters, in additionyaig to first order in Ith,, all matrix elements can be ex-
to the two nonperturbative parameters that appear already ptessed in terms dfg , Mg , and quark masses. We find

leading order, and which also contain implicitr/ correc- ° °
tions. In principle, they can all be obtained within the frame-

. M 2
work of lattice gauge theoryyUnfortunately, results accurate (Rg)= 2Mm2 1+ i 1— Bs
0 Bs Bg N, (mb+ms)2 ’
3The matrix elements of the subleading operators could be evalu- 5 o Mg 1
ated in the static limit. However, to consistently include aling/ <Rl>:fBSM Bsm_b 2+ YNE
corrections{Q) and{Qs) must be computed either in full QCD or ¢
in heavy quark effective theory includingmy corrections to the m >
Lagrangian as well as to the effective theory operators. The param- ﬁ =f2 M2 =14+ —
o : (Ry)=fg Mg L
etrization of 1/, corrections to(Q) has been analyzed [17]. s sy N¢
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Mé 1 :51/ :fé Mé O1/ms (3D
(Roy=f3 M3, m;—l) —1+ ) ™o BT BT
° ¢ and from now on we imply that Eq27) is used. We have
MZB 1 indicated by e the contributions from CKM-suppressed
<§2>:fé Mé 25_1) 1— —|, intermediate statesu€,uc,uu) and from penguin operators
s s\ My Nc in the AB=1 effective Hamiltonian, which are estimated in
5 Appendices A and B to be below 3% and about-5%,
_ 2 pg2 MBs respectively, relative to the leading-order contribution. We
<R3>_fBSM By ﬁg" 1)1+ 2N./’ shall neglects,e, in the analysis to follow.
Sincefg ~Ager/my?, Al'g_/Tg ~16m%(Aqcp/mp)® as
_ - Més 1 1 in the estimate(7). Equation (30) is valid to leading-
(Rg)=f5 Mg, ™o s+ N/ (27  [O(1/md)] and next-to-leading ord§¢O(1/mg)] in the heavy

quark expansion. The most important neglected terms are
Combining the above results, one can Obtﬂiﬁss from radiative_corrections of ord@(as/mg). Implicit here is the

Eq. (14). The sensitivity toV, may be eliminated by nor- assumption that the quantitA{'/I')g_can indeed be repre-

malizing to the total decay rafés_expressed in terms of the sented to reasonable accuracy by the series in powers of

semileptonic width and branching ratio AQCQ/mb that is. gene(ated by the_ hea_1vy que_lrk expansion. As
mentioned earlier, this assumption is equivalent to the as-
I'(Bs—Xev) GZmp , 9(2)7qco sumption of local quark hadron duality.
I'g = B(B.-Xer) 19273 Vel B(B.—Xer)’ (28) The leading term in Eq(30), represented by the contribu-
s S tions proportional tdB andBg, agrees with the results that
g(z)=1-8z+82%—z*—127%nz, (290  have been given previously in the literattif€—10]. Note

that we have consistently kept the distinction between quark
where B(B;—Xev) is to be taken from experiméhtand  masses, arising from the short-distance loops or the equa-
z=mZ/m? as before 7ocp denotes the one-loop QCD cor- tions of motion, and the meson mabkg_ from hadronic
rections (n, refers to theb-quark pole mass Their analytic  matrix elements, since we are aiming at effects beyond lead-
expression can be found [18]. At m,=4.8 GeV,m;=1.4  ing order in the heavy quark expansion.
GeV, u=my, and with ay(mp)=0.216 one has In Eq. (30), K;,K, and B,Bg should be evaluated at a
nqco=0.88. Since radiative corrections #d’g_are not yet  scale of ordem, . If we wanted to use vacuum insertion to
known, the inclusion of radiative corrections to the semilep-estimate the bag factors, it is physically clear, especially in
tonic width seems somewhat arbitrary. On the other handhe heavy quark limitm,— o, that vacuum insertion should
with V,=0.04 andl’ gslz 1.54 ps, one obtain®,~4.8 GeV  be applied not at the scate,, but at a typical hadronic scale

from Eq. (28), compared tan,~4.5 GeV without QCD cor- mp~1 GeV. This stiII_Ieaves_ us with_ an ambiguity_ as to the
rections. We prefer the first value as our central choice foPho'Ce_ of un a_nd, in addition, with the question how
m,, in the numerical analysis, but repeat that, in the absencB(#n) =Bs(un)=1 are related t@(m;) andBg(m). This
of radiative corrections taI's_, 7qcp can as well be con- latter question can be answered in the limif<m, and

