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Nonresonant semileptonic heavy quark decay
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In both the largeN, limit and the valence quark model, semileptonic decays are dominated by resonant final
states. Using Bjorken’s sum rule in an “unquenched” version of the quark model, | demonstrate that in the
heavy quark limit nonresonant final states should also be produced at a significant rate. By calculating the
individual strengths of a large number of exclusive two-body nonresonant channels, | show that the total rate
for such processes is highly fragmented. | also describe some very substantial duality-violating suppression
factors which reduce the inclusive nonresonant rate to a few percent of the total semileptonic rate for the finite
guark masses cEdecay, and comment on the importance of nonresonant decays as testing grounds for very
basic ideas on the structure, strength, and significance oc[ﬁmea and on quark-hadron duality in QCD.
[S0556-282(99)03817-3

PACS numbed(s): 13.20.He

[. INTRODUCTION tems governed by strong QC[Y], they are arguably the
simplest. Indeed, many of their properties can be rigorously
derived directly from QCD using heavy quark symmetry
In both the largeN,. limit [1] and the valence quark model [8,9]. Their simplicity also makes them more amenable to
[2,3], semileptonic heavy quark decays are saturated by resorodelling than other hadrons. For example, as “the hydro-
nant final states. In nature this idealization is broken by lightgen atoms of QCD” with the heavy quark defining an origin
quark pair creation which gives these infinitely narrow reso-0f coordinates, the simplest relativistic constituent quark
nances widths and allows nonresonant final states to appeanodels can trea®d systems using the Dirac equatiphO]
While it is clear thatgq pairs play an important role in this rather than a Bethe-Salpeter-type equation. Because the
and many other phenomena, it is also clear that they remaiff€@vy quark is removed from consideratiomag— o, such
poorly understood: systems offer unique opportunities to study the “brown

(1) Although from their widths it is easy to show that MUck” one chunk at a time.
hadrons are full qua pairs, meson and baryon spec- In this paper | expand the quark model treatment of the

“brown muck” in heavy meson semileptonic decay from a

troscopies are characterized by the valence degrees of fregi-m le valenca or u antiquark confined t@ to include the
dom. In particular there is no evidence for excitations of the P q

o sea with respect to the valence quarks leading effects oqapair creation. See Fig. 1. Previous stud-
a4 ) P q 2 ) ies have examined low energy pion emission in the context
(2) Even if one were to assume that thq sea is frozen

out of spectroscopy, it is easy to show that, unless there is ¢
conspiracy between them, meson loop graphs ought to dew + WU -— ]+ b+ +
stroy the successes of quark model spectroscopy. For ex
ample, the relative shift of the anda,; due to meson loops
formed from their dominant decay modes+#{ andp, re-
spectively is hundreds of Me\[4]. lf
- AVava

A. Background

(3) Related to(2), but even more dramatic, is the relative g, A
shift of pairs of mesons such as tpeand w. They are de-
generate in the quark model and in the lafgg limit, as
observed in nature, but meson loop diagrams would lead on¢
to expect them to develop a mass difference of hundreds o
MeV [5]. © Y -~ AW
(4) Given that meson loop diagrams which generate the (
gq sea are very strong, it is surprising that the valence quarks
seem to dominate low energy current matrix eleméﬁ]s FIG. 1. Leading corrections to narrow resonance saturation of
The extreme interest generated by the proton spin crisis ma‘i?e rates for semileptonic _heavy qu_ark decay, with quark Ie_vel dia-
be attributed to the fact that it indicates that there are som@ams on the left and their hadronic counterparts on the right. In-
current matrix elements where the valence quarks do ndernal hadronic lines are to be understood as summed over their full
dominate. valence spectraa) The valence-valencegraph with its leading
. . — . . L vertex and external leg correctior(f) the valence- valencegraph
While the questiongiq pair creation raises are ubiquitous, followed by final state decay, an@) decay from a nonvalence
heavy quark systeme.g.,Qd andudQ) are likely to be the  component of the initial state to a nonresonant two particle final
most favorable systems in which to find answers: of all sysstate.

0556-2821/99/6(¥)/07403@22)/$15.00 60 074030-1 ©1999 The American Physical Society



NATHAN ISGUR PHYSICAL REVIEW D 60 074030

of heavy quark chiral perturbation theory1]; this work is  resonant states, there would be room for=B8% of B semi-
the first of which | am aware to address the full array ofjeptonic decays to be nonresonant, i.e., for a large fraction of
nonresonant processes. While the results presented here V\ﬁgyn to be due to nonresonant channels. There is another
be specific to heavy quark systems, | will draw lessons frong|gsely related indication that nonresonant channels might be
Fhem and suggest experimental consequences of much Widé‘l'gniﬁcant: ISGW2 overpredicts th® and D* rates by
Interest. amounts which are consistent with the observation that the
. Isgur-Wise function is falling about 25% more rapidly than
B. Nonresonant final states inB and D semileptonic decay expected from the opening of just excited resonance decay
. . - channels. While suggestive, both of these observations are
ForD dec_ays mduced_by_the underlymgash_q quark also consistent withgtghe ISGW2 model simply underpredict-
decay,D—Klv andD—K*Iv are clearly dominant, ac- g decay rates to excited charm staf2g]. An additional
counting for more than 90% of the inclusii®@— Xsl v, concern is that the suggestive loss of rate fromRrendD*
semileptonic ratd12]. For B decays induced bp—cly,,  channels calculated from Bjorken’s sum rule is actually an

B— DI andB—D*|y, account for 646% of the inclu- UPPer bound in the heavy quark limit: expected quadratic
sive§—>XCI7| semileptonic raté12]. Given the large energy terms in& will dampen this loss, suggesting that perhaps the

. « A
release inb—c versusc—s, it is not surprising that in the experimental noni +D*) fraction is high.

former the two around state resonances ofdfe- 2~ mul In summary, there is weak circumstantial evidence for
grou gfte=z u nonresonant processes in heavy quark semileptonic decays.

tiplet [9] would account for less of the total semileptonic the most compelling case for the existence of such processes
rate. Indeed, it has been argugtB] by assuming duality 5t some level is nevertheless the simple theoretical observa-
between the Isgur-Scora-Grinstein-Wise versioiSGW2  jon that in the real world we expect very strong nonvalence
valence quark modé¢B] and QCD-corrected inclusive calcu- Qaqacomponents in @Estate and so expect some inclu-
lations[14] that acompleteLSGWZ_—based caleulation would sive rate to be lost from resonances and transferred to con-
predict that 26-6% of theB— Xl rate should go to reso- {jn,a. |n what follows | will make these qualitative expecta-
nant excited states above tBeand D*. (The quoted error tions, previously outlined in Ref13], concrete.

corresponds to an estimate of the theoretical uncertainties in
the QCD-corrected inclusive rate calculationisSGW2 as

published is in contrast not exhaustive: it explicitly computes N o _ )
vl In addition to providing a useful phenomenological guide

[ to semileptonic decays, the ISGW mod&] was in many

=$" and to the first radial excitations wi] ™' =3 . These ~ reSpects a stepping-stone to heavy quark symmetry, as it
six lowest-lying excitations give 81% of the QCD- manifested this Symmetry near zero recoil. ISC_;[/B]NS an
corrected inclusive rate, implying that an additional 12uPdate of ISGW with many new features required by heavy
+6% of the rate of a complete ISGW2 calculation should beduark symmetry: it includes constraints on the relations be-
in yet more highly excited statéboth ordinary mesons and tween form factors away from zero recoil and on the slopes
hybridg. The ISGW2 model and next-to-leading-order QCD Of form factors near zero recdil6,17, it relates the naive
can be compared in this way because both are valence-quarkurrents of the quark model to the full weak currevitsthe
plus-glue calculationsqq pairs are ignored in ISGW2 as Matching conditions of heavy quark effective theGdQET)
1/N, corrections and would enter the partonic level inclusivel 19]: and it modifies thead hocISGW prescription for con-
rates only at order? (via 1/N.-suppressed graphs necting quark model form factors to physical form factors to
S . . .

Experimentally, the extent of resonance dominance® of be co_nS|stent with the constraints of hgavy—quark-symmetry-

andD semileptonic decays remains unclearDidecay there ~ 2reaking at order i, . Several other improvements were

licit s qivi Kol v rat hich also made, including the addition of heavy-quark-symmetry-
are explicit measurements giving— Kl rates which are breaking color magnetic interactions to the quark model's

3+1% of the semileptonic rate. Here ther signal is ex-  gynamics, the incorporation of relativistic corrections to the
cluded from being th&™, but it is not excluded that it could axial coupling constant&nown to be important in the analo-
arise from the tails of broad resonances, so even this smajous couplingy, in neutron beta decayand the use of more
frac_tion cannot be unambiguously identified as nonresonanteg|istic form factor shapes, based on the measured pion
In B decay, 36-:6% of the semileptonic rate is not in tlie  form factor. For a more complete discussion of the founda-
or D*. Since the dynamical papﬁynzpz—% of the slope of tions, strengths, and weaknesses of such models, see Refs.
the Isgur-Wise functioré(w) could be as large as abogt  [2,3].

[15], the loss of rate from these channels relative ,béyn In this paper | focus on correcting these models’ neglect
=0 in the approximatioF=1—p?(w—1) could indeed be of the nonvalence components of hadrons, but note that
as large as 36%, i.e., the observed nbnH{D*) rate is not many of the results to be described here are anticipated in the
inconsistent with that expected from Bjorken's sum ruleextensive discussion of Ref2] leading to the conclusion
[16,17) in the heavy quark limit. Since, as just explained, onethat nonresonant states could be ignored as a first approxi-
expects 26:6% of this non-D+D*) rate to be in excited mation to the dynamics of semileptonic decays.

C. The ISGW and ISGW2 models

'
/7T|_1+
-2

the rates to thé =1 excited states witlsxI ands
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D. Unquenching the quark model mixing problem[24]. Considerw-¢ mixing as an example.

