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ABSTRACT

I examine the relationship between the inclusive and sum-over-exclusive-resonances
pictures for the electron spectrum of semileptonic heavy quark decay. The analysis shows
that one should ezpeci the electron spectrum to be suppressed near the endpoint compared
to that obtained from a free-quark-decay-type model with an endpoint adjusted to the
physical endpoint. This conclusion removes the need for nonresonant contributions in the
endpoint region and is consisteni with arguments that free-quark-decay-type modrls are,

in principle, “dual” to a sum over resonant channels.

1. Introduction

The endpoint region of the electron spectrum induced by the quark-level semileptonic
decay b — uevi, is potentially important for the measurement of the Cabibbo-Kobaynshi-
Maskawa (CKM) parameter [}] Vus. The endpoint region is crucial to this measurement
since, with Vy < V3, only electron energies E, with ﬂé;__ﬂ}‘- <E. < ﬂéﬁl are uscful
for this purpose: for E, much below this interval the spectrum is dominated by decays
induced by b — cet,. However, the extraction of Vi requires that theory be able to
calculate the rate ;‘-é.:; in this region apart from the overall fartor of |Vosl? arising from the

CKM matrix.



While there 1= generad agrecment that the free quatk decay madel (which, in its QCD-
improved forme 2] we hereafter denote by ACCMM) for b —+ o transitions iz valid i the
lantit ey - 0o over snost of the Dalitz plot, there is an ongoing, discussion of its validity
m the endpoint region. The applicabibity of the free gquark decay model i this region s
questionable beeanse the cudpuint EP** (i k) for o hadronic final stake of mass my is

- m:\:

2
m
Em(my) = —H—
o (my) Sy

(1)
The highest electron energies are therefore associated with the hghtest hadronic recoil
masses. bt the free quark decay madel is only expected to he valid for mx above the

TESUNRNCE l'l‘giﬂll .

This potential defect of the free quark decay model (as well as its QCD-improved
version in ACCMM) waa emphasized in Refs. {3,4]. To assess the magnitude of the un-
certninty nssociated with using the model in the resonance region, Refs. {3,4] (hereafter
calledd ISGW) caleulated the endpaoiul region spectrum by explicitly summing over the
electron specita for the exclusive meson resonance channels predicted by the quark model.
ISGW canclivded that the cate in the endpoint region was considerably smaller than that
predicted by the ACCMM model, and that there was a large unceriainty in the endpoint
tale and spectral shape, corresponding to roughly a factor two nncertainty in V. This
pessimistic assessment has been disputed. One argument holds that the ACCMM mode!
will provide a good approximation to the decay at all my. This view [6} is based on the
iden that the quark-level calculation will be “dual” to the hadronic-level calculation even
at low my, and its proponents point Lo the success of the perturbative picture for r decay
ns an empirical basis for their optimism. (We will sce below that duality will be realized,
but that Lhiz was not the problem.) A second criticism |7] of the ISGW conclusions argues
that the much smaller endpoint rate arises because ISGW sums over only the resonance
specirum. These critics associate the discrepancy with large recoil i quarks which appear
1o cantiibute to the endpoint region at the quark level, but which are suppressed in the
hadronie piclure because they are unlikely to lead to low-mass hadronic states. They argoe
thit auch large momentum v quarks will produce jets which are ignored in the resonance

pirtire, amd that low mass jets (¢ g, low mass mr pairs) will fill in the gap between the
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ISGW and ACCMM pictures. An ontgrowth of this criticism has been the intraduetion of
a “hylid”™ modet [7] (hereafter ralled the TDD mudel) which adds nonresonant. effects to

an ISGW-hike pictnre.

I1. The Basic Idea

In this paper I will analyze the relation between free quark decay madela (aud in
particular the ACCMM model) and resonance models {in particular that of ISGW). The
analysis indicates that the two models are in one-to-one correspondence without the ad-
dition of nonresonant contributions. It also shows that the endpaint region suppresston
found by ISGW by explicit ealculation is a general feature with a very siinple origin so that
it could have been predicted from a careful analysis of the structure of the Dabiz plot jor
the free quark decay model itself The effect arises from a pemilim- kinematic cirewmstance:
in the free quark decay model the highest electron energies are associated not with the

lowest iy but rather with the highest.