. o s . corresponds to the inclusion of “hybrid logarithm§19,20,
sidered as a normalization uncertainty that replaces the no

o ; . ) Hs done if10]. The evolution fromm, to w, is performed in
malization uncertainty due to the errorsw, andl'g . Fi- the leading logarithmic approximation in the static theory

nally, one arrives at the expression and leads
ATg Ji—4z faMs _
= =167B(Bs— Xev) —— = oV2 B(my)=1,
B, 9(2)7geco Mo 8125
3 ag(mpy)
1 Bs(mb)=1—§ 1- i) . (32
X|[2(1-2)Ky +(1-42)Ko]| 1+ | B stih
C
) The first equation in Eqg32) reflects the well-known result
MBS 1 that the matrix element of the operat@rhas the same lead-
+(1+22)(K2_K1)—(mb+ms)2 2- N, Bs ing logarithmic corrections in the static theofQET) as
the square of the decay constanfés. Taking
5 5 up=0.51,2 GeV results iBg(my) =0.80, 0.88, 0.94(The
+O1m ™ Orem|- (30) scaleu,=0.5 GeV might already be too low for a perturba-

R tive evolution)
S1m is related tody,, defined in Eq(16), through

SOften factorization is assumed for the leading-order term, so that
4Since we show in Sec. IV that the lifetime difference betweenB andBg have to be set to unity to recover the result.
B, andBy is tiny, no attention has to be paid to the flavor content of ®We have checked the calculation of hybrid logarithms and agree
the B meson. with the findings of{10].
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The b-quark massm,~4.8 GeV is probably not large TABLE I. Dependence o4&, b, andc on theb-quark mass and
enough to make this estimate realistic, even if factorizatiorfenormalization scale for fixed values of all other short-distance
held at the scalgu,. The logarithm Inm,/u;, is not very  parameters. The last column givesI{/I')g_for B=Bs=1 (at the
large, so that other contributions such as nonlogarithmi@iven scaleu), fg =210 MeV.

O(ag) terms which are omitted in E432), can be expected
to be numerically of the same order as the hybrid logarithmgn,/GeV Iz a b c (AT/T)g,
that are retained, especially since summing hybrid logay g m, 0.009 0211 —0.065 0.155
rithms amounts to a r_noderate 1_0% effagith ,uhz_l GeV). my 0015 0239 —0.096 0.158
The one-loop matching d on its counterpa($) in heavy

. . o . . . my 0.004 0.187 —0.039 0.151
quark effective theory indeed exhibits sizable cancellation

. . . . 2my 0.017 0.181 —0.058 0.140

between logarithms and constants, at least in the partlcuI34r8 m/2 0006 0251 —0076 0.181
matching scheme considered[i]. Furthermore, the QCD b ' ' ' '
renormalization betweem, and w, in Eq. (32) is only valid
at leading order in HQET and neglectsrl/corrections in .
the matrig elements, which is not c%nsissf[re%nt with our keepings- _These dependences are not specific to the values
of explicit 1/my, corrections. On the other hand, tBefactors =Bs=1.The weaknp dependenc_e ISa spmewhaF acmd_en—
are, in principle, calculable in full QCD. In this case they ta] consequence of using the Semll_eptonl_clbranchmg ratio to
will automatically include Ih, corrections as well as the €liminateVe,. Ifinstead, we normalize tbg "=1.54 ps and
hybrid logarithms, among further important contributions.take V¢,=0.04, AI'/T")g_would vary from 0.143 to 0.166
For these reasons we prefer to keep the expression fqnder the same variation afy, as in Table I. Let us also add
(AT'/T)g,_ in the form given in Eq(30) and do not include  the following more general observations.
hybrid renormalization explicitly, with the understanding (i) The theoretical expression faT'g_in Eqg. (30) pre-
that the bag factors will eventually be available from latticedicts the sign of this quantity, which priori could have
QCD. In our numerical analysis, we take the conservativeeither valueAl'g_is positive and implies a larger decay rate
but perhaps too agnostic attitude ta(m,) could take any ¢y, the cp even(lighter) state[10,12 (see the conventions

value between 0.7 and 1.3, keeping in mind E2p) as & j, |nroduction. The typical magnitude ofAT'/T)g_to lead-
particular model estimate & andBs. The upper end of this . . L s
ing order in the heavy quark expansion is about 0.2, larger

range is motivated by thi;— < limit, in which Bs=6/5. than other width differences among bottom hadrons with the
possible exception of the case &f, (depending on whether
. AT : PHENOMENOLOGY theory or present experiments turn out to be rightAqy).
A. Numerical analysis of (AT'/T) (i) The explicit 1M, corrections are numerically impor-
. . o . ) tant and vary strongly withm,,. For our central parameter

We first turn to a numerical .anaIyS|s and discussion Ofchoice they reduce the leading order prediction by about
(AL'/T)g  based on Eq(30). It is useful to separate the 3n9, Essentially, all the variousriy correction terms add
dependence on the long-distance parameitgrsB, andBs  with the same sign and make the result somewhat larger than
and write AT'/T)g_as the natural size of the corrections,Agcp/my,

~(Mg_—m,—mg)/my~8% andms/m,~4%.

fBS 2 (iii) The contribution from the scalar operaiQg by far
210 MeV/ ' (33 dominates over the contribution fro@, because there is a
strong cancellation between terms of different sign in the
Wilson coefficient of the latter operator. This has important
implications for (AM/AF)BS, which we discuss below, be-
cause hadronic uncertainties cancel only partially in the ratio
B/Bs.