Some of the key puzzles associated with the nature anghis mixing receives a contribution from the virtual hadronic

importance ofgq pairs in low energy hadron structure were loop processw—KK— 4, b(.)th steps of \.Nh'Ch. are ?,ZZI
described above. These puzzles and potential solutions Fb”o",vf,g" and each of which SC?"GS W'“.NC I_|ke r .
them have been extensively discussed in a series of papers SH\IC . The IgrggNlc_ result that this .OZl'V'OIatqu _ampll—
“unquenching” the quark model4—6]. In the following | tude behaves likdl; = is thus not peculiar to largh. : it just

briefly summarize these solutions, since they are the basis f&"'S€S from "unitarity” in the sense that the real and imagi-
the study presented here. nary parts of a generic hadronic loop diagram will have the

same dependence &y . The usual interpretation of the OZI

rule in this case—that “double hairpin graphs” are dramati-

cally suppressed—is untenable in the light of these OZI-
A central puzzle in hadron spectroscopy is the apparendllowed loop diagrams. They expose the deficiency of the

absence of low energy degrees of freedom beyond thodarge N, argument sincédqz,~T is not a good representa-

which can be attributed to the valence quaf&sy., gluonic  tion of the OZI rule.(Continuing to useaw-¢ mixing as an

or sea quark excitatiopsVery closely related to this puzzle example, we note thah,—m, is numerically comparable to

is the apparent unimportance of strong meson loop correa typical hadronic width, so the lard¢. result would predict

tions. an w-¢ mixing angle of order unity in contrast to the ob-
A simple resolution of this puzzle has been propd2f).  served pattern of very weak mixing which implies that

In the flux tube mode]21], the quark potential model arises Aoz<I'<m.)

from an adiabatic approximation to the gluonic and eqtl_]a Unquenching the quark model thus endangers the naive

L : ._guark model's agreement with the OZI rule. It has been
degrees of freedom embodied in the flux tube. This phySICghown [5] how this disaster is naturally averted in the flux

has an analog at short distances where perturbation theoﬁfbe model through a “miraculous” set of cancellations be-
apdp“r;est.hTherd\lf;' t.yp?s ?f t';]ghtgq IpalrE' shift f['” t'P‘:VGfSt tween mesonic loop diagrams consisting of apparently unre-
orde e coefficient of the Coulombic potential from WOKK* LK * 1k
(0)(02) — 197133 In(O%/ A2 . (N (O — 19./(33 lated sets of mesor(e.g., theKK, KK* +K*K, andK*K
ag’'(Q9)=12m/33InQ7Ag)  to  ay "(Q%)=127/( loops tend to strongly cancel against loops containitga
—2Nf)ln(Q2/A§f), the net effect of such pairs thus being to K* plus one of the four strange mesons of the 1 meson
nonets. Of course the “miracle” occurs for a good reason:

the sum ofall hadronic loops is dual to a cIoseq:E loop

1. The origin and resiliency of potential models

produce anew effective short distanc®Q potential. Simi-

larly, when pairs bubble up in the flux tulfee., when the .
fl yt be b P ks t i P | — hit d th created and destroyed by*®, operator{ 25,26, but in the

ux tube breaks 1o crea e_ @q plus qQ- system an er.l closure approximation such an operator cannot create mixing
heals” back to QQ), their net effect is to cause a shift in other than a scalar channel. It can also be shfyrthat
AEy,(r) in the ground state gluonic energy which in tum cyprent matrix elements liksy*s vanish in this same ap-

produces a new long-range effecti@®Q potential. proximation.
It has indeed been show#] that the net long-distance
effect of the bubbles is to create a new string tendiQn
(i.e., that the potential remains lingaBince this string ten- The preceding discussion strongly suggests that models
sion is to be associated with the observed string tension, aftd¢hich have not addressed the effects of unquenching on
renormalizationpair creation has no effect on the long- SPectroscopy and the OZI rule should be viewed very skep-
distance structure of the quark model in the adiabatic ap-tically as models of the effects of thgq sea on hadron
proximation Thus the net effect of mass shifts from pair Structure: large towers of mesonic loops are required to un-
creation is much smaller than one would naively expect fronfiérstand how quarkonium spectroscopy and the OZI rule

the magnitude of typical hadronic widths: such shifts canSUrvivé once strong pair creation is turned on. In particular,
only arise from nonadiabatic effedi22]. while pion and kaon loopéwhich tend to break the closure

It should be emphasized that no simple truncation of théiPproximation due to t_helr exceptional .masslesve a spe-
al role to play, they will not allow a satisfactory solution to

set of all meson loop graphs can reproduce such results: ese fundamental problems associated with unquenching the

recover the adiabatic approximation requires summing 0Ve&uark model and so cannot be expected to provide a reliable
large towers ofQq plus qQ intermediate states to saturate guide to the physics aﬁapairs

their duality withqq loop diagrams which have strength at ~ |ndeed, | hope the reader can appreciate just on the basis
high energy. of this lightning review that there are great dangers in draw-
ing conclusions about the strength, structure, or significance
2. The survival of the OZI rule of qq pairs in hadrons from any model that has not dealt with

. . . ., . these issues.
There is another puzzle of hadronic dynamics which is

3. A summary comment on modelling the effects of_qpqirs

reminiscent of this one: the success of the Okubo-Zweig- Il. UNQUENCHING HEAVY QUARK DECAY
lizuka (OZI) rule [23]. A generic OZl-violating amplitude
Aoz can be shown to vanish like N/, and this is often A. Background

quoted as a rationale for the OZI rule. However, there are To unquench predictions of the quark model for semilep-
several unsatisfactory features of this “solution” to the OZI tonic heavy quark decay, | will apply without alteration the

074030-3



NATHAN ISGUR PHYSICAL REVIEW D 60 074030

d invariant heavy quark scalar produsv=v’-v called
“double u” (or, in many European countries, “double’)

used in heavy quark form factotdnverting, we have irQE
@

T ro=Rem— €d/Qdl = Rem (7)
Q a=Remt €0/Qdl = Remtr 8
wheree, ;=m,/mg. In Qaqawe have

FQ=Rem™ €qgiQagdW ~ €a/d’ =Rem 9

_ ¥ d . Sl L1l
q q re=Rem™ €QaiggqaW+ ZV= Rimt+ W+ 3V (10

W

®) ; SV S, L VT
r rq— Rcm+ eQd/QquW_ EV— Rcm+ W— EV (11)
Q re=Rem— €590qqaW + €orqdt =Remt T (12

Note that most of the results of this paper are presented in the

FIG. 2. The coordinates fofa) the Qd system, andb) the - . . .
Qqqd system. In each diagram the crossdenotes the location of heavy quark limit where the approximations shown in these
qqd sy formulas will often be used.

the center-of-mass; most results presented in this paper are in the Thus for a O state

heavy quark limit where the center-of-mass coincides with the po-

sition of Q. 1 . -
. , Y Qd= g2 M d N Xsgsy (13)

model of Refs.[4—6] which solves the phenomenological

problems associated with unquenchlng the quark model. IQ/herexs .

particular, | assume that tIqaq pair is created by the action

of a pair creation Hamiltonian densiky,(x) in the Qd flux o= S(P— |3cm)¢QE( x> o (14)
tube. | further assume that the pair is created with a nonlo- Q™

cality (corresponding to a finite constituent quark raglius is the momentum spacieawave function with

the coordinates. See Fig. 2.

The coordinates used herth_Jlare the standard center- -1 J' d3 —ip-r -
) : =—p re r 15
of-mass and relative coordinates $od P)= (5 e Yod() (19

is the spin zero wave function, so that

. Molo+mgrg - and accordingly

Rem= T e (1)
d — — -
Q |PQdT Pcm)>: V2def dapd’QdTp)X(s)ng
r=rg—ro (2) L I,
o X |Q(€qiqaPem P:S)d(€g/gaPem™ P.Sq))-
while in Qqqgd the choice is (16)
B Mgt mq(rq+fa)+mdrE=F 3) Note that in the limitP.,—0 relevant here, the factor
cm Mogqd Q V2mgg= \2Ep ; is purely conventional agg— .
When the flux-tube-breaking pair creation Hamiltonian
r=rg—rq (4 HY=[d3xHI%0x) acts,
J:FH_ -)q 5 qu| PQ_( Pcm > ij PQqq_(PCm)> (17)
1. Mofo+mgig 1 . . . where, _accordingto _th_e flux tube_ model, _
W= (rgtrg)—————=5(rq*rg—rq, (6) (1) since thegq pair is created in the flux tube, its center-
Qd of-mass is found in a wave functiof;(w,r) defined by the
flux tube spatial profile,
where m;; =m;+m;+---+m. [Note that the three- (2) the internal wave function of theqq pair hasJP¢

vector coordinatev should not be confused with the Lorentz =0** and, independent ofv and r, is of the form
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lﬂpc(V) Xs Wherewpc(v) hasL=1, Xss hasS=1, and continuum,»n.q can be determined empirically. In Appen(_:iix
Y.y M= (1/\/—)(¢1 —1_ l//0X0+l// 1X1) qand B, | extract fromD* —D 7 andK* — K= decays the coeffi-

cients 744 for g=u or d. For concreteness, | will assume
_(3 the amplitude to find th@d subsystem inside the following Refs.[26,4], that 74 is identical, but that the)og
Qqqd system at relative separatlamls identical to that in  for Q=c,b,t are all zero. Finally, for ease of exposition, |
the ground state, namelyqq(r), since the pair creation will treat explicitly the case of a singlgq flavor in what
Hamiltonian density acts locally and instantaneously on thgo|lows, but take into accourg=u,d,s in numerical results.
flux tube. In this formulationy,, defines the strength of the Within these approximations,
pair creation, and the normalized St@Bqqq( 5cm)) is de-
termined by the wave function just described:

- D qaga= (P Pom) i) bpe( ) - Xs & bad P XS ss

1 = S - > - >,
_ . - 0
- (2,”_)37Zelpcm Rcmlr/fft(wvr)wpmc(v) : qu?ﬁQar)Xstg' (22)
(18)

) _ where ¢y, d)[j‘c, and ¢qq are the momentum space wave
The component parts of this wave function and of BB  f,nctions corresponding @, , lﬂr,?c, andyog, respectively,

are defined by previous studies. From ISGYg82 so that
32
___Pod__ (12522
l//Qd —5,€ Qd (19) -
3/4 | PQEqdj Pcm) >
where 54=0.41 GeV asmg— > as determined variation- B —( 3 3 3 -
ally from a Coulomb-plus-linear-plus-hyperfine Sattirmger =\2Mgqqq | 0w | d°7 | d°por(w)
equation. The pair creation wave functi&gc is constrained
in Ref.[4] by fitting decay data assuming the form % ¢ch( W).qu%d,@(p)xgo% Q€e0ioquaPem
Poe—ve WV IrG=y e (W25 (20) 1.
EQ/de p SQ) Eq/Qqqfcm-l— §w+ ’7T,SE

to have a quark radius<0r,<<0.4 fm. Given this constraint,

| will take ry=0.3 fm as a “canonical” value, correspond-

ing to B,.=0.58 GeV, but will consider deviations of Xq
+0.1 fm from this value as plausibléThis central value

and range are guided by the difficulty of inventing a mecha- ..

nism which could lead to a constituent quark radiys — €g/Qd@ + P,Sd)>- (23

<0.2 fm) Ideally [26], ¢(w,r) should have a probability
profile which is a tube around ti@Eaxis with “caps” atQ
andd. This structure is probably very significant for the de-
cays of highly excited states, but since all our decays will
emerge from theQE ground state, | adopt a simpler and
more heuristic model which simply takes

N 1. — -
eq/QaqEPcm"' Ew_ 71'!Sq) d( Ed/QEqucm

(Up to this point, | have retained the exact kinematics of the
nonrelativistic limit for finitemg, but from now on I will
generally simplify results by taking the heavy quark symme-
try limit mg—ce with V= "P.,/mq fixed)

While Eq.(17) defines the action dﬂ L on theQd sector,

3/2 it does not of course provide us W|th tHé --perturbed
(W)= e W2BHW? (21)  ground state. This state is of the form

with BZ,=fb, b being the string tension arfda coefficient

with “canonical” value 2 and an uncertainty estimated to be 1

+1 based on the calculations of the properties of the ground |Po(Pem))= —[| Poa(Pem)) + Caql Poggal Pem))]

state wave function of the flux tube presented in Appendix A Vi1+ C o

of Ref. [26]. Some defects in this simplification and some (29

subtleties associated with both the alternative of using a flux-

tube shape and nonrelativistic kinematics are discussed in

Appendix A of this paper. where| PQqﬂ Pcm)) is a normalized)qqd state of the same
Since strong decay amplitudes are determined by matriyeneral form as Eq23) but with a wave funCt'O“I’Qqqd to

elements oinq(t X) between the decaying particle and the be specified below and determined via
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~ > 2
an‘ PQEqE(Pcm» a
& amg | 3B% 30
> = 20,
ab 2Mgaqd Mg
X|ﬁcmxab(a)>£ﬁcmlab(a)|Hggpoa( F_;cm)> . (25) is small so that
Eab( Pcqu)_ EPQE( F)cm)
> >, J— 772
Here|P.y;ab(q)) is the two meson eigenstate wi@dq in AE=2mg+ (32)

internal statea, qd in internal stateb, and with (QE)a and a

(qd), having relative momentung and total momentum and we may deduce that

Pem: Eab(Pem,d) andEp (P are the total energies of

the respectiveQqqd and Qd states with fixed total center- 5 _ _ s 5 S~mo oy -
pectiveQqqd and Qd state _ B g~ 0% (P Pom) e @) B ) Xo, mebd P XS5y

of-mass momenturn®.,,. To obtain a rough expression for a>a Q(32)

|f’ng9, I make use of the approximate duality between each
of the towers of statea andb and their corresponding free

particle spectra in the internal relative momerp}gg and
Pqa. respectively. For example, | use

ie., that&)ngg differs from @ qqqq Simply by the replace-
ment ¢,c— by Where

— > povis dpe(m)= n—lfz—d’&(%) (33
2 {(Qaal= 2, f d*poe( Q(— Poq-S0)A(Pqq.Sq)| pe 1+ 7%2mZ’
QSq
2
26 The normalization facton is given by
Where_for simplicity | have illustrated the duality equation in
the Qq center of mass frame. While this replacement is im- o (7;)
. = . q _ 3 pc
perfect for lowa (corresponding to smafiq), smceHg‘g| is n—j d*m —1+772/2m§ (34

quite pointlike, Eq(25) has most of its strength for relatively
massive statea andb and the use of duality should be sat-
isfactory for our purposes.

With these approximations we can change variables fro
a,b,q t0 Pog, Pgd.d, and then convert both sides of Eg5)

to the variableso, 7, andp to identify

which may be quite well approximated by the formuia
= (1+y)/(1+2ly+12°) with y= Ba/8m;. From Egs.
27) and (33) follows the key relation that

D Yag (35

= __ Mqq®Qqad

Caq®Quud= " AE (27) S - .
Note thaté () is softer thanp (). We will often use

. R a harmonic approximation

where in the rest fram@.,,=0 and withmg—ce,

~ > 7Tm 21552
71_2 2 m R —— /ZBpC 36
AE=2mg+ —+ 2 i (28) bpc(m) IS (36)
mg  4m, p
with to .. Itis of course the softer shape 8f. that makes
<1, and thusB,. can be determined by requiring that Egs.
52 (33) and (36) match nearr=0, i.e., that

Epc: nl/5,8pc- (37)
In the duality approximation we have adopted, and with the
wave function of theQd system identical ifQqqd andQd, With realistic parameter values’®~0.7, so the softening is
6=0. Moreover, using the wave functiof20) and(21) and  not dramatic: with our canonical value fg,, Zapczo.4
the parameters given earlier GeV.
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B. The unquenched Isgur-Wise function

We are now in a position to calculate the unquenched

quark model contribution to the Isgur-Wise functi8]. By
heavy quark symmetry, the form factors for a genepal

— Q, transition can be calculated as matrix elements for the

simplerQ— Q transition with an arbitrary curre@FQ. We

therefore focus on the matrix elements of the scalar currenﬁz i

GQ betweenQ-containing states:

§°M<w>=i<P (P—m) 6Q‘P (—ﬁ°m)> (38)
2mg | Q| 2 Al 2

1
T 1+4c

7 [Egg (W) +CotoqaW)]  (39)

qaq

wherew=v’-v=1+PZ /2m=1+VZ /2 and where

f%w)—i P Pe QQ|P _ Pen (40)
Qd T 2mg |\ Q4 2 dl - 2

= f A y(r)e MaVem T yo(r) (41)
and
QM 1 _ IScm — _ If;cm
Somd W) = 2m, | Pawd 57 || Q| Poad| = 5
(42
= £2g (W EM(w) (43
with

OM(w)= f dPwyt(w)e 2maVem Wy (). (44)

(In these equations the notatiorQ'M” reminds us that we
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S ot
q qu)qq

Pwi=P (49

wherep?, is the nonrelativistic wave function contribution to
.., it excludes the relativisti¢ and the contribution
Ap;e,t from matching to the low energy effective thedBj.
Using Egs.(41) and(43) we then have the old result

2 2
2 Myr?) My

Poa= "3 % (50
and the new correction fromq pairs
2 :4m§(wz> :2_m§ 51
R R
so that in theSU(3) limit where m,=mgy=ms=m,
2
2 > Czaz_”;q 2 2_ 2
p2 = mg q Bt _ mg n qu2 (6”210!)
2Pod 143 céa 2Boq 11344\ Bit
q (52)
2
_ 22%; ApZ.,. (53

This is one of our main new results. It shows that even if the
2 . . . . .
c’—are large, the contribution of pairs p3 will be small in
the adiabatic limit where they are highly localized in the flux
tube(i.e., asﬂfzt—mo). See Appendix A for a discussion of
this result for a more general flux-tube shape. We will see
next that to the extent that pairs contribute to the exclusive
“elastic” slope p?, they will also contribute to theclusive

are calculating in the quark model so that the perturbativé'onresonant semileptonic rate.
matching of these HQET matrix elements to field theory

must be done at the quark model scalgy~1 GeV)

We see from Eq. (44) th@@%ﬂqg does not depend on the
poorly known gqwave function#,.. This simplification
arises because thégg wave function defines the relative po-

sition of theq andq, while £3M is sensitive only to thejq
system’s wave function relative tQ. Defining for w—1
<1

EM=1-py(w—1) (45)
fga =1 Pggw—1) (46)
AM=1-pg (w—1) (47
and recalling the conventional definition
g=1-p*(w-1) (48)

we therefore havédisplaying now explicitly the effects of
summing oveg=u, d, ands) simply

C. A duality interpretation of Ap2,,via Bjorken’s sum rule

1. Motivation

We have just seen that everﬁgl is full of qapairs, they
may not contribute te?. We will now see that it is incorrect

to associate the relative probabilities @jd and Q,qqd in
Pq, with the resonant and nonresonant parts, respectively, of

Q1—Q, semileptonic decay. As heavy quark symmetry re-
quires, atw=1 theQ;— Q, transition creates onI?Q2 and

Vg, of the ground states’lw' =3~ multiplet independent of

the structure of the “brown muck That is, in this limit the

Q,d andQ,qqd components of the hadronic final state, no
matter what their relative strengths, form perfectly into the
resonant statel's’(;,2 and VQz' Forw—1 small but nonzero,

Bjorken’s sum rulg 16,17 tells us that the loss of rate from
the “elastic” transitionsPQlH PQz and PQlﬂsz relative

to structureless hadrons wii?=1/4 will be exactly com-
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! M ' o . .
pensated by the production sf™ =1 and3 ™ states. In the whereggg(w)” " is the valence quark model generalization

— : - ' L M
valence quark model, this rate must appeaQyd excited of the Isgur-Wise qucuon fon—n’ transitions and:i;"(w)
states. In Ref[17] this valence quark model duality to the is exactly the samqq overlap form factor that appears in the
quark level semileptonic decay was explicitly demonstratedelasticn=0—n"=0 transition. Thus the unquenched result

Here | will show that theQ,qqd content of Pq_leads in for smallw—1 is
general to the production of both resonant and nonresonant

final states, with the latter rates proportional A@ﬁea. In OM/an'n_ QM  \n'n . 2

. > SORETIN . W)= g=2(w)" 1—sirfgps (w—1 5
particular, in the adiabatic limit there will b@ nonresonant £ W) de( A pqq( )1 67
production.