The essentials of the argument can be understoad by considering the free quark decay
model within the context of the constituent quark model in the “extreme spectator limnit"
that af! strong interactions nre awitched off. - In thia case a free b quark will decay in
the presence of a free spectator antiquark (laken to be d for concreteness) into ueir,.
This model clearly must give exactly the same electron spectrum as free quark decay
in the ahsence of the spectator antiquark, but it is insiructive to see how it does so.
At the quark level, the & — ued, Dalitz plot for ;;‘;7';7‘ ig as shown in Fig. 1. It has
0<E < ﬂ;fi = EPet[quark| and 0 < ¢* < {my — m,)?. Let’s now reinterpret this
process in the presence of the d quark in the extreme spectator limnit defined above. In
this picture the mass of the decaying “meson” is my + my, while the invariant mass of the

praduced hadronic system is uniquely determined by ¢° to be

{ms 4 mal{mimg + ml) — myqd*
my

my =

132
T n +m) - .
sa that it lies in the range P = m, + mg < mx < [(—ﬂ*—"-'—"('"'f'—‘——-'"-‘! = mph

{The low end of this range corresponds to those decays in which the u is Jeft at rest
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1 T
the upper end corresponds to the « recoiling al s thaxinam momentum =5y We

Ty
may now regnrd the decay as an integral (which will later hecome a sinm) over decays to

exclusive channels with masses my . Each such "exclusive channel” will have its own Dalilz,

plot with kinematic boundaries defined by the decaying tasses my + my and m x. Figure 1

alse shows the Dalitz plot for the decny to mg® and the corresponding dingram for =,

Although Lhe Dalitz plot for m§" reaches the same maximum value of ¢? for the same
electron enecgy, 1f ezlends to an electron energy EP**|hadron| higher than EM*%[quark|!

The plot for mT**

%, on the other hand, peaks at a lower q? and at a lower E, than the

b — ned, plot, but it has ezactly the same mazimum eleciron energy.
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Fig. 1: the kinematically allowed regions for b — ueir, (solid line),

B -+ X{m7?'"}eb, (dashed line), and B - X{m7**}es, (dot-dashed line).

The reconcilialion of these two superficially contradictory pictures is simple and in-
atruclive. How is it possible that the Dalitz plot for decay (o a particular “hadronic” final
state extends to larger E, than that of free quark dreay? Since the integral over my of

rates in the {E.. g?) planc must be the same, the rate for decay to m'B™® must waneah in
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the region with E, > Er*7[quark]. For a normal hadron this wounld of congse ot happen,
but here it dors: the state with m','.!"“ waould, in fact, only be praduced at the siugle poni
at the top of the Dalitz plot with E, = %(m; —m,}and ¢¢ = (my — m, ). This is evident
from Eq. (2} in our extreme spectator model each “atate™ of inass my contributes in
an infinitely narrow band of ¢* within its Dalitz plot. This band atoucture has a very
simple interpretation. Consider, for example, the state with mP™. It may be viewed as a
ud “bound stale” with a relative momentum wavefunction with support only at relative
momentum zero. Such e state would have a form factor with support only at “zeeo recoil”
corresponding to 5 5 at rest decaying only to the state with m%™ at rest. The states
of our extreme quark model with other values of mx are not, of course, produced at the
top of their Dalitz plots. The top of the Dalitz plot for a given mx corresponds Lo the
production of that state at rest, while in this extreme mode! states with mass my can
only be produced moving with the total momentum of the up quark which is required to
“create” the mass my. Thus, in particular, the state with m'§** can only be produced
with g7 = 0, i.¢., along the very botfom of ita Dalitz plot and with energies ranging from
0 to E***{quark)] us required to match onte the free quark decay picture. These ohservn
tions support the opinion expressed in Ref. [7] that the rate contributed by the highest
momentum u quarks at the quark level should not be lost in the hadronization process.
However, they also show that this fact does not invalidate the conclusions of ISGW, Lt

rather, once understood, substantiates them.

Indeed, from this analysia we can draw scveral conclusions. One is the abvions one
that in this extreme “hadronization™ of the free quark decay model, it and the “sum-over-
exclusive-resonances” models are exact and dual in the extreme, i.c., they are eguivalent.
{Thin is true without or with perturbative QCD corrections). The most critical ronclusion,
however, is that it would be incorrecl to associate the maximum kinematically aliowed
electron energy EM*T|hadron] (associated with the lightest axclusive hadionie final state of
mass mp" ) with the b —+ uei, electron endpoint ET**[quark]: the latter encrgy is less than

the former nnd corresponds instead to the endpoint for decay to the heaviest dynamicalily

allowed erelusive channel with mass mP*™. As a result, the extreme spectator mordel



predicis an electron specirum with an enebpoint EM [guark] corresponding to myer,
followed by a gap of length ~ %md in which there are ne events out to the kinemalically

allowed endpoint E™*F lhadron| assoriated with m@a™

% This somewhat non-intuitive gap

atises hecause even though the quark and hadron pictures have the same “Q value” (Q =
mp —mP" =y —my), the final state masses are both irrelevant at relativistic momenta
(E ~p+ % = p). T will argue in the foMowing that this simple picture is correct up to
the usnal smearing corrections assnciated with duality, so that the population of Lhe gap
regian is controlled by nonperturhative physica beyond the scope of the free quark decay
moddel. 1 will alao argue that the gap might cover the whole region beyond EM**(mp), in
which rase QCD in the form of the free quark decay model would not provide a theoretical

utilerpinning for the use of the ACCMM model in the endpoint region. The extraction of

Vs from this spectrum wonld in this case be subject to large theoretical uncertainties.

