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A, lifetime puzzle in heavy-quark expansion
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Lifetime differences of heavy hadrons can be consistently computed in heavy-quark expansion. The leading
effects appear through spectator interactions at ordeg 1We compute a well-defined subset ofrfg/cor-
rections to the lifetime ratio of &, baryon andB4 meson. We find that these corrections are large and should
be taken into account in the systematic analysis of heavy hadron lifetimes. We claim that they could shift the
ratio 7, /7g by as much as-4.5%, significantly reducing the discrepancy between the theoretical predictions
and experimental observations.
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Barring possible duality violations, one of the most unam- 4G, L ,,
biguous predictions of the heavy-quark effective theory is a Heg=——=VepY [€1QY 9 +¢,Q4 “T+H.c., (4
prediction of the ratios of lifetimes of heavy mesons. In that V2

respect, the low experimental value of the rat{d\,)/ 7(Bg) , , ) i
appears quite puzzling. While the lifetime ratios of heavyWhered” andu’ are quark flavor eigenstates,are the Wil-

mesons appear to be consistent with the experimentally olOn coefficients, and the four-quark operai@sandQ, are

served one$l], given by
u'd _ 7 o u'd' _ 7
:EEU; —1.074-0.014, :EE”; —1.07+0.03, 1o Zdovueythe, QT =cyudiytee ()
lex “ln In the heavy-quark limit, the energy release is large and
7(By) 7(By) therefore an operator product expansi@PBE can be con-
BS =0.948+0.038, TS =1.00:0.02, (1) structed for Eq(3), which results in a series of local opera-
7(Ba) | o 7(Ba)l tors of increasing dimension suppressed by powersraf 1/

In other words, the calculation @fin the expression for the
rate in Eq.(3) is equivalent to computing matching coeffi-
7(Ap)/ 7(Bg)|ex=0.798+0.052, (2)  cients of the effectiveAB=0 Hamiltonian at the scalg
=m,, with the subsequent computation of its matrix ele-

which differs rather significantly from the theoretical predic- ments.

tions of 0.90+ 0.05[2-5]. It is therefore worthwhile to look At the leading order in the heavy-quark expansion all

for other effects that affect the baryon lifetime while preserv-heavy hadrons have the same lifetime. The situation changes

ing the lifetime ratios of mesons. at higher orders. At order h? the difference between meson
Inclusive decay rates can be computed in heavy-quarknd baryon lifetimes appears due to the difference in their

expansion. The most convenient way of doing so is to emstructure. The ratio of lifetimes ok, andBy is

ploy the optical theorem to relate the decay width to the

imaginary part of the matrix element of the forward scatter- 7(Ap) 1

ing amplitude: 7By :1+ﬁ[ﬂi(/\b)_#i(8d”
b

the latest experimental observations suggest that

1
F(Hp—X)= oM, (Hp|TTHy,),
b

C
+m—i[uémb)—uémd)]+<9<1/m§>, 6)
b

7=Im if d*XT{He(X)He(0)}. (3 with Cg~1.2[2,3]. u2 and u2 represent kinetic-energy and
chromomagnetic interaction correctiof. At this order in
HereH . represents an effectivdB=1 Hamiltonian at the heavy-quark expansion, the difference is mainly driven by
scaleu=m,, the fact that light quarks i\, appear in @°=0" quantum
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state, diminishing. any correlatilon.s of spins between the5rf/’m andéi;mz represent power-suppressed corrections to the
heavy-quark and light cloud. This implies thag (Ap) =0. _spectator contributions. These corrections are clearly para-
With matrix elements of kinetic-energy operators cancelingmetrically more important than the charm-quark mass effects

each other to a large degree, this difference amounts {0 @formally taken into accourig], as the latter are suppressed
most 1-2%, which is not sufficient to explain the observed by z or two powersof 1/m,. This subset of the full set of

pattern of !ifetimeg . . . . 1/m§ corrections also retains the 46 “phase-space” en-
The main contribution comes from the dimension-six OP-hancement enjoyed by the leading effects of WS and Pl
erators that enter at thera level. An important subclass of oyever, they need not to interfere destructively in their
these operators involves four-quark operators, whose contrsgniribution to theA,, lifetime as do WS and Pj4]. Con-
bution is additionally enhanced due to the phase-space faCt%iring, they can produce a sizable shift in the ratio of Ahe

16m2. These effects are commonly called weak annihilation, 4 B-meson lifetimes. We shall argue below that this is
(WA), weak scatteringWS), and Pauli interferencéPl). indeed the case.