(iv) If Bs=1.3, a AT/T)g, of as much as 0.25 is not
excluded, although this appears unlikely. On the other hand,
if Bs<1, as suggested by the estimate from hybrid loga-
rithms, and if fBS turns out to be merely 180 MeV,

(AT/T)g_could be as small as 0.07, making its experimental

AT
——| =[aB+bBg+c]
r

BS
wherec incorporates the explicit fi, corrections. To esti-
mate the sensitivity on@l“/l“)BS on the short-distance input

parameters, we keep the following parameters fixed
m,— m.=3.4 GeV,ms=200 MeV, A3)=200 MeV. In ad-
dition, MBS=5.37 GeV and the semileptonic branching ratio

is B(Bs—Xev)=10.4%. Thena, b, andc depend only on
mp and the renormalization scale. For some values of
m, and u, the coefficients, b, c are listed in Table I. For a
central choice of parameters, which we take mg=4.8

GeV, u=m,, B=Bg=1, andfg =210 MeV, we obtain detection more difficult. _
s This discussion shows that to resolve the theoretical un-

AT certainties, a reliable calculation Bf is mandatory. Further
T) =0.220-0.065=0.155, (39 improvement then requires a full next-to-leading order cal-
B culation of short-distance corrections.

where the leading term and thend/ correction are sepa- o

rately displayed. As seen from Table I, the dependence on B. Upper limit on Al'g_

my, is weak, but AI'/T')g_increases by almost 20% when  since theb— ccs transition is the dominant contributor to
the renormalization scale is loweredny,/2, at fixedB and (AF)BS, one obtains the upper bouh#2,1,23
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|AT| _ which holds only as an inequality, becalgg—J/ ¢ is not
T | <2B(b—ccs)s,. (35  necessarily a pur€P-even final state. The world average
Bs B lifetime [28]
It can be readily understood by considering the limit in TBd=1.54i0.04 ps (42

which only b— ccs transitions were generated by the effec-

tive Hamiltonian. Equatior(35) then follows from the re- together with the result of Sec. IV, informs us about the
guirement that the decay rates be non-negativeinverse of the averagBg width 1/1“3 =7, We then use
I'.=T'(b—ccs)+Al'/2=0. B(b—>ccs)B denotes the frac-

tion of Bc-meson decays governed by lthe»ccs transitions Al' - (ﬂ _ ) 42)
in the absence of mixing. Within the heavy quark expansion, r “r

(AT[)/T)g, is suppressed bym, 3 relative to spectator _

branching ratios, such aB(b—ccs). From this point of and obtain

view a bound such as E@35) might appear trivial. How- AT

ever, the virtue of relatiofi35) is its very general validity. It (—) =0.3+0.4, 43
would hold even if a heavy quark expansion were not appli- r B

cable to the underlying process.

We can obtain a numerical estimate of the right-hand sidavhich is still inconclusive, but can serve to indicate the
of Eq.(35), assumingB(bHcE)B NB(b—)CE)B This ap- ~ present status. o _ .
proximation should be accurate to a few percent the ex- Just establishing a nonvanishing difference in decay
pected size of the weak annihilation contribution to unmixed€ngth distributions for partially reconstruct@j mesons in
B, decay(see Sec. Y. CLEO [24] recently confirmed the companso_n to (_)theB mesons would constitute progress.
prediction[25] of a significant “wrong” charm yield inB The_ |Qeal mclusw@-hadron data sample should have .Ia_rge
decays, thereby completing the first direct measurement ofStatistics and be highly enriched By decay products origi-

nating predominantly from a single mass eigensgte(or
B(b—ccs')s ~B(b—¢)=0.227+0.035, (36) By). The last requirement maximizes differentiation between
d B; and otherB mesons. Thep¢X final state serves as an
example[29]. The probable decay chain Bs—DJDg X,
which is dominantlyCP even[12]. Both D's then decay
into ¢'s. While Dy is seen significantly inp’s, theD ™" is
seen ing’s by about a factor of 10 less and tB€ even less
than that[30]. The background due tB-meson decays is
thus controllable and further suppressed bec&iseprefer
to be seen aB® overD™* by a ratio of 2.731]. If sufficient
AT statistics is available, thB_ ¢X sample would be even bet-
(T) <0.44+0.06. (39  ter.
B The inclusiveBs— ¢/ " X sample with a higP+ ;¢ lep-
ton, is flavor specific. Its time dependence is governed by the
sum of two exponentials, exp(I' t) +exp(—T"yt). Theory
predicts ' +T'y)/2= 1/73 , but the observation of the two

We hope to have convinced the reader about the imporexponents requires precise decay length and boost informa-
tance of an accurate measuremenfAdf. One method is to t|0n whose accuracy increases the more fu”y B}GS re-
substitutel's, for the averageBs width I's_ and to extract  constructed.

AFB from the time dependences of untagged flavor specific The less reconstructed tiig, data sample, the more im-
B, data samplel]. Time-dependent studies of angular dis- Portant it is to have a monoenergetic sourceBgimesons.

