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Data show thatg+~ 750, but 7p = ~2750. The naive interpretation which attributegs: ~ 2 7o to a destruc-
tive interference between two quark diagrams@or decays definitely fails in th8 case. We investigate the
suggestion of Close and Lipkin that the phases for producing radially excited gtatesthe decay products
of B mesons can possess an opposite sign to the integrakg;fodecay products. Their contributions can
partially compensate each other to result-jx ~ 7go. SinceD mesons are much lighter th&mesons, such
possibilities do not exist iD decays[S0556-282(98)05711-0

PACS numbgs): 13.20.Fc, 12.39-%, 13.20.He, 13.25:k

[. INTRODUCTION color-suppressed exclusive channels where all final-state me-
The naive explanation forg -« ~ 2750 [1] is that a destruc- sons ha\_/e nodeless wave functio_ns_. They noted th& in
L o= oo L S decays, in order thatg=~ g0 [1], this interference must be

tive interference between two quarl_< diagrams bt [2] compensated in as yet unmeasured channels. They suggested
reduces the strength of decay amplitudes and thereby elogs,t the sign of interference may be changed in channels
gates the life ofD=. More explicitly, if the lifetime of a where excited states of the decay products, whose wave
meson is mainly determined by the Cabibbo favored decayynctions contain nodes, are involved. It is the motivation of
modes, forD™ there is only one topologyp " —K°M* the present paper to include the contributions from the ex-
(where M generically refers tor,p etc. andK to strange cited states of th&-decay products so that constructive in-
mesony whereas forD° there are two channel®® terference is obtained iB= decays. Such excited states only

—K°M° and D°-K-M™. For theD* decays, the two exist inB decays but not ilD decays because of the phase-

quark diagrams shown in Figs(al and Xb) interfere, while space requirement. It will be shown that in our model the
for DO, the two diagrams (£) and ¥d) correspond to two lifetime differences inB and D mesons can also be ex-
different modes, and therefore do not interfere. For Ehe plained.

g . . The effective Hamiltonian of nonleptonic decays in ihe
decays, similar diagrams exist and there could be also de- )
T S . case[6,7] is
structive interference ilB~ decays. However, the experi-
mental data show thatg+~ 750 [1]. Ge o B
The egplanation for the Iifet_ime differences in tBeand HeFEV’gSVud[clsyﬂ(l— ys)cuy*(1—ys)d
B cases involves nonperturbative QCD phenomena. Actually
some author$3,4] proposed the so-called Pauli interference — —
3.4] prop +6557,(1- y5)dUy(1- ys)c], ®

(PI) mechanism as a correction to the “pure” spectator

mechanism for taking into account the light degrees of freewhere c,=(c,+c_)/2 and c,=(c.—c_)/2. By the

dom. The PI effects only exist iD= andB™* decays but not renormalization-group equatigiRGE) we have

in DY and B® decays. Based on QCD, Bigt al. [4] intro-

duced a virtual gluon so that one of the quarks produced by (as(mg)) 12’25( ag(m?) )12’23 1

the weak decay of the heavy quark interferes with the spec-  C- 2 i Cy=——.
as(My) \/E

tator quark. In this mechanism, the Pl term modifies the
“pure™ spectator diagram and it is found that such interfer- With the Fiertz transformation, the coefficiedgs andc, in
Eqg. (1) should be replaced bg; anda, with

@

a’s( mkz))

ence is destructive and is proportionallf@/m(zg (Q=b or
c). This mechanism partly explains whyp-~2750 and
T+~ Tgo- a;=c;+éc,, and a,=c,+é&cq, 3

In the present work we try to investigate the lifetime dif-
ferences in another way which is based on the idea of Closehere ¢ is 1N, if the factorization assumption holds per-
and Lipkin. Recently Close and Lipk{b] have analyzed the fectly, otherwiseé=(1+ 6)/N. where 6 denotes a color-
data on low-lying exclusive quasi-two-body final states inoctet contribution proportional toA*\?) [8,3,9. Recently,
both D andB decays. They noted that ID decays the sign Blok and Shifman gave a more theoretical estimafib),
of interference in exclusive channels is still amiguous, whilebut they also pointed out that the obtained value is not accu-
in B decays there is a clear and uniform tendency towardsate for practical calculations. Generally, is a negative
constructive interference between the color-favored andiumber ranging between 0 andl, so thaté takes values
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whereasal® , al® have similar forms in analog to that for
the charm case.