They introduce differences in lifetimes of all heavy mesons

and baryong2,3,6,7. Their contribution to the lifetime ra- poen concentrated on computing the next-to-leading order
tios are governed by matrix elementsiB =0 four-fermion (| 0) QCD corrections to Wilson coefficients of the opera-
operators tors in Eq.(8) [5,8] or calculating matrix elements of these
" " < operators in quark models or on the lattice. The simplest
Tspec T spect 7 spect 7 spec (7)  parametrization of these matrix elements is inspired by a
naive factorization ansatz and represents the matrix elements
of the four-fermion operators as products of two matrix ele-
ments of current operators separated by a vacuum state. This
{(ci+c§)0{+2010262+ & procedure introduces four new scale-dependent parameters

Most of the recent progress in understanding lifetimes has

where7; contributing to Eq.(3) are

. GEM{|Vpd*(1-2)?

spec 2m Bi(u) ande(x) [3] which in our basis parametrize the ma-
u trix elements of the operators in Ed.1) as
+ 51/[’]’12}' (8)
B
_f2 2 1
so __ GRmEVy(1-2)° (Bol OF[Bq) = T,y 2€1+ N_C)'
spec A
o, | (Bo[OfBy) =13 m3 By,
x{c2(1+2z)0¢ +§(1+2z)og}
2
B BZ
., 2 _ (Bg|OYBy)=—F3 m3 | —'| 2e+ —
+(NeC5+2¢16,)| (1+2)0F + 3 (1+22)09 } area Ba Pal m2 [\
, , 1 B,
+ 8lm 6flj./m2]’ ©) t5| 2t N_c) :
, GZmE|V,d?V1-4z ;2 , m3
78 =—— ol Voo Ci O} +5(1+22)03 B |OY9B.Y=—f2 m? jB EB 12
spec 4 3 ( q| 3l ", quBq 2 2t 5 b1 (12
b
- 2 o
+ (Ncc§+ 2¢,C,)| O3 +§(1+ 22)03 Similar expressions are available for baryons where they are
motivated by the valence quark model
+ Syt 5 2]. (10) - B
noo (Ap|Of|Ap)=— B<Ab|O?|Ab>:gf§ququbr,
O are the four-fermion operators B
-~ -~ B
_ _ q - q —_ 52
Of=biy*(1— y5)biajy,(1— ¥s)q;, (ApOZ[Ap)==B(Ap| O Ap) = f5 Ma My, 0,

_ _ (13

O3="D;iy*ysbiqj v, (1-vs)a;, (11

2 e : Wherer=|¢£§(0)|2/|¢E§(0)|2 is the ratio of the wave func-
with z=mZ/mg. The Of denote the color-rearranged opera-tions at the origin of the\,, andB, mesons, an&=1 in the
tors that follow from the expressions f& by interchanging  valence-quark model. Estimatesrofary from 0.1 to 1.8 and
the color indexes of the; andq; Dirac spinors. Our choice can potentially be largej3]. Note thaté=O(1/my), which
of basis operators differs from the one mad¢3hdue to the  follows from the heavy-quark spin symmetry. The above pa-
relative simplicity of the higher order operators in our basis.rameters can be computed in QCD sum rules, quark models,
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d
1 R -
b ? ; b R?.: m_gbl 7#(1_ ’VS)Dabiqj ’Y,u(l_ 75)Daqj ’
u u \ 1

R3= FE?’M(:L_ 75)D"bidj7,(1= 75)D,.0
b

u
q_ Ma- q.
b b R3= m_bbi(l_Ys)bin(l—)’s)qj'-
/-4 C \
d d Here ~Riq denote the color-rearranged operators that follow

FIG. 1. Higher order th, and 12 corrections to spectator Tom the expressions foR{! by interchanging the color in-

contributions(derivative insertions dexes ofb; andq; Dirac spinors. We dropped all the contri-
butions suppressed by light and charm-quark masses, except

or on the lattice. Naively, one expects that in the lakge- for R. Since the above result contains “full” QCb-ields,
limit B;~B,=0(1), e,~e,=0(1/N.). Yet, the contribu- no immediate power counting for these operators is avail-
tions of the “octet” parameterg; are important due to the able. The power counting becomes manifest at the level of
large Wilson coefficient that accompanies them and(é8we  the matrix elements. We shall present the most general pa-
cidenta) cancellation that suppresses the Wilson coefficientametrization of these matrix elements elsewhere. Neglecting
accompanying thd; parameters. A compilation of various nonfactorizable contributions, the meson matrix elements are
estimates of these parameters can be foun®jnOne can

(16)

parametrize the meson-baryon lifetime ratio as <Bq|R‘14||3q):<|3q|~R‘11||3C|>/NC
T(Ab) ~ 2