Thus the more inclusive techniques tend to be more useful
tributions of untagged,—J/y¢ decays allow the extrac- for e"e”—Z° experiments than at hadron accelerators. Of

tion of I' , and also ofl'y if the CP-odd component is course, fully reconstructel, data samples allow clean mea-
non-negligible[5,26]. These and other methods using deca)/surements oﬂ[‘B

length distributions of fully reconstructe8l; mesons are at
present statistically limitefi1,5,26.
As an illustration one may consider the measurement of

whereB(b—c) is the average number of produced peb
decay. The Cabibbo-allowed transition is

B(b—ccs)=|V.J?B(b—ccs’')=0.22+0.03. (37

This yields the upper limit

C. Measuring AI‘B

D. BS-B_S mixing and CKM elements

023 The traditional methods for observation Gf° violation
T(Bs—J/¢p)=1.34"315+0.05 ps, (39  and the extraction of CKM phases require to resolve the

. . . rapid AMgt oscillations of taggedBs data sample$32].
recently obtained by the Collider Detector at F(er)mlaé}ﬁ)F) Current vertexing technology allows one to resolve such os-

Collaboration from a single lifetime fit of theBs— J/ ¢ cillations forAMBSs 10 ps 1. Thus the recent lower limit
data samplé27]. Next, we can write from the ALEPH Collaboratiof33]

=1
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is significant. It may indicate the need to develop new methdominant uncertainty is due 8®s/B, which has never been

ods capable of a higher resolving power. Reliable predictionstudied before. It is conceivable that a lattice study could
of AMg_are therefore important in order to plan futusg  actually calculats/B more accurately than the bag param-
experiments, in particular if only lower limits will be avail- eters themselves, because some systematic uncertainties may
able with current vertex techniques. The most straightforbe expected to cancel in the ratio. The quantity/AM

ward method makes use [84] might thus be calculable rather precisely in the future and
AMBs could then be estimated from the obser\AeBBs. In

conjunction withAMBd, this would provide an alternative

way of determining the CKM ratigV,s/V4|, especially if

0 o ) o the latter is around its largest currently allowed vaj@é
wherex,=m;/My,. The current relative uncertainty is about The width difference, and hence its observability, increases
50% and is dominated by the uncertaintyBg_(*=30%), the larger |V,J~|V.5 becomes. In contrast, the ratio
fés (+40%),|Vs? (£15%), andSy(x,) (+8%). Thefrac- TI'(B—K*y)/T(B—{e,w}y) is best suited for extracting

tional uncertainty om\Mg_can be expected to decrease toSMall|Vis/Vig| ratios, provided the long-distance effects can
~15% by the year 2002, anticipating improvements in thebe?#ggea\ntlyr(\)/\;?:lLSQi?)lezjogci)Brr?]-lement other methods to de-
accuracy of the relevant parameteBy_ (£10%), f%s PP P

22
M
FViw
AMg = ——7 78So(x)Mg B f3 |Vidl?, (49

) termine|V,4/V,¢. Such additional possibilities would be to
(£5%), [Vig* (£5%), andSy(x,) (£3%). relate| V4| to the accuratéV,,| measurements and to obtain
A variant of this method uses the experimental value fony, | from AMg , CKM unitarity constraints36], and in

- d! _ i)
AMsg, and the ratio particularB(K " — 7 * vv) [34,37], which has the unique ad-

vantage of being exceptionally clean from a theoretical point

2 .
of view.

(AM)g, Mg, Bgf5,
- 2
(AM)g, Mg, Bg,f5,

Vi
Vid

(46)

IV. THE Bs-By WIDTH DIFFERENCE

to predlctAMBS. This approach will be useful only if the The ratio of the B~ and Bg-meson decay widths

CKM ratio |Vis/Viq|? is accurately known. I's /T'g. is expected to be very close to un[t,38]. Devia-

If the first observation oBs-Bg mixing is a nonvanishing tiors15 ardise predominantly from SB)-breaking effects in al-
AT'g_ rather thanAMg,, then a complementary method 10 reqqy small corrections to the leading spectator decay of the
predictAMg_opens up, based on the quanfisee Eq(30)]  bottom quark. In the following we will discuss the mecha-
nisms that differentiate betwee]]’wB,5 and FBd and estimate

AT o mﬁ VepVes|? V1—4z their numerical importance. The decay rateByf, Bg me-

AM . _EM_\ZN ViVip | 78S0(X0) [2(1=2)K, sons has the general form£d, s)
S

. g =T+ AT+ AT+ AT (49
+(1-42)K,]| 1+ — | +(1+2 . .