It is noted that in the case & meson decaya; is posi-
tive anda, is negative. From the data &f physics the value
of a, is about—0.5[11]. In D* decays, thea, term corre-
sponds to the extern&l/ emission, whilea, corresponds to
the internalW emission; naturally a destructive interference
Dt K° would occur between the two quark diagrams.

In the following we will express the corresponding tran-
sition amplitudes a#; andA, which are proportional ta,
anda,, respectively, thug\; = k,a; andA,= k,a, wherex,
and «, are the hadronic transition matrix elements.

K° Then we have the amplitude square as

o

vz
= 5]

o +

Q)
="

[(KOm ™ [He| D ¥)|2=|Ag|?+|Ag| 2+ 2Re(A1AS).  (6)

In addition to a common phase factor such as the Cabibbo-
Kabayashi-Maskawé@CKM) phase, botlA; andA, are real.
Thus if A;- A, is negative, this is a destructive interference.
Otherwise we have constructive interference.

In contrast, forD® decays,

)
vm
S|
s

Dt rt

SN
IS W]

(b) _
(K™ |He|D%xa; and (K°70|Heq D% xa,.

K° We can roughly assume
(K™m"[HeDO)~A;  and (K°7°|HeDO)~A,.

Thus if we only consider the CKM favored channels
which dominate the lifetime oD mesons, we have

o
wgﬁ
Q)
<

e ™ T(D")=[|As2+|A,|2+2 RgAAS)IXLIPS,  (7)

© (D% =(]A.|?+]|A,|?) X LIPS, (8

where LIPS is the Lorentz-invariant-phase-space of the final
products. If A,~—0.26A;, one can numerically obtain
I'(D%~2r(D") (or 7p=y~27po). Of course, the other
channels(Cabibbo-suppressg@nd semileptonic decays all
contribute to the lifetime, so this obtained number is not
rigorous. However, since the Cabibbo favored channels
dominate, one can expect that a solutionAgrandA, does

[}

vz
W] =

- =+

D° K~ not deviate much from the aforementioned value.
i a Taking ag(M2)=0.118[1], one can obtain a ratio of
(d) A;/A, for D decays to be roughly consistent with the re-

quired value. From recent work, the hadronic matrix ele-
ments can be evaluated more easily in terms of the heavy-
guark effective theory12].

In the same scenario and from E¢4), (5), a; anda, are
still of opposite sign inB decays. It is a consequence of the
renormalization-group equati¢dRGE) which is proved to be
valid for perturbative QCD. If so, one could expect a result
similar to theD case thatz-~27g0. However, this does not

FIG. 1. (a)—(d) The quark diagrams for the nonleptonic decays
of B andD mesonghere we takeD — K as an example

between 0 and N.. Later, in our numerical calculations we
will take § as 0,—0.5, and—1, respectively.
For theB case, we have a Hamiltonian similar to Edj),

Ge

Heﬁ:Tvcijd[c(lB)c_yﬂ(l— ys)bdy*(1— ys)u coincide with the data foB decays.
2 The B(*) lifetime is very close to that oB® as 7g(+)
12 — 12
(By= _ T ~(1.62£0.06)x10 *“ s and 750~ (1.56=0.06)X 10"~ s
637 CYu(1= ys)udy (1= ys5)b], “) [1]. There could be small measurement uncertainty,as,
— 12 — 12
and cosfficients® andc® ~1.47x10 ¥ s, 750 ~1.25¢ 10" 5, by the ALEPH Col-
e 2 laboration [13,15 and rg+)~1.72<10 2 s, 750~ 1.63
ag(m?) | 1228 1 X 10" 12 s, by the DELPHI Collaboratiofil4].
<B>:<S—g) ;P =—, (5) Similar quark diagrams exist iB decays; namely there
as(My) ve- are both external and intern#¥ emissions foB~— D%~
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which destructively interfere, but foB®, B°—~D "7~ and the overlapping integration would certainly be positive, how-
B°— D% corresponding to external and intern&l emis-  ever, if the decay products can be radially excited stetgs
sions, respectively, do not interfere. Thus if that is the casethe integration can turn sig(see next section for detajls
one would wonder whyrg+ is so close torgo. Because th® meson is much lighter than thi& meson,i,,