:0.98_(d1+d28)r_(d361+d462)_(d581+d682) 18 mg
7(Bg) _ Pt o Py

2N, Ba Bq| q2 '
+ O, (14) i

where the  scale-dependent  parameter§d;(my) q __ @ 2 (2 2
={0.012,0.021,0.173;0.195(0(10"%),0(10"3)} at LO[3] (BolRz3Bg) =~ 7 fBo(Ma, ~Mb). (17)
and {0.023,0.028,0.16;0.16,0.08;-0.08 at NLO [5]] are
defined in[3]. While tempting, it is clearly difficult to reduce B2

the 7(Ay)/ 7(By) lifetime ratio by inflatinge; without dis- (BglRI4Bg)=— Tféq(méq— mg),

turbing the meson lifetime ratios. Thus, at least at the>1/

level, the problem can be ameliorated by conjecturing thafvhere parameterg;=1 in the factorization approximation
r>1, which runs in contrast with otherwise successful[10], which we shall employ hereafter. Similarly, we used the
quark-model expectationsdy, represents contributions of quark-diquark model tguideour parametrizations of baryon
order 1m§ and higher, which we shall address. The impactmatrix elements

of l/mé corrections can be naively expected at the level of

20%. However, as we shall see below, kinetic corrections to (Ap|RIAp)=—(Ap|RYAp)

WS and Plconspirein A and, coupled with large Wilson

coefficients, produce a sizable effect. We computed the ~ m2
higher order corrections to E?) in the heavy-quark expan- __ ﬂfz Ma M M 1
sion, denoted below a&,, and &7, ., by expanding the 24 8q " Bq o) 2 ’
forward scattering amplitude in Ed3) in the light-quark
momentum and matching the result onto the operators con- (Ap|RYAL) = —(Ab|~Rg|Ab>
taining derivative insertionésee Fig. 1 The result is

Y= —2(c2+c3)RY—4c,c,RY, __ P %(m“ — )

48m? quAb Ao TR

’ ’ 2 ’ ’ ’ ! ’ ’ 18
8 = S OHRY S +RY S —RYS] 19

2 e (Ap|R3IA L) =—(Ap|RYAp)
+3(Ne3+2¢,6)[R] * +RE * —R3 *1. (19 5
3
. =— == (Ap|RJAp),
The operator®; are defined as B2
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where B;=r in the approximation where the color of the
quark fields in the operators matches the color of the quarks
inside the baryon, which is an analogue of the factorization
approximation for baryons. Inserting Eq47) and(18) into b u
(15) gives an estimate of our correction. Numerically, it con-
stitutes 40—60 % of the leading spectator contribution if the/ ¢ \ \
leading logarithmic approximation is employed for WS and <4 d
Pl, depending on the chosen renormalization s¢ake var-
ied the scale fromm,/2 to 2my). Employing the full NLO
result for WS and P[5] we observe that the effect ofrit
corrections reduces to 36—45 % of the leading spectator con
tribution. While such a sizable effect is surprising, the main b
source of such a large correction can be readily identified, a
least in factorization. While the individual riyj, corrections
to WS and PI are of order 20%, as expected from the naive
power counting, they contribute to thl, lifetime with the
same sign, instead of destructively interfering WS anf4il FIG. 2. Higher order 1h? corrections to spectator contributions
This conspiracy of several smatt20% effects produces a (background gluon interactions
sizable shift in the ratio of the\, and B-meson lifetimes,
which can be as large as4.5%. We expect this effect to
persist with more rigorous computations of matrix element
as well.

We checked that higher orderm contributions are un-
der control and as large as one would expect based on nai\}ge order of a few percent. ,
power counting, i.e. of the order of a few percent. These N conclusion, we computed a well-defined subset Uf,él/
higher order contributions arise from graphs with more deorrections to the lifetime ratio of, and By. While this
rivative insertions and interactions with background gluonsubset does not dominate the fullnfy correction in any
fields. Discarding light and charm-quark masses we obtain limit, it receives the same phase-space enhancement factor as
the leading spectator effect. We found this correction to be
large, of order 40—60 % of the leading spectator effect at LO
[2—4] and 36—45% at NL(5], reducing the lifetime ratio
by as much as 4.5% in addition to tlf&(10%) effect re-
where the only nonzero contribution comes from the gluonig®orted earlier. This significantly reduces the discrepancy be-
operators depicted in Fig. 2 tween the theoretical predictions and experimental observa-

tions, making them compatible within error bars.

whereG,,=t3G2,. It is easy to see that the naive power
Scounting for the matrix elements of the operators in )
implies that Im?2 contribution to the spectator effects is of

2
C
dr ! 1 ’ ! ! !
Sie=0, Sz’ = —[PY-PYC 19
b

PI=biy"(1~¥5)G.bidjy"(1- ¥5)d;, We would like to thank Gene Golowich for helpful dis-
cussions. This work was supported in part by the US Depart-
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