( 2Kl N, ( 2) Here,T'y denotes the leading, universal, freequark decay

2 rate, ATy, is the time dilatation correctiomdI" ;4 the con-

(KK MBS o 1 BS+ s tribution from the chromomagnetic interaction of the heavy
(K l)(mer mg)? N,/ B = “Ym|’ quark spin, and\T'y,, describes the weak annihilation bf

47) with . AT, andAT ,gare of the ordeO(llmE) relative to
I'p and AT, enters at ordeO(l/mg). Higher orders have

This result is valid to next-to-leading order in thaml/ex- been neglected in Eq49). There is no linear correction in

pansion and to leading logarithmic accuracy in QCD. Wel/m, [3]. Through ordeiO(1/m?) one may thus write

have again used factorization for the subleading,l¢orrec-

tions. Note that with the bag paramef@ras defined in Eq. g, AT — AT Al“ﬁf;g—AFﬁ?;g
(24), the appropriate QCD correction factgg is identical to ﬁ =1+ I + r
C. (w) from Eq.(11) in the leading logarithmic approxima- ¢
tion. AT — AT\
In the ratioAT'/AM the decay constant cancels and the t—r (50)

CKM uncertainty is almost completely removed since

‘ Vc chs 2
Vtthb

We will now discuss the three different corrections which
—1+0.03. (48) contribute toFBS/FBd—l in turn.

The first two can be related to meson mass differences.
For this purpose we define

At present, the accuracy adI'/AM s still rather poor,

AT/AM = (5.6+2.6)X 10 3. The breakdown of errors is as M_H:%(MH+3MH*)1 (51)
follows: 2.3 from varyingBs/B between 0.7 and 1.3,
+1.1

Tg7 from varying u betweenmy/2 and 2n,, +0.4 from  whereM, andM 4« are the masses of a pseudoscalar heavy-
m,=4.8+0.2 GeV, and+0.4 fromm,=176+9 GeV. The light meson H (1S;) and of its vector-meson partner



54 WIDTH DIFFERENCE IN THEBS-B_s SYSTEM 4427

H* (3S;). In the weighted averag,, the spin-spliting estimate quoted in Eq(56). Clearly, this effect on the

contribution cancels in the HQET mass formula which thenBs-By lifetime difference is negligible as well.

takes the form Q=Db, ¢) Finally, we turn to the corrections due to weak annihila-
tion. These contributions arise from the annihilation reac-
tions bs—cc and bd—cu in the case of @, and aBy

(52) meson, respectively. Neglecting Cabibbo-suppressed modes

— <p2>q+0< QCD
and penguin contributions, they are readily calculated fo be

M m+A+ — .
a0 2mq mg

Here,(f>2>q is the average momentum squared of the heavy (s) f2
— AT v1-4z
quark inside the meson anti, may be viewed as the con- M —16m2B(B—Xev) — Vi————
stituent mass of the light degrees of freedom. Both quantities r m; “g(2)7 7QcD
depend on the light quark flavorbut are independent of the 1
heavy quark mass. Combining E¢p2) for the cases of _(1_2)(K15<13>+_K25<23>>
DS, DY, Bs, and By and recaling that Nc
ATEIT = —(p?)/(2mZ) one finds 1
+(1+22) KlB(SS)+N—KZB§f) , (57
Al_‘km AT (klljn) mc/mb v e e ¢
T - [MD MD*‘(MB_MBd)] 2
- s —AF 16m2B(B—X s —5 V2 a-2"
~—(3+6)x10 % (53 p o HemBBeXen g Ve - Foch
All required meson masses can be obtained fib4j, except z @, 1 "
for MB:. In this case we use the heavy quark symmetry N 1+§ KiB; +N_CK2BZ
relation L
+(1+22) KlBgd)wL—KzBif’)) . (59
MD’;_MDS Nc
Mgt —Mg =—————(Mg+—Mpg )=(46x1) MeV
Bs 7B Mpx+—Mp+ " Pd T Pd Here, we have again used E@8) to eliminate theV,, de-

(54) pendence. The leading log QCD coefficieHts, are defined
in Eq. (15). The bag factor8(® parametrize the matrix el-

to find Mg* =(5421+6) MeV. This expectation is in accor-
s ements

dance with direct measurements of #8g— By transition, L

which yieldM Bt~ Mg = (47.0+2.6) MeV[39]. We see that (Bgl(bii)v—a(a;b))v_alBg)= féqmﬁB(Q) ,

the correction in Eq(53) is exceedingly small. This number,

however, should probably not be taken at face value. Given — _ 2 20

the smallness of the effect it is conceivable that terms ne- (Bgl(big))v-a(ajbi)yv—alBg)= N fe,MeB2"

glected in Eq.(52) could have an impact on the precise es- ¢

timate of Eq.(53). The typical size of such a correction . — _ 2 20(q)

would be(here we use\ gcp=0.3 GeV) (Bql(bicti)s-p(0;b))s+p[Bq) qumng ’
3

AQ

C

mC/mb

— _ 1
~12x10°%. (55) <Bq|(biqj)SfP(qui)S+P|Bq>:N_féqmngtq)a (59)
mb me €

Arg-arg)
r

. . where we hav m ~m
At any rate, while Eq(53) might not be a completely accu- ere we have assu MB b

rate estimate of this correction, it seems safe to conclude that Ysing the strict factorization estimatB{?=1 would

the effect o' /T'g, due toAT ()~ AT(Y is well below 19 Yi€ld the resulitaking fg ~fg_and expanding i~0.1)

and thus negligible for all practical purposes.