To the extent thatApZ., is nonzero, nonresonant &S for the Isgur-Wise function with, once again, %8in
! 2 2 . . . .
zzcha/(lJrchqE). Since the production of each inelastic

D (ad). fi TNVE, B 3+ i i
(Q20)4(qd), final states witts", 2 and; * will be pro resonant channel occurs with strength proportionaktel
duced to compensate for the additional loss of rate from the —

elastic channels which it causes. It is natural to expect thé® Ma pr??nve |f\tegral power, thayq modlflcanon. of
compensation to occur in these channels. The softening di>"(w)" " for n’>0 has no effect on the saturation of
the elastic form factors which depletes the ratePig, and ~ Bjorken’s sum rule fog(w) to orderw—1 since it produces

Va, will have its analog in inelastic resonance excitationeffeCtS which are at least of ordew{-1)". This is in accord

. o with the expectations outlined above that the additional
form factors, so these rates will also be diminished and can-

not compensate for the additional loss of rate frB@2 and dheplet|o|.n _Of eladsuc.rate ?qq@pf;w? %USt be F:ompensated by
; ; : ; the explicit production of a@q),(qd), continuum.
Vo.. Th lation of inelastic channels is th he onl . . a . .
Q € population of inelastic channels s thus the only To see this we must introduce the states in the continuum

avenue available for satisfying Bjorken’s sum rule. Of Courseorthogonal th8)>' To this end we define a complete set of

this is also intuitively appealing: the loss of rate to the eIaStiCstates|X(n“ﬁ)(I3 ) in the aud sector. Heren and
. - T | . 1 ’
channels occurs because after the recoil frer®.,/2 to ¢ Qaq “« B

Qqqd
+|5cm/2. theqaparts of the ground state wave functions of are excitation quantum numbers associated withrthev,

the initial and final states fail to overlap, and in so doing theyand v coordinates, respectively. These states @oe the
must “by conservation of probability” find themselves in eigenstates of this sector in the absenccH@ﬁ: the eigen-

their excited states, namely aQ§E)a(qE)b continua. We  states are th{sﬁcm;ab(d» defined above. However, we can
will now make these heuristic observations precise. expand

2. Production of nonresonant states at low-wl

Then'" valence state perturbed bg,ijﬂ_[the generalization |Pem;ab(@) =2, ¢lP(q)* IXS%%)( Pem)). (58
of Eq. (24)] may be written nap
- - R It follows that to lowest order ird (or equivalently the pair
— ( ; (n0o
IM(Q”)(Pcm)>_cos¢9|MC;%(Pcm)>+S|n 61X ggqa Pem) creation operator we can form an orthogonal set of
(54 Hpe-perturbed states
where| M), |Mg%>, and|Xgaog)E) are the generalizations of
— MO — M@ B N )
the states [Po)=IMg?). [P =IMoy). and [Paqa) — |ME)(P.m)=~|M i Pem)
E|XQEqE> of Egs. (24), (16), and (25), respectively, and
yvhere under our assum_ption_s that the_ stat.e of the flux tube is +6> f d3qb09(q)|Bom:ab(d))
independent of (the adiabatic approximatiprand thatH 3¢ ab
does not affect the coordinate 6 is independent of. [The (59
rationale for the notationn00) will become apparent be-
low.] From this expression one can immediately obtain the
generalization of our result for the elastic transition that |Xan(Pem@))=|Pcm;ab(q))
1 Bem| | = p — 602 D IMGK(Per)) (60
QMW" = ——( M| 4 M (mf —cm a Qdt" cm
e 2mQ<MQ T QQ‘MQ( 2)> )
(55) _ _ —
where (@, 8)=(0,0) define the universal state of theg pair
i i qq
oM ) ) oM created in a flux _tL_Jbe by the action éf;c. Let us now
= £5q (W)" "[cog o+ sir 07" (W)] (56)  compute the transition amplitude to the continuum:
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ﬁCl’n
<Xab 2 ) >
=~ ﬁCm ﬁCrT'l ey
ot ) 3 ool
5
(000) cm
% x{ )

gy ﬁCI’T‘I
QQ‘M(Q(%(— 5 )H (62

>

Pem -\ —
+—-.4/|QQ MS”(—
P =
<+ 5> ‘QQ
(nap) (nap)
2 o (q><quq,,

2
n (n) 'Scm
-2 ¢ °°><q><MQ{+ 5

<
S
N 1

)] w

4 Pem

As mg—®, Pem=mgV.n is much larger than any intermal  Since we have for our discussion assumed tidt(w)
momentum so the matrix eIemer(t@|QQ|Q) appearing in  has the form of a ground state harmonic oscillator wave
the Qd—Qd anquqd—>Qqqd transitions here are identi- function, itis natural to use a harmonic oscillator basis as the
cal. Moreover, since th@Q current does not affect the in- orthonormal expansion functions for the variale Doing

ternal state of theig bair 3 is required to be zero. Thus E so, it follows that only three basis states give nonzero con-
(62) becomes A pe q ' 9" tributions to Eq/(66) to leading order iV, sincew {9 (w)

is proportional to the threm,,=0, | ,= 1 harmonic oscillator
<Xab

p )> wave functions:
=602, 58%”<w)”°[§ M w) g (q) ¢<"°°’<q)}

>

Pem =)= (0) cm
+T:q)QQMQ 2

5/2
w[nw_m —1|]( W)= \/— Bit We (1/2),3ftw (67)

in a Cartesian basis, giving
(63)

- . i\/fm Vi
where £é2M(w)*C is the generalization ofR™(w) encoun- ERM(w)[Mw=0lw=1i10— _ %1 (68)
tered above, namely ft
) L ) and thence
£V (w) 0= f dPwyf) (w)* e~ 2maVen iy O(w) (64) . .
Pem =)= (0) Pem
(a) ; . . — Xab +Taq QQ MQ - 2
whereyi{” is the ath basis state for the expansion of e
center of mass coordinate. Expanding the exponential in QM. 10 ,OM. =1 (=0l = 1110
powers ofV, as is appropriate for smal— 1, we obtain 29; Eqag (W)™ & (w)thw= 2w =
Eq. (47) of Sec. Il fora=0 and '
d)(n[nW—O,IW:l,i]O)(q*). 69)
(w00~ 2im Ve [ W @ g
fft ( ) gqgvem ‘pft ( ) ¢ft( ) Next we note that
(65) o
§ g(W)”gﬁo’ON(W— 1) (70)

Since £2M(w)%0=1— p— (w—1) with w—1=VZ /2, to
leading order iV, thea 0 term in Eq.(63) cancels with  wherek is a positive integer by Luke’s theoref@7] so that

#1%9(q) to leave to orderVgn
lscm == 0 IScm |Scm == (0) |:-;cm
<Xab +T,Q)QQ Mg)(—T Xan| + 57,0 ]|QQIMg"| — 5~
=0 2 fqq (W) (W) 0 HFAa).  (66) =0 (W) X £RY(w) (MmOl 0 g BTN )
n,a
An immediate consequence of this relation is that in the adia- (71)
batic limit (B;—), éa™(w)*°~B;*—0 for a#0 so we 9BV
have explicitly demonstrated that there is no nonresonant _ _' MgVem ban(Q) (72)
production in this limit. Bt
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where | have introduced the notatiahy,(q) for the three- Results of the calculations of{}(w) and 7{}(w) for a

0[n,=0/,=1,10), > i . .
vectorq&éb[ w=0ly=1] )(q). ?n_l;gwltéelr of low-lying nonresonant channels are given in

This key result has a simple interpretation. Nonresonan
productlon at ordew— 1 requires that the curre@Q acting
on Qqqd create neither the ground state nor tRevave

resonances. However, it cannot excite tfginternal coor- We now turn to the quantitative evaluation &fpg,,

dinatev and, if it excitesr then to ordew—1 it has just (which is a reflection of total nonresonant producti@md
then to the distribution of these decays into exclusive non-
resonant channels.