To fit the data ofB decays, one needs to take a positivestates do not seem to exist as decay produci3,djut defi-
value fora, [11]. This contradicts the result of RGE which is nitely there should b&, excited states showing up as decay
obviously correct by the perturbative QCD theory and thergroducts of theB meson. This change may modify the whole
is no doubt of application of perturbative QCD at thg picture and finally leads to the consequence that)~ 7go.
energy region. Later our numerical results will show that the involvement of

However, one can notice that even though A, are pro-  the ¢,.-decay products can indeed do the job. In the next
portional to a;,a,, respectively, they also possess certainsection, we give the formulation in every detail and in Sec.
factors corresponding to the hadronic matrix elements. Thesd, we present our numerical results, while the last section is
hadronic matrix elements involve some overlapping integradevoted to conclusion and discussion.
tions of the decay parent and daughter wave functions. If the
integrations can contribute a negative sign, the interference
between two diagrams would become constructive and it Il. FORMULATION
may be equivalent to an “effective” positiva, value.

The hadronization process is very nonperturbative and we
cannot evaluate it accurately, so that we attribute the nonper- As usual, we ignore th&/ exchange and annihilation dia-
turbative effects into the parameters of meson wave funcgrams because the two fast quarks would pick up a quark
tions which exist in the overlapping integration. To evaluatepair from the vacuum and speed them [&). Even though
such overlapping integrations, one needs to invoke somthe factorization approach is not very reliable in evaluating
concrete models and later we employ the nonrelativistiche internalWW emission diagrams, we may use a phenom-
guark model. Since the decayifiymeson is a pseudoscalar enological parametef to compensate it. Therefore by the
at 1 radial ground state, if the decay product is/qt state, vacuum saturation

A. The transition amplitudes

(K™ Jay(sc)(ud) +az(sd)(uc)|D%) =ay(m*[(ud)|0)(K ~|(sc)|D%) +ax(K™ " |(sd)[0)(0|(uc)| D°)

=a;f,p«K™[(sc)|D% +a,fpph(K ™ |(sd)|0), C)
|
where ©_q’)Eq_7M(l— v5)q’. The second term corresponds <E0* m°]a;(sc)(ud)+ay(sd)(uc)|D2
to a W-annihilation diagram and obviously is much smaller . ol — 1 ~0
than the first one as it is proportional fg(m2—m?2). As =apf i« Mx *#(°| (uc)|D7), (14)
argued in the literature this term is negligible and we will .
omit such contributions in later calculations. Then we also (K°pOla,(sc)(ud)+ay(sd)(uc)|D°)
have Uc
- =a,fxpk(p%(uc)|D%, (15
(K°m°ay(sc)(ud) +a,(sd)(uc)|D°) g
o an
=a,fpi(7% (uc)|D?), (10 B
and (K% 7r*|ay(sc)(ud) +a,(sd) (uc)|D *)
_ _ o =a,f p(K®*|(sc)|D*)
(K% *]ay(sc)(ud) +ap(sd)(uc)| D) _
o +a,fyx egemx(mt|(uc)|D ), (16)
=ayfph(K®(sc)|D™)
+ayfpi(m*|(Uc)[D ). (11) (K% *|ay(sc)(ud)+ay(sd)(uc)| D *)
Instead, forP— PV, :alfpez'ump<io|(§:)|D+>
. _ _ +1(Tr +
(K™ p*[a4(56) (U) +a,(58) (0e) D) +azfpi(pT|(ue) D). an
=a,f,m,e**(K~|(sc)|D%, (12  ForP—VYV,
(K™ m*[ay(sc)(ud) +as(sd)(uc)|D°) (K% pOay (5¢) (ud) + a,(5d) (uc)| D°)