(s) _ (d) 2
Next, the chromomagnetic correctiahil’{; can be re- Alwa—ATWa ~247TZB(B—>Xev) fg 1-2z .
lated to the spin splitting iS-waveB mesons and is propor- I fact m; 9(2) 7aco
tional toMg* —M By Hence, we may write
a 1
AT~ AT@, AT Mz —Mg —(Mg;—Mg,) Ne

r r Mgx — Mg, Note that, in “vacuum insertion,” this expression coincides
with AT /T while ATW/T is twice as large. For our cen-

~ —4
~—(3%8)x10°" (56)  ral parameter set, Eq60) amounts to X 10 4. The ex-

The quantityAT {7)T" is known[3] and can be calculated to

be —0.012. UsingMgx — Mg, =(46.0+0.6) MeV[14] and "Our results are in agreement with the expressions recently ob-
MB: —Mp_=(47.0£2.6) MeV[39], one finds the numerical tained in[38].
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treme smallness of this number is the result of two effectsdimension-six operators, five new operators of dimension
The first is helicity suppression, manifesting itself in the fac-seven appear at this level. The matrix elements of the latter
tor of z= mﬁ/mg in Eq. (60). Second, a further suppression operators were evaluated using factorization, which should
comes from a, somewhat accidental, cancellation betwee®ive a fair estimate of these subleading corrections. Their
QCD coefficients inK,+K,/3~—0.39+0.42=0.03. It is effect on Al's, formally of order O(Aqcp/my) and
important to realize that both features are a consequence &f(mg/my), turned out to be sizable numerically, causing a
the factorization assumption. Even with small deviations30% reduction of the leading order prediction.
from factorization, the factor(K,+K,/N.) would be sub- We performed a numerical investigation Afl's_ with
stituted by a number almost 100 times larger. To get an ideamphasis on theoretical errors, which are presently domi-
of the typical order of magnitude, we approximate E&F)  nated by the uncertainties in hadronic matrix elements. These
and(58) to errors are still rather large and lead to a prediction of
(AT/T)g =0.16"g55 However, a systematic improvement

@ £2 of this result is possible, in particular by progress in lattice
AT Wa _ 1672B(B Xev) Ba, 2 1-2z QCD. In future it would be desirable to measure on the lat-
r - 2 ”dg(z);;QCD tice the S-P four-fermion operator along with thé-A op-

erator that has received most attention in the past due to its
connection with the mass difference. Eventually, an accuracy
of 10% forAFBs should be feasible when the next-to-leading

61) analysis of short-distance corrections is also completed.

The effects of penguin operators and contributions from
where we have used/1—4z~(1-2z)2~1—2z and ne- CKM-suppresse(_j modes have also been _considereq. They
glected small helicity-suppressed contributions proportionafVereé shown to give only a few percent relative correction in
to z in the square brackets. TakingK;~K,/3~0.4 and (AT/I')g_and are thus negligible in view of other uncertain-
|BX—B{|,|B®—B™|<0.6, the modulus of the term in ties.
square brackets is 0.5 or less, which y|e|ds We further studied the Bs'Bd lifetime difference
AT{9/T'<0.023. Assuming 40% of SB) breaking then and quantified the expectationrg ~75 , estimating
gives |7(Bg)/7(Bg)— 1|<1%. This result is useful input for ex-

perimental analyses QIFBS.

To put our theoretical analysis into perspective, we have
included a short discussion of the current experimental
situation  concerning AFBS. Using information on
_ o _ 7(Bs—J/y¢) and 7(Bg) = 7(By), we have attempted a pre-
Although \{}/;th ?xtreme v?rlanonf], allowing algé,| l«_and. liminary ~ extraction of Alg, obtaining AT/T)g,
|K2/3] to differ (for example, by choosing a renormalization =0.3*=0.4. This is still inconclusive but can be improved by

scaley different fromm), this difference could be up to better statistics in the future. We have also proposed an al-

o : . :
2.5%, it is more likely that the qorrecﬂo(rﬁi?) will actually ternative route towards a measurementAdfy that makes
be much smaller because of various possible cancellations in s

Eq.(61) and because 40% is probably an overestimate of th&S€ of thep$X and/orDg ¢ X final states irBs decay, which.
magnitude of S\(B) breaking. Furthermore, from previous are expected to be dominanty even. The present experi-
experience with lattice calculations of bag parameters in th@ental information may be complemented by the bound
B-meson system it seems likely that BV will not differ ~ (AI'/T)g <2B(b—ccs)g ~0.44+0.06. This bound is not
too dramatically from one, so that E2), although admit-  very strong, but it has the advantage of being valid indepen-
tedly somewhat crude, is probably on the safe side. dently of the heavy quark expansion and it is interesting for
Summarizing the discussion of the various contributionsprincipal reasons.
to Eq.(50) we conclude that, most likely, the ratio of rates of ~ In addition, we have briefly reviewed some phenomeno-
B, andB4 mesons should differ from unity by no more than logical applications that could be opened up by further
one percent: progress on the experimental as well as the theoretical side.
These possibilities include new methods to st@l viola-
tion, complementary information o;{hMBS in caseAl"BS is