IIl. UNQUENCHING HEAVY QUARK DECAY: RESULTS

produced theQachomponent of either the ground state or
the P-wave resonanceddence nonresonant production to
order w—1 occurs purely by excitation of the gmpordinate

w to I,= 1. The factorsh,,(q) are simply the projections of
thesel =1 states onto the continuum eigenstates consisting As shown in Appendix B, the light quark amplitudes
of mesonsa andb with relative momentumq Muu= Mdq can be determined from strong decays to be

We are now in a position to verify that thiep2,, contri- 7e=0.9 GeV (79)
bution to the slope of the Isgur-Wise function is indeed com- a4

pensated by the production of these continu@rﬁXa(qE)b with an uncertainty of a factor of two mainly arising from a
states. The probability for their production watis, up to  strong dependence on the poorly known quanfy. It

A. The total nonresonant rate

(w—1)2 corrections, follows from Eq.(35) that
dP(Pq— continuum Cqq=0.5. (79
= = 2
:z f d3q <Xab + ﬂa) ‘GQ‘ Mg))( _ Pcm>> AssumingSU(3) symmetry for the contributions tApiea,
ab 2 2 one then obtains from E@53)
(73
Apto = (80)
which sinceS .,/ d%qh,(q) dhy(q) = &, gives Peea™ g
_ 292mgvgm corresponding to an increase pf from the value 0.74
dP(Pq—continuum=——>"— (74 +0.05 quoted in ISGW2 to a value near unity. Either value
Bit would be in reasonable agreement with measurenjédiis
5 Via the Bjorken sum rule, such @, would be consistent
~4m 92(w 1) (75) with the possibility discussed in the Introduction that 16
B +8% of the inclusive semileptoniB rate is in nonresonant
channels.
for the flavorg. On the other hand, according to E§3), the This reasonable quantitative correspondence between our
contribution of flavorg to the loss of elastic rate is calculated Apg,, and a possible experimental anomaly

should not be taken too seriously. The missing nbn-(

+D*) rate attributed to nonresonant production might be

due to an ISGW?2 underestimate of excited resonance pro-

duction[18], or to an experimental overestimate of ndh-(

The two rates match, explicitly demonstrating the connectiont D*) production. Moreover, while it is a “canonical esti-

of Ap2,,to the nonresonant continuum. _IrPagle ”Apseals subject to very substantial uncertainties: see
able

ams
ft

3. Production of exclusive nonresonant states at low-vi
It remains to assess the fractional population of individual ~B- The rate to low-lying exclusive nonresonant channels

continuum channels inside of the total given by E&p). To Using the amplitudes of Table | and the formulas of Ap-
do this we must calculatéab(d), which from its definition pendix C, one can easily calculate thactionsof Apﬁeadue
is to the individual low-mass nonresonant channels shown in
Table lll. Note that the nonresonant rate is highly frag-
dNP) () 83(PLy— Pem) = <Pcm,ab(q)|><§§,§fj(Pcm)>, mented: none of the many channels tabulated account for

(77) more than 4% of the inclusive nonresonant r@ed thus no
more than about 1% of the total semileptonic yatEhese

for the case ifaB)=(0[n,=0,,=1,]10). These calcula- results are consistent with previous studies of single low en-

tions are straightforward, but would be quite tedious withoutergy pion emission using heavy quark chiral perturbation

the introduction of several tricks described in Appendix C.theory[11]. Note also that the thirty final states considered

074030-10
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TABLE |. Tgf,";
_,’_CﬂOqZ/BZ)IO -q /S,BV
= JAm(cYiq)| e "%, and 701— = (cika®/ Bl e
35, or D35 and apositively charged Iight hadrogm™, p*

sion ofa O +D*),

/B2)1 %% 0168, L= \[Fm(clog) 1%

1-

PHYSICAL REVIEW D60 074030

and 73,) for nonresonant semlleptonlc decays to low- Iylng exclusive channels in unltsysaa‘\/_(3c

10_ \/_(Cukqg/ﬂv,** )Il - /Bﬁ** ) ﬁ(n)l
qZ/s‘Z{g, as defined in Appendix C. Shown explicitly are the amplitudes for emis-
,a; ,a;,bj, orag) from B® by uu pair creation[Here

(D+D*), D%%5, andD75 are the lowest-lyings ™= 57, 2 , and 2* heavy quark spin multiplets, respectivélifllhe subscripts on a
channel in the first column are the total spuhes of the charmed mesoaplus the spin of the light mesdr), and theab relative orbital
angular momentum, respectively; the second and third columns define thes,t’btaﬂs elther1+ or %*. Note that since partial wave
amplitudes with respect to the direction of the vecctcare given, full rates to a channel are obtained by integrating @teq and notd®q,
i.e., a factorn/4 is included in each amplitude. Shown in parentheses under each allowed amplitude is the fractim_ruoiatbegoing into
this channel in percent, based on E312) and(C13.

Channel

\/§T(1%1anne)/ VApged3

[fraction of uu rate (%)]

ﬁTg;Zhanne)/ VApSed3

[fraction of uu rate (%)]

[(D+D*)m J12s
[(D+D*)7 " J2p

[(D+D*)p" J(arzys

[(D+D*)p" J(ap

[(D+D*)p " Jzys

[(D+D*)p" 120

[D§,’§ 7T+](3/2)P

[D35 7 J(ar)r

[DI5 7 TP

[D35p 150

[D§7§ P+](5/2)F

[D§7§ P+](3/2)P

[D35p 132

-arg
0.9

4 4
+ \[5[2,8,-l°+ 3B+ \[5710

0.9

2 2
+ \[5[3%0— 361°- 21~ \[5710

1.9

16
]2 10
Ve

0.2
20 4
+ \E[Zﬂ}% B+ \[5710
(1.0

—ap

1.5

4
~V3es

1
+ §C¥D

0.5

10 \F
_ N plo_ [ Z 10
\/;ﬂ, 157

0.7

2 2
- \[5[2[3,-10+ 361- \[5710

0.9

TG0 B

(2.6

32
L2 10

0.9

\Jpe - 2y

0.1

18
—°2 10

0.7)

074030-11



NATHAN ISGUR

TABLE I. (Continued.
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channel J3richannel; A pZ I3 V3righanne) /A p2, /3
[fraction of uu rate (%)] [fraction of uu rate (%)]
[D35 P+](1/2)P 16 4
NP - g
(0.3 (0.2
[DI%p 1P 16 .0 40
+ 3[,31 -8 + 3[:31' - B
(0.3 1.3
[DI%p @ - 0
(0.0
[DI/E p+](1/2)P 2 10 10 1 10 2 10 10 1 10
+\/gl8B1+ BI+ 9B+ 2y +Vol2B{ - 481" 951+ 2y
(0.8 (5.6
[(D+D*)ag] 2 2 2 2
P + \[5[33?1— B+ 3824 + \[gym + \[5[2[%?1+ 3B+ \/;701
(2.9 (1.0
[((D+D*)a;]
s i Gapr g0 Ay 2260 L
(1.2) 0.3
[(D+D*)ay J(ap)r - \F oL
+ g’y
(0.0
[(D+D*)a;]
e + \/;E[ B B 3B + \/;E*yOl + \/2[23,% 2B7+3B + \/g‘ym
2.1) 2.1)
[(D+D*)by Iz 10 2
\/\[ZB +33|01]+ \/\ 0l _ \/;IBJOJ._ \/1:5,}/01
(0.6) (0.7
[(D+D*)by |32 - \ﬁ o1
+\zeY
5
(0.7)
[(D+D*)b;]
1 1(12)P \/7['301 33 3,381]_ \Eyol \[[2,301'*'3:3 \/7 01
0.3 3.3
[(D+D*)a;] )
2 1(5/2)P +\/1—2[ﬁ?1+ /3?1]"‘ \/;Igym
(2.9
[(D+D*)a; |52y 16 32
0.1 0.
[(D+D*)a; Jarp \/E o \F \F ol - o1 \/T
V3B N1 o +\ 30387 2871+ 7—5701
(0.0 (0.6
[(D+D*)a; ]z - \/? oL
-\
(0.0
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TABLE II. Assessing the uncertainties @y, and Ap?,.

B (GeV) Bpe (Gev) @ Maq (GeVv) Cuu Apgea
canonical 0.60 0.58 ~1 ~1/2 ~1/4
harder pair creatiof 0.60 0.87 ~3 ~1 ~1/2
softer pair creatiofi 0.60 0.43 ~1/2 ~1/3 ~1/6
larger flux tube diametet 0.42 0.58 ~1/2 ~1/2 ~1/2

“Recall B,.=0.78,. so that the canonical value @, is ~0.4 GeV.
b ,=0.3 fm—r,=0.2 fm.

74=0.3 fm—r,=0.4 fm.

df=2f=1.

here account for only about 40% of the nonresonant rate, stions to the rate for the production of such channels which

that most of this rate resides in statdscomposed of highly enhancetheir production once they are above threshold.

excited resonances. These counterbalancing effects soften the breaking of dual-
There are several reasons why the results given in Tablgy: they are the precursors of the perfect cancellation of

[l must be interpreted with caution. The most prominent isAQCD/mQ effects that must occur ag,—my— .

simply that they depend roughly of,¢. Recalling that How then should one make use of Table Il for rdal

”ch:nl/Sch, our canonical value fo”[;pc is 0.4 GeV, but —c transitions? The amplitudevs‘lr}‘z) and 7(35’2) shown are the
over the range of3,,. allowed by Table Il it varies from its leading order predictions for their respective channels. For
canonical value by+0.1 GeV. Although the facton® the reasons just outlined, we can expect that they will be
makes this range narrower than that @f itself, it still  enhanced byA4cp/mq corrections which are expected to be
leaves us with an uncertainty of more than a factor of two orof the order of 25-50% [30]. However, despite this effect, |
the basic unit for production of exclusive nonresonant chanpelieve that the dramatically reduced size of their Dalitz

nels. plots (relative to that for the underlying quark procelss

The second word of caution concerns large COrrections 10, .y il reduce the actual population of all nonresonant

the mq—e- limit studied here which arise for re@l decay.  states well below that expected frotp?2,,. Indeed, each
The problem is phase space: in the' heavy quark I|m'|t, all:hannel shown in Table Il has a continuous spectrum of
final states occur at the& of the underlying quark production asses from its threshold up to masses exceetingCon-

process, i.e., the full mass range of the final state spectrum Aer for example, th® + p channel. Its mass is given by
states is negligible compared to the heavy quark energies ~,’ . P '

2y — 2 2 2 2 ila i H

even at loww—1. In actual§—>XCI7| decays, each final Mo, (4 )_ \/ijL_q +\/mp'+q ’er"% |tzs/,4g?om|nanD \ivave
stateX, will have a Dalitz plot that is a shrinking fraction of Production rate is proportional tq"e™* 7", where 28~1
the b—cl. Dalitz plot asmy —ma. Thus in the heav GeV. The prod_uctlon is therefore very weak at low masses