=ayf,ph(K*|(sc)|D%, (13 = a,f s My € #(p°|(uc)| DY), (18)
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(K_*p+|a1(§:)(m:l)+a2(§:l)(u_c)| DO) B. The matrix elements
=a,f,m,e**(K *|(sc)| D%, (19 It is noted that in the scenario of factorization, the had-
ronic matrix elements are related to a weak transifib®l,
and
for P—P,
(K% p*|ay(sc)(ud) +ay(sd) (uc)|D*) ,
— _ . M| — Wiy
=a;f,esm (K |(sc)[D™) (X[jully= PI+PX_TQ Fi(9?)
M
+a,fx egamex(p*|(uc)|D*). (20) M2— M2 o o1
+ - 2 1
The above formulas indicate that the external and internal q° AuFola”)
W emissions irD™* decays interfere. For th@ case, we can
have similar expressions with an effective Hamiltonian Eq.
(4) and corresponding coefficiena§ ,a5 in Eq. (5). with q=P,— Py andF;(0)=F(0). ForP—V, we have
|
(X*j ||>=;6 e "PPPL V(%) +i i.ZEZMX*q Ao(9?)
UM My M X q :
* e* - q
+i{ €5 (M+Myx)A1(g?) — MM (Pi+Pyx) An(0?) — 7 2My»q,A3(9%) | (22
| X*
|
with A3(0)=Ay(0) and here the orbital part. In the Bauer-Stech-Wirbel approgté] the
following wave function model is employed:
+ * - *
As(qd) = MAl( 2) MAZ(qZ). (23 Rn(Pr.X) =NmVX(1—Xx)exp — p2/2w?)

2M yx a 2M y

2 2\2
_m2 1 mql_qu
So our task is to calculate the form factors. Taking the X ex 232 \X— 2 om? , (26
nearest pole approximation

whereN,, is the normalization factor while Guo and Huang

) hy [16] used the following wave function form in the light-cone
Fi(@%)~ T—qM? for Pi—Py, 24 formalism:
kK24+m? kZ+m?
h Rm(x,kl)erx;<—b2 EE A ) (27)
V@)~ ey A= Xl N
g 1-g¥m3’ 0 q 1-9%/M3 These wave functions apply in the infinite-momentum frame.

Here instead, we choose the wave function at the rest frame
for PP (25) of the decaying mesdri8]. Everything in the picture is non-
! X relativistic, but it is accurate enough for the qualitative con-

. clusion and we will discuss it in the final section.
whereM;,M;,M3 are masses of mesons corresponding 10 ere we only list the radial wave functions @fs and s
the nearest poles which can be found in the data book. With,§ the others can be found in RETI:

this approximation, to evaluate the form factors, one only
needs to calculate the constant parametérs=nh,, 438
hy ’hAl'hAZ’ andhA3= hAO, which turn out to be the values of ¥1s ﬁ

the form factors at the unphysical kinematic regigph=0
and we will use the nonrelativistic quark model to calculatewhere adding a factog/m is for proper normalization, and
them. Moreover, for the case of a pseudoscBlar D me- 45| 2 L
son transiting to a vector meson, we use the helicity ampli- _ " "
tude method17] which can much simplify our calculations. ~ ¥25~ ( 6\/;) (3=2p° )exp( LA )YOO( 6,4)\m,

The parameters are related to an overlapping integral over (29)
the wave functions of initial pseudoscalar and final pseudo-
scalar or vector mesons. To carry out the integration, ondhereg is the only free parameter to be fixed by data. Here
needs to invoke concrete models and the most popular one is=|r,—r,| in the potential picture. To convert into the mo-
to take the wave function of harmonic oscillation potential asmentum space, we have