III. Getting More Realistic

The extreme version of the conatituent quark model considered in the preceeding Sec-
tion corresponds in some ways to a world in which Agen is much less than the light quark
miasies ey g Inosuch w world, the tow- lying bed nnel ud states would he nonrelativistic
Coulombic states with 2% @ | Aa a result, the full Dalitz plot distributiona for
1 — X,rv, for the low-lying states X, could be calrulated using nonrelativistic wave-
function methods, and one can easily show that the events in snch Dalitz plots will he
roncentrated in narrow ¢7 bands (of width Ag? ~ a,mgmy <« g2 o) near g2, . For more
munsave states X the nonrelativistic picture will not apply, but in such atatea one would
still expeet only a small moementum distribution and so a form factor that is once REAIN
peaked near the same g7 as it was in the extreme model of Section 1L { The high-mass states
will also have widtlis; the impaet of this effect will be discussed below). For Aqep € my,
my. there will be a parnllel change in the free quark decny picture: it will be perturbed
by ghum emission which will broaden the u-quark jets. OFf course, with auch a small a,,
the effect on the Dalitz plot would be small and local: ‘ﬁ%.—'— would receive corrections

of relative order (52) and there would still be a very strong correlation between the jet

energy and the electron-neutrino mass g*. Thus, this slightly more realistic example shows
that there are reascns to expect the extreme picture of Section II toa evolve smincothly s

strong interactions are turped an.

dr
dE,

—¥
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Fig. 2: an illustration of the effect of hadronization on the cleciron spectrum
in B — Xeb,: the solid line i the spectrum from the free quark decay b — urp,;

the dashed line shows rate “leaking” to higher E..

This analysis also leads to & cenclusion not emphasized in ISGW: the electron sper-
trum will display two components with a break at the electron energy EM**[quark] corre-
aponding to mB** ~ (m;m‘}* (3ce Fig. 2). In the extreme free quark limit of Section 11,
the entire clectron spectrum falls below this energy, but once internctions are turned on a
given ¢° will populate not the single value of m% given by Eq. (2), but rather a band of
masses of width Am} around m%. The dependence of Am% on m% will be determined

by the dynamica of the system, but clearly the “lenkage™ of rate into the region of electron

energies beyond those available in the free quark model will be in respoense to tarning on
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theze strong interactions. This is an effecl whicly is beyond the scope of the parion model,
once ngam emphasizing that Lhis region is one to which the [ree quark decny mode] s
wapplicable. It shionld he noted that the ACCMM maodel inchides some elements of this
eflect by folding their parton-level results against some “fermi motion”™ in the initial &

meson. The “leakage” we show in Fig. 2 can also be seen in Fig. 5 of the first of Refs. [2].

Althongh this line of reasoning indicates that, as my —+ co, low mass hadronic states
should not contribute significantly to the electron spectrum in the endpoint tegion, we have
not yet addressed one of the specific criticiams [7] of the ISGW picture: its neglect of pair
cteation. We begin by analyzing these effects in a Aqep € mg, my world (even though
the arguments presented show that in this case there is no need Lo provide a mechanism
like that of the RDD maodet to AlE in the “missing endpoinl strength” of the ACCMM
medel). Iu the cane of small Aqen, the low-lying states cannot decay, so the arguments
already given for them are unaffected. The issue arises, however, for transitions Lo states
with AM = myx — (m, + my) > 2my which will be important as my — co. Although
such states will live in the nonperturbative (confinement) region of QCD, we can still deaw
snme clear conclusions about the importance of paic creation effects on their production.
First, we note that the B itsell would remain nonrelativistic, so for Agen € m., my,
there would he only a very small probability (of order (at®*<'**)?} of there being an extra
pair in thie initial stale. Since Lthe decay is short distance, the probability of pair creation
by the vertex is also of this order. Thus, if there in to be an important pair creation
effect, it will have to arise from decays of the final state, It is implausible that such

effects would be significant. First of all, the natural frequencies of the relativistic ud states