. P Xe B ) Y where the available phase space is generous, and peaks at
quark limit the loss of rate from .the elast|_c channéls mp,~Mg where it vanishes. Given these basic kinematic
+D* would belocally compensateth the variablew. For  facts it is clear that even this simple exclusive channel will
finite my andmc, however, a loss of elastic rate will still pe produced at a rate far less than in the heavy quark limit,
occurvia ApZ,,, but the compensating channels will ex.peri- and that most ofA p2,, will be uncompensated. The third
ence a delayed turn-on because of their thresholds; indeeglgjumn of Table Il gives the phase space factors by which
SOME processes which would have helped to compensafg i i ,a| channels will be reduced in re@i—X.l 7, decays
ApSea W'I! be kinematically forbidden. These phase_ SPaCeq|ative to the heavy quark limit; the fourth column gives a
suppressions lead qcp/Mq-type corrections to the inclu- ey 1ough estimate for theet suppression of each channel
sive rate, and thergfore also corr(_act_|ons to the accuracy ofg 5 product of this phase space factor and a generous guess
quark-hadron duality. However, it is known on generalthat, afterA ocp/mg corrections, each channel has a com-
grounds from heavy quark symmetry and the operator prodsengatory increase of 50%. Considering that in general the
uct expansmn(OPE) tha.t, as the energy releasa, —m. ntabulated channels of yet more highly excited statbs
—, the leading corrections to the inclusive rate must be o ill suffer even greater phase space suppressions, an overall

2 2 . .
order Agcp/Mg [28,29. The resolution of this apparent giminution of the nonresonant rate by at least a factor of four
paradox has been discussed in R80]: the OPE has a ra- ggems likely.

dius of convergence which does not include the region in
which (significan) hadronic thresholds are turning on, so for
real b—c transitions there can bécp/mMmg corrections,
and they can be substantial. However, associated with these Although the successes of the valence quark model and
Agcp/Mg threshold effects, which would diminish the inte- the arguments of the lardé. limit provide indications that
grated contribution of individual hadronic channels belowsea quarks play a relatively minor role in hadronic physics,
the level required for perfect duality, arfegcp/mqg correc-  this hope is far from being justified by our current under-

IV. CONCLUSIONS
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TABLE lll. The fractions of the total nonresonant semileptonic decay rate predicted in low-lying exclu-
sive channels. These fractions are obtained from Table | by taking| ¢+ 2| 75 %)/A p2,, (which may be
obtamed by summing the approprlate channels from Table | and dividing byn8s flavor factors oE for
=1, 2 for =0, and unity fork emission. Dominant subchannels can be read off from the single flavor
rates quoted in Table I. For the separate emission ahd ', or consideration of OZI-violating mixing in
other nonets, mixing angles between threand ¢-like components may easily be introduced; note that with
the neglect of OZI mixing, emission of thé-like meson is forbidden.

Percent of inclusive  Approximate phase space Estimated net
Channel nonresonant rate in suppression factor in suppression after
the heavy quark limit b—c decays Agcp/mg corrections
(D+D*)w 0.9 1/3 0.5
(D+D*)p+(D+D*) 7y’ 0.3 1/4 0.4
(D+D*)K 0.6 1/3 0.5
(D+D*)p 2.8 1/4 0.4
(D+D*)w 0.9 1/4 0.4
(D+D*)K* 1.8 1/4 0.4
DXk 0.7 1/4 0.4
D3% 7+ D35 7' 0.2 1/5 0.3
D¥%,K 0.5 1/4 0.4
DY 0.7 1/4 0.4
D35 7+ D15 7' 0.2 1/5 0.3
D¥* K 0.5 1/4 0.4
D% p 2.2 1/10 0.15
Disw 0.7 1/10 0.15
D% K* 15 1/10 0.15
D% p 4.0 1/5 0.3
D w 1.3 1/5 0.3
DX K* 2.7 1/5 0.3
(D+D%)a, 1.7 1/5 0.3
(D+D*)f, 0.6 1/5 0.3
(D+D*)K} 1.1 1/5 0.3
(D+D%*)a, 2.8 1/6 0.25
(D+D*)f, 0.9 1/6 0.25
(D+D*)Ky, 1.9 1/6 0.25
(D+D*)b, 2.4 1/5 0.3
(D+D*)h, 0.8 1/5 0.3
(D+D*)Ky 1.6 1/5 0.3
(D+D%)a, 1.6 1/6 0.25
(D+D*)f, 0.5 1/6 0.25
(D+D*)K3 1.1 1/6 0.25

standing. Some failures of the quark modelg., the proton  approximation, both the confining flux tube and the meuy
spin crisis and the known existence of strong real and vir-pairs it generates remain in their adiabatically evolving
tual decay channel couplings indeed make blithely ignoringground state as the valence quarks move. In this work | have
the role ofqq pairs both phenomenologically and theoreti- Shown that the same approximation leads to valence quark
cally untenable. In this work | have examined the influenceand therefore resonance dominance of the simplest current

of qqg pa”‘S on the S|mp|est “real” hadrons: heavy quark matrix elementSerQl matrix elements of heaVy quark
mesons like the. mesons. The physical picture behind our results is simple

This study has led to a number of qualitative insights"r:len goﬁaﬂ(;%“?i QAzccdoerg;r;g é? tr;]eegly gruoirﬁ ds;;r;r;rtndgt(;y,vzjit”small
which | believe are quite general in nature. In earlier work on
“unquenching the quark model,” the success of the valencdgad With unit probability toPo, and Vg, no matter how
quark model in spectroscopy was shown to have a possibleomplicated the QCD “brown muck™ might b&his simple
basis in the validity of an adiabatic approximation. In this observation makes it clear that f@,I"Q; matrix elements
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the issue is not the probability ofg pairs inPq_but rather ~ are highly suppressed in relat-c decays, that such decays

. , . . extend to very high masses, and that they are highly frag-
how rapidly asw—1 increases these pairs fail to overlap mented into r¥1an3 small channels. Indepe);dent ogfJ tr¥e ougt-

with those inPq,, Vq,, and theQ,d excited states. | have ¢ome, examining this problem in Nature’s simplest hadronic
shown explicitly that in the adiabatic limit these overlaps aresystem under the action of its simplest currémtheavy-to-
perfect so that only valence statébe resonancesre pro- heavy nonsinglet transitiorshould prove to be an excellent
duced. Moreover, | showed that violations of the adiabaticstarting point for eventually understanding mﬁsea in all
approximation can be directly associated with the productiorstrongly interacting matter. In particular, given the complex-
of nonresonant states. Thus this study leads to a way of urity of QCD, this seems an essential first step before tackling
derstanding how the valence quark model can be so succeske problems of duality and nonresonant production in ordi-

ful even thougthadrons are full ofyq pairs. nary deep inelastic scattering.
While they are quantitatively very crude, these calcula-
tions also have interesting consequences for Besémilep- APPENDIX A: FLUX TUBES AND A CRITIQUE

1 OF NONRELATIVISTIC KINEMATICS

tonic decays. First of all, they suggest thrﬁg/nzpz—z is
composed of two comparable partgi’c,,..=5 and

P onresonant 3. though we have stressed that this split of
payn IS very model-dependent. In the heavy quark limit, N -
ng)rken’s sum rule would then lead one to expging the Y depends onv andr, Eqgs.(42)—(44) become

central experimental value of theD{-D*) fraction| that - -
roughly 24% (with a 50% erroy of semileptonic decays go gQM—(w)=i< p {Pin) 6Q‘ p { _ Pin)>
into resonancegoth ordinaryQEmesons andgahybrids), Qand 2m Qa2 Qaad 2

and roughly 12%(with an error of a factor of twpgo into (Al
nonresonant states. Since the former states will have most of

their strength in the 2:43.0 GeV region, they will suffer, ZJ d3wd3r¢//*—(F) z//*(vT/ r

relative to the heavy quark limit, phase space suppression Qd e

factors varying from only 0.75 to 0.50 over this range which M Ve Weam MgV T - -
may be fully compensated by thgcp/mg enhancements xXe “Tatem e M Pqd(r) Pr(w,r)
required by asymptotic dualiy29,30. In contrast, we have (A2)
seen that nonresonant states are expected to populate Vel definin
high masses peaking in strength neg and so to suffer a ' 9
substantialnet suppression factor of at leagt From this

study | therefore expect that5% of B semileptonic decays
will be nonresonant.
As a corollary of this last observation, | note that if a 12%
nonresonant semileptonic fraction is required for duality but 1
;)hr]ly a quarter of this is reallzed', Fhen dgallty will fail from PéEqE: §f d3Wd3r(2qu+mdr)2|¢Qg(r)¢/ft(w,r)|2
is effect alone by-10%, as anticipated in R€f30]. There
is, however, a minor inconsistency associated with this con- (A4)

clusion. Experiment requires that 3&% ofgsemileptonic 1
decays be nonk{ +D*) decays, in contrast to the25% we - —((quvT/+ mar)2) (A5)
would have estimated from the preceeding. As mentioned 3
earlier, this could simply mean that the ISGW2 model un- R .
derpredicts the production of excited charm megdrg} or ~ Which reduces to the simplified results of the text in the
that experiment has overestimated n@(D*) production. ~ @Ppropriate limits. . o
Determining whether this discrepancy is real will require a NOw consider a generic example of a more realigtic
more quantitative calculation than this ofend probably that has a flux tube’s shape:
additional experimental measurements as )well

Detailed experimental studies of the structure of the had- - - Bt 2.2 . oA

L . . . = o= (U2)Brw .
ronic final state in semileptonio—c decays can therefore Pre(W,r) T ht(w-r) (AB)

answer some fundamental questions about the rolecpf

pairs and about_ duality in strong QCD. A vital fea_ture of wherer =F/r, W, =W— (W-F)F, andt(W-F), which depends
these systems is that duality is underwritten by Bjorken’s . T .
sum rule, requiring an exact and local duality between quark9nly on th? longitudinal variable/ -1, is a_normallzed tube-
and hadronic-level decays in the heavy quark limit. In par-IK€ function. [For example, one might have=(1/

ticular, the experimental determination of the strength and/r) #(w-1)8(r—w-r) to create a cylindrical wave function

structure of these nonresonant contributions would immedithat is Gaussian transversert@nd constant betwee@ and
ately test the conclusions reached here that tigepeffects  d.] With such a wave function