1
X Kl(BgQ>—B<1‘4>)+N—CKZ(ng>—B<2Q>)+0(z) ,

<0.9%. (62

’ AT - Ar(),
r

I'g, measured first, and alternative constraintg\og/V,g|, espe-
Tg —1/<1%. (63) cially for small values of this ratio. Finally, the theory of
d inclusive B decays itself can be expected to profit from a
confrontation of the heavy quark expansion Fg with
V. SUMMARY S

experiment. In this respeml’sS provides an important spe-
In this paper we have analyzed the theoretical predictiortial case that directly probe@(l/mg) contributions.

for AFBS within the framework of the heavy quark expan-  As we have seen, the topic «Aﬂ“BS touches upon a rich

sion. We have calculated the explicit next-to-leadingvariety of interesting physics issues and certainly merits the

O(1/my) corrections in the operator product expansion forcontinued efforts needed to address the problems that are still
the transition matrix element. In addition to the two leadingunresolved.
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A summation oveq=u, d, s, c is implied.C4, ... ,Cg are

the corresponding Wilson coefficient functioi, , have al-

ready been given in Eq11). For a recent review of this
In the following we discuss the impact of penguin opera-subject se¢34], where further details may be found. Using

tors on the width differenc&l's . We will work to leading ~ our standard parameter set wjih=mj, the numerical values

logarithmic accuracy in QCD and include the charm quarkare
mass effects. For the purpose of this section we shall neglect

APPENDIX A: PENGUIN CONTRIBUTIONS TO  AI'g_

1/m, corrections, CKM-suppressed modes, and light quarl(cll -+ Ce)
Masses. . . _ =(-0.272, 1.120, 0.012- 0.028, 0.008,— 0.035.
Taking gluonic penguin operators into account, the effec-
tive Hamiltonian in Eq(10) is generalized to (A5)
6
Ge . " .
Her=—= V5 Ves > C/Qr, (A1)  The calculation of the transition operat(8) using the ex-
NA r=1 tended operator basis is straightforward and leads to
|
f2M 2
AT Bg'Bs Vi
T =167°B(Bs— Xev) 3 = V1—427|[2(1-2z)(K;+ K] +K))+(1-4z) (K, + K+ K5
B My 9(2) 7ocp
6z(K5+ K9]l 1 1B 1+22)(K,+Ki+Ky—K;— K1 =K/ Més 2 1B
+62(K3+K3)] +N—c +(1+22) (K + K+ K=Ky =Ky — ﬂmz N, Bs
3| (2K+KH( 1 B+ (Ky—K] —Més (2 : B A6
+3| (2Kt K3 +N—c + (K= Vimp+mg? | <~ Ng) ~8| |- (A6)

read TO Al'g_

In this appendix we briefly consider the CKM-suppressed
contributions toAI'g . They arise fronuc (uc) or uu inter-

mediate states in the diagram of Fig. 1. For our estimate we
include again QCD corrections in the leading logarithmic
approximation and keep charm quark mass effects. We ne-
glect 1im, corrections and the small impact of penguin op-
K7=N,C3+N,C2+2C3C,+2CsCq, Kjy=C3+C2, erators in thaiu channel.
(A9) The contribution fromuc and uc intermediate states is
then found to be

K:IL:2(NCC]_C3+ C1C4+ C2C3), Ké:20204,
(A7)

KéZZ(NCC]_CS"‘ Clc6+ C2C5+ C2C6), (AS)

K4=2(N,C3Cs+C3Ce+CyCs+C,uCq).  (AL0)

2
(1-2)2 feMs, |
CcS

These expressions represent the interference of penguin OTAF> _ 5

erators with the leading operato@ , (coefficientsk) and T 5 uc_ 16m°B(Bs— Xev)
penguin-penguin contributiongcoefficients K{'). Numeri- s’

cally, they reducezﬁl‘/l“)BS by 0.0114, which is about 5% Ay
of the result  without  penguin contributions X2 Re):
(AI'/T')g =0.22, neglecting bh, corrections. Note that

sinceCs;, ... ,Cq are small, the effect of penguin contribu- +(1+ 22)(K2—K1)(2— i) Bs
tions is dominated by th&/, while theK;" are negligible. N