172 1
) exr{ - 5,32"2) VmYo(6,¢), (29
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3 3 0 0
2m| f N - plr pl \/(p1'+ml’)(p1+ml)
hi=hg=——— | d°p1o%(p1s + : 30
1=No m|2—|\/|)2( p1¢x(p1)¢|(p1)(pl'+ml’ p2+ml p‘f,p? (30
and
. 3 3 0 0
| N N plr pl (p1’+m1’)(p1+ml)
N BEEN | y
v —— P1P%(P1 )¢|(p1)< p(l)'_'_ml’ p2+ml) p‘f,pf (31
. 3 3 0 0
i - - p1/P7 (P, +my)(pp+my)
hAl= —f d3p1¢;(p1')¢|(p1)( 1-— 0 ) \/ 0 0 ) (32
m; =+ My (py,+my/)(py+my) P/ P1
aAmrmg)? i 4y mys Jd3 S G p, p3 \/(p2,+m1r)(p?+m1)
A2 3m?+m2, gl (M, — My ) (3MZ+m>,) P1Ox(P1) &P S +my py+my py.pY ’
(33
|
where thegx xx) are wave functions off s o) in the mo- 6u 3
mentum space, i.e., the Fourier transformed Eg8) and Bas=|=7—==]| (35
(29), in the expressiong; andp;. denote the 3-momenta of 7\ma

the quarks which take part in the reaction in the initial and

final mesons, whilem;,m,, are their masses, respectively. \yhere 4 is the reduced mass armdis an average radius of
p® andp® correspond to the third and the zeroth componentsne meson. There can be an uncertaintygfand u, it does

of the concerned 4-momenta. In the helicity-coupling pic-not affect our qualitative conclusion even though indeed the

ture, all momenta of the mesons are alango

> 3 -
pi=Ipil, px(x*)5i|pX(X*)|1

numerical results can be declined by a few tens of percents.
(see below.

Even thoughf is not well measured yet, there are some
reasonable estimated values, so we tgke 0.15 GeV and

but the quark momenta can be along any directions. In théz=0.125 GeV[20]. Numerically we use

center of maséCM) frame of the decaying mes@y=0 and
g 2
|px(x*)|=(m,2—m><(x*))/2mI asq’=0, thus one has

p1+p.=p=(M,0),

and

P1r+ P2 =Px(x*)= (p?«x*) ,O,OPi(X*)).

The resultant formulas look quite different from that

given in Ref.[16], but as a matter of fact, gp|>M, they

coincide with each other. Substituting all the information
into Egs. (21) and (22), we can have the final numerical

results.

Ill. THE NUMERICAL RESULTS

In the whole calculations, onlg is a free parameter and
one can fix it by the energy-minimum condition

JE B A(H) B
B B
Then one obtains
1/3
4p
=| — |, 34

f,=0.132, f(=0.161, f,=0.212, fx.=0.221

in GeV.
By the well-measured value(M3)=0.118[1], we have
ag(m,=5 GeV)=0.203,a(m;=1.5 GeV)=0.265, and

cP’=1.26, ct?’=-0.51,
c\®=1.10, ¢®'=—-0.23.

Our result is fully consistent with Reff23] obtained in terms
of RGE.

It is also noted that sincen, is not very large, one can
expect that the real values cfl'?z) may deviate from that
predicted by the perturbative QCD calculation, for example,
it is claimed that a set ot{®’=1.26+0.04 andc{?=
—0.51*+0.05 can fit data better. However, below we will
rely on the perturbative QCD and use the values obtained by
RGE.

The corresponding{®® anda$®®) would depend ort
of Eq. (3). For the radially excitedy,s states, we will take
Mp(2s)~2.4 GeV andM (2s)=1.0 GeV, M((2s)=1.4
GeV. By Eq.(34), we fix
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Bs=0.5, Bp(1s)=0.45 PBp(2s)=0.39, rameter forD decays, so one would ask how it could be so?
Instead, we accept the assumption that a symmetry be-
B(1s)=0.3, B.(2s)=0.26, tweenb andc holds andc{®®, c{>® can be derived with
the RGE. Meanwhile we also notice that sirfRenesons are
Bk(1s)=0.4, pBk(25)=0.34 much heavier thal® mesons, there can be radially excited

statesszS and 3, as decay products iB decays, but not for
D decays. They,, states may cause the hadronic matrix
elements to be in opposite sign to thig; final states and it
would result in a change makings+~ rgo. Obviously, it is
0.9, 5=0, determined by an overlapping integral between wave func-
Ip+ _ tions of the final and initial mesons. Our numerical results
o =y 0.70, 0=-0.5, (36 show that the integrals fog,s and ;5 can have opposite
D 0.56, 6=-1. signs depending on the paramefrOur B8 values are rea-
) ) sonably determined by data, even though not very accurate.
It seems that thé=—1 solution suits the data dd decays e show thats~ — 1, taking into account the contribution
better than othes values and this conclusion was also pre-from y2:™ as well asyD:™, approximately
dicted by Stectlet al. a long while agd24].
For theB case, without considering thg,, excited-state

in GeV. All the parameters are obtained according to Eqs
(34) and(35).
Numerically, we have

contribution, we have Tg+~ TR0, Tp+~27po.
1.28, 6=0,
k: 0.90, 5=-0.5, (37) Our mechanism is in parallel to the PI effects discussed
I'go by some authorg3,4]. It is based on the common knowledge