It is not difficult to make the simplificationy(w,r)
= zpft(vT/) of Eqg. (21) more flux-tube-like. In the case where

£gaad W) =1 P W—1) (A3)

we have
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) 1 . . 5 modfal. approximation used heré&levertheless, even the non-
PQaaa— 3 LAMg(W) +{((2mgw-r+mgr)%)]. (A7) relativistic quark model has undoubtedly already taken some
of this effect into account implicitly by its choice of such
The first term is as expected intuitively: it is the unchangedtee parameters asy. (For example, in many applications
W, part of the result of the text. One might also naively the constituent quark mass is effectivehy=mg+ 3 b(r)).
interpret the second term as the olderm plus a new lon- In contrast, the_re is no mechanism in the quark potential
gitudinal contribution due to the assumed spatial distributiof0del t0 take into account transverse displacement® of
of W-T in a tube-like configuration alon@ relative tor [31]. These transverse displacements are the true
| believe that the physics is more subtle than this. Condegrees of freedom of thguenched and unquencheftiix
sider the origin op2 in the nonrelativistic kinematics of our {UPes and the reaction @ to them makes a non-potential-

— - - . model-type transverse contribution pé.
model. In theQd sector{see Eq(1)], ro=—mar/mq in the By renormalizing the string tension froim— by, <bo,
center of mass frame asg—, while in Qqqd [see Eq. — .. L _—
D T — (24 M) Si lativisticall qq pairs increase the longitudinal contributioné (at least
(Z)J'ler_’ 2( MW+ mgr)/ Mg . mcez nonrefativistically i “the nonrelativistic approximatiogbr<my). However,
p°=3 m(rg), we see that Eq50) for p;yand Eq.(A5) for s increase ismot compensated by nonresonant production,
Poqqa &€ simply consequences of these nonrelativistic relasince it is this same string tensidnhf<bo which controls
tions. . o ~ the structure and thereby the production of excited reso-
To see the dangers of this approximation when the stringiances. That is, the longitudinal effect of the pairs is real, but
tension and its renormalization are large comparedh{o it simply renormalizes resonance physics. The dynamics be-
consider the_calculation of the mass of a system of heavjind this balancing act, characteristic of the adiabatic ap-
quarksQ andd at separatiom connected by a renormalized Proximation, can be seen by calculating the contribution of
flux tube, i.e., of the stat€24) of the text which has string the flux tube to the Isgur-Wise functid®1]: since the flux
tensionby, since it has the appropriate admixture @f tube has only transverse internal degrees of freedom, it has
. L . L no impact on longitudinal overlap integrals over the total
pairs. If its mass were determined nonrelativistically one = ,
would obtain separatiorr. Based on the preceding arguments, the trans-

verse contributions thé) would also be those of a relativ-
27

2mqce istic string with string tensiof, or by, in the quenched and
M —mg=my+ 14 (A8) unquenched flux tubes, respectively. In contrast to the longi-
aq tudinal contribution tc(ré}, the transverse contributions cor-

i.e., the effective mass opposi@ (against which it must respond to the reaction @ to real internal degrees ofﬁee—
recoil to conserve the position of the center of magsuld ~ dom, and these degrees of freeddnoth gluonic andqa)
be the probability-weighted masses of the pdretate and can be excited by the action of tfel'Q current. When

the qqd admixture. On adding interactiorboth the diago- ﬁcgng on the purﬁgahpieche of the itaéel, the Currelnt excites

. o g ybrid mesons which in the quenched limit exactly compen-
nil_ Eote_nual baor an—trg off d'i?o_natlh perturbattlohipc sate for the loss of rate from the elastic channel due to trans-
which mixesQd andQqqd), we obtain the correct answer verse contributions tdré) [31]. In the Qqgd sector, the
\j adiabatic_ Mg= Mg+ ber. (A9) current Could_m principle excite either of the strings internal

to mesons QQ), or (qa)b, or it could excite the center of

Thus the mass 18, does not in this circumstance have anmass of theqq pair. In the quark potential model approxi-
independent reality as indicated by the nonrelativistic kinesmation to this latter process, which is of course the one of
matics just described: it is subsumed into the properly renorinterest for this paper, one would recover the result shown in
malized string tension. Indeed, it is an implicit assumption ofgq, (A7) less the longitudinal part of:

the model for theqa pairs described in the text that the

unquenched flux tube also behaves like a relativistic string: it 2 4m§ 5 mj 5

should support(only) transverse waves moving with the PQqqd ™~ T<WL>+?<r ) (A10)
speed of light. Thus while thqa pairs change the longitu-

dinal distribution ofFQ, this effect is already described in _ 4m§ N m; (ALD)
the flux tube model by the masg bresiding in the flux tube 3B @Qra'

whenr increases, not only doed move, but so does the ] . ) )
center of mass of the flux tube. It would therefore be doubleThe first term of this formula differs from the expression of
counting to include the effect af3) of the 2mqw-r term of the text by the factorg f:orrgspond|.ng to two of the thrge
Eq.(A7). | should hasten to add that the nonrelativistic quarkdegrees of freedom ofv being active. Note that for this
model used in this paper does r®tplicitly take this effect ~Picture to be consistent, the total transverse contribution to
. A 2 . . . . . . .
into account. To do so would require a full treatment of the(rg) must be that of a relativistic string with string tension
flux tube degrees of freedofwersusthe adiabatic, potential- be; the decomposition int@d and Qgqd components is
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only useful in identifying the compensating channels re-coupling constants, wherég is the vector partner of the
quired by Bjorken’s sum rule. However, in the renormalizedpseudoscalar staf,. In this Appendix | use these facts to
string picture(rg) of course depends just ik, while Eq.  determine the strength parameigy; of Eq. (17) by compar-
(A11) shows a contribution proportional tavg, . It would be  ing to the decay§>5—>Pqu.
interesting to examine how the dynamics of pair creation in | begin with a practical matter. Amg—c, the decays
the flux tube leads to such a term. | speculate that the mech@*HpQW are forbidden sinc@’é andPq become degener-
nism is the ‘fconsumption” of a piege of flux tube of length 4¢e heavy quark spin partners. HowevBI(K* —K) is
Ar~2mq/b in a nonlocal pair creation process. known, andI'(D* —D) can be deduced if one assumes
In summary, in this Appendix | have described severaly,; e syccessful phenomenology of magnetic dipole de-
subtleties in the description afq pair creation in the flux cays can be extended I(D* —D+y). (The total width of
tube model, and pointed out some interesting issues whicthe p* s 50 small that only decay branching fractions and
arise in the physics of the renormalized flux tube. While I, decay widths are known. If one takes #i&— K and

believe these matters are important conceptually and AR+ Ky decays and scales them appropriatelymig as-

worthy of further study, | am convinced that other uncertaln_-Suming that heavy quark scaling works all the way down to

ties described in the text are of far greater impact numeri- % % : .
cally on our results. Given this and the great convenience of’s: the observed*—D andD*—Dy branching ratios

the spherical approximation, | therefore chose this simpler iffe explained nearly perfectly. Th's Is another example of the
less basic framework for the discussion of the text often-noted fact that in many circumstances a strange quark

behaves like a heavy quaykSince the branching ratio for
D*%— D% is well-determined experimentally, | will use
the valuel'(D*°—D°#%) =30 keV deduced in this manner
Equation (17) defines the action of the pair creation as input “data.”

Hamiltonian on|Pqg). This perturbation not only produces  The calculations themselves are simple. If
pairs to make the eigenstg@y) of Eq. (24), but also leads  g,D%"5, 7°D%* is the effective Lagrangian density for the
to strong decays. In pal’tICLi|aI’, the BI’OjeC'[IOI’I of the stag decay leading td"(D* °—>D°7-r°)=gzq3/4877m2D*, then in
onto the continuum statd®,;ab(q)) determines thé>q
—(QQ)a(qd), coupling constants. By heavy quark symme-
try [9], the same dynamics determine Rg— (Qq).(qd),

APPENDIX B: DETERMINING = 544

the center of mass, with the pion emitted with momenﬁum
from aD* with polarization+ 1 alongz,

- = 10273 1312312
B \/lgo(h . _\/Emmm7T ,BDéBW Bt f d3rj d3vf dBwe (V2)BEW+(112V)2 = (L2)B21 —w+ (112))?~ (L12)B w2~ (12)85r
2(2m)%2 TN 3 8
1 e EPT
x(zﬂ.) e—l(q/2)~(r+W—(1/2)v)¢pc(v)+ (Bl)

in which the 14/2 for the puren® decay vian,; has been explicitly includedny is the “mock meson” mass given by the
> 2
sum of the constituent quark masses, apd(v) ;. = (85 7y, e"W2Bv® The integrals are straightforward and give