= 3
9(2)mgeco Mo

[(2+2)K +(1—2)K5] B

1
N,

: (B1)
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where\; =V} V;s. Compared to the leading, CKM-allowed — _ 1.,,
contribution with two charm quarks in the intermediate state, (B[ (bjuj)v-a(ujbi)y-_alB™)= N_mebB(ZU) (C3
expressionBl) is suppressed by a factor ¢
\ define the bag parameteB{). The Wilson coefficients
2 RQ/\_UZZ)\Zggis%_ (82)  C. have been given in Ed11).
c With m,=4.8 GeV,m;=1.4 GeV,A ,=0.2 GeV, and
Here, we have used the Wolfenstein parametrization and tH@king B{J=1, f;=0.2 GeV, one findsrg+/75,=1.02, in-
result thate is restricted by ¢|<0.3 in the standard model dicating a slightly longer lifetime foB™ than that forBy.
[34]. Since the difference between E@®1) and the CKM-  This number can, however, not be viewed as a very accurate
allowed contribution/see Eq.(30)] due to different charm prediction. In fact, the two contributions proportional to
quark mass dependences turns out to be negligible numer{") andB{" in Eq.(C2) enter with different sign. This leads
cally, relation(B2) determines essentially the relative impor- to a partial cancellation that has the tendency to make the
tance of Eq.(B1) for (AI‘/F)BS. Note that the sign of Eq. result unstable. For instance, allowing the unphysical scale
(B1) is not yet fixed because both positive and negative valu=0(m,) in the coefficientsC.. to vary from m,/2 to
ues are still allowed fop. Sinceg could be close to zero, 2m; gives a range of 1.00-1.06 for tH&" to By lifetime
the CKM-suppressed contributioiB1) might also be well ratio. Switching off short-distance QCD corrections com-
below the 3% given above. In any case, it can be safelpletely (C.—1), the hierarchy of lifetimes would even be
neglected. reversed tOTB+/7'Bd:0.95, which is another aspect of the
The contribution with two internal up quarks can be ob-large sensitivity to QCD effects. An alternative way of esti-
tained from Eq. (B1) by replacing 2Re(,/A))—  mating the present uncertainty is to allow a variation in the
Re(\,/\.)? and settingz—0 everywhere except in the ar- bag parameters(keeping u=m, fixed. A range of
gument ofg(2). Since|Re(\,/\¢)?| can be estimated to be B{")=1.0+0.3 is certainly conceivable, considering the un-
smaller than &« 10™, the resulting expression is still much certainties in the nonperturbative dynamics and from the
more suppressed than E@®1) and therefore completely ir- scale and scheme dependence in the long-distance to short-
relevant. distance matching. Assuming this, we obtain fiy=0.2
GeV, TB+/TBd=1.02t 0.04. A combination of both varia-

APPENDIX C: COMMENT ON 75+ /75, tions, of scale and bag parameters, would even allow us to

Some of the issues in the calculation of lifetime differ- OPtain a lifetime difference of up to 20%mg+/7g,~1.2.
ences amon@®, and By mesons that we have discussed inAlthough we consider this case highly unlikely, the point to
this paper are also relevant for the predictionrgf /75 . We ~ NOte is that a lifetime that large could be tolerated by QCD as
will therefore take the opportunity to also have a brief look at¥ve|| r?sgguil I(;fetl_mes,_or even a margflnr?lly short_er Ilfet|r|r(1je
the question of th8™ — By lifetime difference. In the litera- or the B~ \ decisive |mprovemeqt of this sﬂgaﬂon)gou
ture this quantity has been estimated to[ B only be gchlev_ed by a reliable Ia_ttt|ce calculatlonBﬁf‘z_ in

5 conjunction with a next-to-leading order computation of
BF B short-distance QCD corrections to ensure a proper matching
T—del+0.05><mz, (€D in renormalization scheme and scale between Wilson coeffi-
cients and hadronic matrix elements. Alternatively, one
predicting theB™ lifetime to exceedrg by several percent. could use the present measuremest / 75 = 1.06+0.04
In the following we would like to reexamine this estimate, [28] to constrain the bag parameters. At present, such con-
emphasizing the theoretical uncertainties that are involved igtraints appear to be of limited use, because of the large
its derivation. Assuming isospin symmetry, the mechanismsenormalization scale dependence of Pauli interference at
that produce a difference img+ and g, first enter at the leading order. Similar conclusions have been reached in the
level of dimension-six operators, or equivalently atrecent paper by Neubert and Sachrdjaal.
O(1/mj), in the heavy quark expansi¢8]. These effects are ~ The authors of3] have modeled the bag parameters in
weak annihilation for theB4 and Pauli interference in the their estimate ofrg+/7g, by factorizing at a low scale
case ofB*. As we have seen in Sec. IV, the weak annihila- u,,<m, and explicitly including the leading logarithms of
tion contribution torg, is very small and we shall neglect it. HQET. This yields

In this approximation the difference betweep+ and T, 8[ ag(my)] "3 1] ag(m,)]122
arises only through Pauli interference and one may write B(1U)(mb): 9 m} 9 m} )
T f2 1-2)?
By 247TZB(B—>Xev)—BZV5d¥ (M) 11225
T8, My " 9(2) 7oco BM(m,)= ° } (C
as(mn)

1
x[(c?2—-c2)B\W - N—(ci+c3)8<2”> , (C Taking up=1 GeV this gives B{“(m,)=1.01,
¢ BY)(my)=0.72, andrg+ /75,=1.04 (for f5=0.2 GeV), fa-
where voring rg+> g, HOwever, as discussed at the end of Sec. Il,

o . N 2 200 the quantitative reliability of an estimate based on hybrid
(BT[(bjuj)y—a(ujbj)y_alB")=fgm;B;", logarithms is not entirely clear.
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