0.59, o=-1 that as long as all the exclusive channg@isfact, the main
—1 which is consistent with that obtained one_s) are summed_ up, the total wid_th should _be obtai_ned, ie.,
equivalent to the inclusive evaluation. Thus in our picture an
interference between the decay products oflihg) quark
and the light one is automatically considered via #heand
a, interference.
1.02, 5=0, Since, indeed, we only consider the most Cabibbo-
Ig- _ favorable channels to estimate the lifetimes, there can be
F_Bo: 0.99, 6=-05, (38) contributions from the rare decays and the numerical results
0.98, 6=-1, can deviate a bit, but in general the same mechanism pro-
_ . . . . #:)osed by Close and Lipkin can apply. Hence the rule is the
this result is very consistent with the data on the lifetimes ofsagme for all channels, namelss always contributes as well
both_D andB mesons. We will discuss this result in the next 55 15, our results seem sufficiently convincing. As a matter
section. of fact, ther,, is still light enough and there is large phase-
space available foB, but in contrast, not for th® meson.

V. CONCLUSION AND DISCUSSION For evaluating the hadronic matrix elements, we use the
nonrelativistic quark model. Even though the model is ap-
groximate, our qualitative conclusion does not change.

Surely, we can make the ratios of lifetimes fdrand B
mesons perfectly coincide with the data by carefully adjust-
ing the B8 values in the wave functions. However, since there
are many uncertain factors such as the contributions of the
rare decays, the nonrelativistic form of the wave functions,
There have been alternative ways to interpret the lifetim and the factpnzauon faptaﬁ, etg., WhICh make a very accu-
difference ofB andD. For example, Bander, Silverman anderate evaluation impossible, adjusting tBev_aIue to fit dqta

_ ' H 2 ' seems not necessary. In fact, as the most important point, one
Soni [21] suggested the reactioB®—s+d+gluon as a  can draw a qualitative conclusion confidently that the contri-
source for the difference in the lifetimes B andD~= and  pytion of s is important toB decays, namely the puzzle of

in another way, one can suppose that the factorization factghe |ifetimes of8 andD mesons can be reasonably explained
6 can be different foB andD or the signs o&, can change, away by its participation.

etc. However, if we consider similarities betwemndD, it It is important to notice that not only the lifetimes Bf

is natural to accept an assumption ti#awvould not be t00  mesons are contrary to our knowledge based on the pertur-
declined in theB and D cases. In the IiteraturEQ4].of D bative QCD andD physics, if the,s contribution is not
physics, § is very close to—1 and our results confirm this taken into account, but also similar puzzles exist at many
allegation. Cheng found22] that r,=—0.67~(0.9-1.1)  channels oB-meson decays. It is that the valueaf s not

for D— K, K* 7, respectively, where ou=(Ng/2)r,, it universal[11] and its sign is also uncertain. It is hard to
indicates thats~—1. But to fit B-decay data, Cheng con- understand. We hope that by taking into account ihe
cludedr,=+0.36 which drastically deviates from the pa- contributions, all the discrepancies may get a reasonable ex-

If one looks até=
in D decays, the ratio is close to 0.5 as expedisek the

introduction. When we take into account the contributions
from the i,5 excited states, the whole result is modified as

SinceB and D mesons all contain a heavy quark and a
light one, we have every reason to believe that they hav
similar characteristics. Indeed a symmetry betwbendc
quarks B andD mesong[12] is confirmed by phenomenol-
ogy. However the obvious discrepancy thaf+~27po,
while 7g+~ 70 implies some distinction betwed® and D
mesons.
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