I 1
L6723 8776555 3 - 200~ Doo|
21002
o=~ 7qq R e” "800 (B2)
* \/§’8VDD’8YDDEWDD
[
where Broo=Bo+ B2 (B5)
1 1 1(B3+2B%\% 1 2
= =—+t—>|—7 2| tz|5-a-b|] (B3 B2B3
) 2 2 2 32 2\ o > 2 2 +PDp
BDD By BW BD Bﬂ' Bv BWDD_BD—’—BH—'——B%—}-ﬁi (BG)
1
Bl = Bact @ (Bh+ Bi+ BR)+| b2+ Z)(ﬁ%wi) Bl
app= — 2 ANPY) 2 2 a
2( + 7T)( +B,T )— -
8Bt + (b—2ab—a) 5 B4 [(Bo+ B2 (Bot Bt Bi) — Bl @
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_— B(2B%+ ) 2 3 )2
bP 2[(B%+,3727)(13%+B727+Bf2t)_:31] . Qd m=1/2"Qd resonances
(BY)
+2 > |75 (C2)

p=3/2"Qd resonances
From the “measured”D%* —D%#° width, we can de-
duce thatgy=11. With our canonical parameters it follows
that, with 8, expressed in GeV,
2
Apsea: E |T§|.75)|2

m=1/2"continuum

(B9) +2 X | 7032 (C3

p=3/2"continuum

- 3+2f |
7qq=0-3 £112

where since8p=B,= B /f¥2 | have been able to explicitly Wwhere ther’s are the appropriate Isgur-Wise functions. Once
display the dependence dras well asg,.. We see that for the 7's are specified, all transition form factors to the states
a variation of =1 around the canonical valub=2, ’733 of a heavy quark spin multiplet may be determined from
varies by less than 10%. Thus we conclude fisitice 8,, ~ Symmetry considerations. For this reason, it is useful to cal-
>0.06 Ge\?) culate ther’s in the simplest possible setting, namely for the
case wherd andc arespinlessThis is possible since thes
depend only on the dynamics of the light degrees of freedom,

7T|_1—

B+ o.oer’2
ﬁpc

i.e., on the transitiors, —)S’Iﬂ-l =1t orit

5/2
— _ Boe GeV B10 Another key 3|mpI|f|cat|0n arises from the dynamics of
Mqq= VY- € ( ) . . .
0.58 Ge the pair creation process. As demonstrated in the text, when
b(v)—c(v') in a Qqqd state, excitation of the variable
. ] cannot lead to a contribution of ordew{1). Furthermore
i.e., 7qq=0.9 GeV for the canonical valug,.=0.58 GeV.

We also see from this formula the expected result that as th fhe variablev cannot be excited since this 'quq internal
pair creation operator becomes more pointlikgy— . coordinate. Thus to contribute at ordew<{1), b(v)
Hc(v ) mustkick thew coordinate into ah, =1 statesuch
a state is the parent of all nonresonant production to order
APPENDIX C: CALCULATING {5’ AND +%) (w—1). ThusA pZ,, arises entirely from the “decay” of the

FOR SELECTED LOW-LYING EXCLUSIVE lowest |, =1 excited state otqqd arising from theb—c
NONRESONANT CHANNELS transition frombqqd. With theqq pairinJ®=0", the decay
As discussed in Ref[17], the semileptonic decayB  Can thus occur from the six states |, w. |, Wol, Wol,

HD(n) I7| are governed in the heavy quark limit by gener- w_T, andw_]|, depending on which component af is
excited by the recoil. Herev, ,wq,w_ represent the compo-

allzed Isgur-Wise functions which determine all of the form nents of thd,,=1 state, and’,| represent the spin state of
factors for the decay of thB with s/'=3" to both of the the d _spectator quark. Since the total decay rateoqfd?
states of a heavy quark spin multlplet with quantum numberandbqqdl must be the same, we can simplify if we average

'"l . As described in the text and elsewhétd], rates over the initiatl spin and over directions d®., (or
equivalently, over directions cw). Then since the average
over the six states just listed wiII be the same as the average
over the twoj =3 and fourj=3" states formed from them,

, 1 5 ) ) we can deal wrth ‘parent” states that are states with good

P =7t APpert Pogt APsea (C)  angular momenta and which therefore uniquely feed the

!
P __ 1+
-2

S

and3 ™" states, respectively.

Let me provide an example: the production of tHe (
where the; is Bjorken'’s relativistic correctiofi16], Apf,ert + D*)# nonresonant states. Since we know that alAp€.,
is a perturbative QCD radiative correction, apéf and  arises from the “parent” state, the fraction afp2,, coming
Ap?,, are the contributions to the slope &fw) from the  from a given channel can just be obtained asjtheaverage
valence and sea quarks, respectively. As we have seen, thesfethe square of an overlap between a giyem in Qqqd
latter two contributions may be related to the rates of decaynd the two partlcle continuum state of interest. Thus from
into inelastic channels by the jm;= 33 state  we can extract ((D

074030-18



NONRESONANT SEMILEPTONIC HEAVY QUARK DECAY

+D*) 1) 1om(q)|cogd; 3 §), which ought to leave the
+D*)m system in arSwave. Explicitly, asmg— e,

_ElJrl
cqq "5 5

3/2
fds de fdsr—e (1/2),8D(w+(1/2)v)2ﬁ

<(D+D*)1/21/27T(a)

32

1

” - - .
X @~ (LB —w+(1/2)v)? PO

w

ﬂ5/2
|(q/2) 12 Fw— (1/2)v)
xe" 3/4

e~ (1/2),3 VZﬂ?tlz -(112)8, ZﬁBlze (1/2)5@22(\;,,\7)
8 ’7T
(CH
where
1 1
EE<T\[§(H—H)’\[§(TTV—[Tl+lT]Vz
2
_llV+)\[§(_W+l_WzT)> (CH

is the spin overlap matrix element of the three qua?kﬁ,
respectively. We get

Sl ——1t1
<(D+D*)1/2—1/27T(Q) cqqd; 7§> =—19 -1

(Co)
where
o0 33/2 Bs/z BS/ZB5/2 Bs/z
L= 3 L
ViW;
% 3 3 f 3, Vi
j d WJ d°v | d I‘Wﬁ
> e—i(d/z).(F+v¥1—(1/2)\7)—(1/2)E2 (%)
with
1. . 1.\2 2.2 H2 2
ﬁD W+ 5V +,3 r—w+ 5V + BrWt Bpv
+ Bar2. (C8)

In these formulas | have distinguished betwgEnand 83 to

PHYSICAL REVIEW D60 074030

|?J_o o[ s, +Cocl;ql 7q2/8=§2 (C9)

\

wherel®, ¢, ¢®, and are given below. For the problem

at hand, we get

171
(D+D*) - 1m(q)| cqqd; - )

_ 3coo+cooq;q + ?Jogll'oo —q2/88?
Vv \

=—|3c%+c]

2
oq_l | ooe—qz/s;-a72
2

Vv

2
-
3004+ Ciojoq_2 |ooe_q2/ag Yol Q) (C10

\

a pureS-wave decay as required, with partial wave amplitude

Aqj=— 4] 3c%+c] (q2/,8 )]1%%~9%/85% Note that with
Yo factored out |A1,2| is already the probablllty for this
channel integrated over anglék,, leaving only an integral
Jfdgg?|Ay5|? to be done to sum over alD(+ D*) states
with quantum numbers* 3 at any fixed value ofW—1).
Next consider( (D +D*),-1,7(q)|cqqd;$*2), which

proceeds by replacing’2/3(—w,|—w,T)) by —w. 7 in
Eg. (C5). With this change one gets

. ——3 3
<(D+D*)1/21/27T(Q) cqqd, §+ §>

:_\/§|00

2 z+

- _ \/7Cf)0qzq+|00 —q2/8ﬁ
270 B2

_ \ﬁ

a 5

a pureD-wave decay as required. Moreover, sineg/1/5 is

the Clebsch-Gordan coefficient for coupling D (
+D*)-1pand anl=2, m=1 pion into a3$ state, we can
deduce that decays to this whole angular momentum multi-
plet with (D+D*) in a D-wave coupled tcs m = 3t are
controlled by a D-wave amplitude  Aj)»

=—\4mciXq? B)1 %%~ q186°,

(C1D)

2
q _g2/8 752
\/47rc?j°—’82I°°e TTEE7IY51(Qy),
A

allow the “ancestry” of terms to be traced, even though To complete this pedagogical example, | note that since
Be=Bp from heavy quark symmetry. This integral is easily the partial wave decay amplitudes are independent of the

done, giving

magnetic substate,
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1 2
31ALd (c12

| =

Z |A1/2|2:
m

2
> |Agl?= §|A3,2|2, (C13
m

o -

where thet arises from averaging over the g§ix; states. On
comparison with Eq. (C3), we see that 7y
= V173A12\(1/3)A pZeand s o= (113)Ag 12\ (1/3)A pZe
Note that3 A pﬁea appears since the overlap amplitudes,
andA;,, as calculated are for a single flavor, while the factor
\J1/3 arises as a residue of the angular and spin averaging.
The tricks outlined here are more powerful for more com-
plex decays. | will give one partial illustration{[ (D
+D*)plan+azcqqd; 27 3), where the subscripts on the
bracket are total spin quantum numbers, but do not include
relative orbital angular momentum. The overlap integral for
this decay is obtained by replacing the pion spin wave func-
tion \1/72(1 | = | 1) by 11, V2/3(~=w. | —w,1) by —w,T,
and B, by g8, in Eq. (CH) to give

—_3 3
<[(D +D*)plap+ar caqd; §+ §>

=—31%

- |ooe—q2/8?2

00
3c +c —YOO

N
802 \[Y20)|00 7q2/8ﬁ2

By examining the Clebsch-Gordan coefficients for coupling

the spin stat¢(D + D*) p]s+3 t0 a relative orbitalS-wave

or aD-wave to get &3 state, we can deduce that tBeand

D-wave amplitudes for this decay are \4/3[\4 [3000
(q2/,6’v)]I°°e @] and VA Amc(qY

,8 )I00 ~9%188%] respectively. One very simple overlap inte-

gral thus gives two partial wave amplitudes simultaneously.

A complete set of results are given in the text in Table | in
terms of the following basic integrals:
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+eli qu'qk} 198 (c17)
wherel }° is specified in terms of
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Similarly, 15} is specified in terms of
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where B | Byi. Burs s s by, and 13, are - ﬁ 5 "@atha|| 58— ba
given by the formulas for thi° variablesg?, 85, 5, a, b, BT
and 1/32, respectively, with3p— Bp«+ everywhere. aa,é’fva 1 1 3
Finally, 17 is specified in terms of + 7 5 2tb, E—aa—ba) (C36)
Va
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By Bu,By, respectively, with3,— 3, everywhere.
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