. )
are their inverse radii ~ [82] . %‘i—"- < my, whete b is the QCD string tension

{b ~ A"QCD). so perturbative production of pairs will be supressed by both o? and large
energy denominators. Nonperturbative pair creation will be much smaller. (We note that
the created pair will have Lo tunnel a distance of the order of 52 through a potential barrier
ol height my, 8o that pair creation will be suppressed in this model hy a Schwinger factor
exp| -mifh} <€ 1) Thus, at least in this somewhat less extreme model, pair creation

wanld secin to e unimportanl. Onee again, this is consistent with whal one expects from

perlurbalive corrections to free quark deeny. (Tncidentally, althongh it wonld not secm to
have importanl effects on the Dalitz plot, pair creation can help us to make a connection
to the QCD jet picture. When a u-quark with large momeutum gis projected into the ud
meson basis, it will appear as a coherent superposition of states wilh total momentim in
a band near § with a width determined by the initial nonrelativistic wavefunction. These
slates will have a distribution of masses sharply peaked around the 1y of the extremne
model of Section II; they will also be in a superposition of internal anguiar momentim
states which reflects the fact that in the ud rest frame the relative momentum vector 7, ~ iy
is nearly paraliel to § before projection into the ud meson basis. If each state with mass
myx were to decay independently from an unpolarized state, it would prodiice a fat jot
with {pr) ~ mx ~ {m;m;)”z. The obacrved behavior (pr) ~ constant {up to logarithmas)
arises by taking the angular superposition inta account. Of course in a rate calcylation such
interferencea play no role and we recover the rate obtained by summing over noninterfering
resonances. There will also be interferences between states with different radial quantism
numbers. At high radial excitation, the decay amplitude for fixed angular momentun: will
be n rapidly varying function of the decay product center-of-mass momentum & so thal
interference terms will have zero expectation value when averaged over a small range of k.
The total decey rate will therefore be a smooth noninterfering function of &, and we will

again recover the rate obtained by naively summing over noninterfering resonances_)

Note that while the Aqcp ~+ 0 limit could be misleading on the importance of pair
creation effects, it is difficult to see Low it could be misleading on the issue of the relation
between the ACCMM and ISGW pictures. After all, these pictures would both apply in
that limit, and there i3 no reason to expect that a new process like pair creation which
neither model takes into account should enter into the reiationship between them when

Agep takes its observed value.

We can also see the equivalence in principle of the ACCMM and 1ISGW pictures in the
limit N. — co. In ihis limit mesons are free of additional paira and the narrow resonance
approximation holds. Thus, the inclusive cross section of the ACCMM picture would as

N, — oo be realized ezacily as sum over exclusive channels B — X,ris, with X, the



narrow tal resomances. As with the Agen — (Hlimit, teis does not prove that nonresonant
eifects are snimportant in natuce; it only makes it doubtful that they are ielevant to any

dizerepaicy between the ACCMM and 1ISGW pictires.

V. FExtrapolaling to the Real Case

In nnature none of vur limiting cases apply. Nevertheless, we believe they suffice to
establish that nonresonant effects are not relevant to the reletion between the ACCMM
and ISGW pictures. It remains to decide whether the lessons of our simple examples can
he extrapolated to reach the eonclusion that, when the ACCMM mode! i3 adjusted so that
its endpoint coincides with the physical endpoint for B — X,ei,, it can be expected to

overestimate the rate in the endpoint region.

Let's begin by considering the I — = form factor f,. Using either the quark mode!

or vector meson dominanee one finds that this forin factor has an expansion about ¢3

given by
1
FETTE = I g | prhe (e — 0T 4 (3a)
with
2 1
FRe ~ —F {35}
myAgon

{Althougli not central to the argument, in writing this I have not assumed dominance of
the lightest 8*, but rather some weighted average of B* resonances separated from the B
by a typical hadronic spacing.) Since 0 < g2, — ¢° < m? while the characteristic scale of
fR—= s maAgen, the B = n contribmtion will he concentrated in a band of ¢? near @ an-
Thus the B — « Dalitz plol iu nature will be in accord with our earlier conclusions. Similar
argutnents can he made for other low-lying states. {1t should be noted that the appearance
of my in the argument just given is potentially misleading. We know from heavy quark
sytumetry [8] that any IF — X form factor will, as my - oo, have n shupe which {in the 5
rest frame) depends only on Ex, the recoil energy of X. This shape depends only on the
dynrmirs of the light degrees of frecdomn of QCD, and is thus governed by the scale set by

Aqen tor the light hadron apectrum}. The seale my enlered anly through the use of the
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momentum transfer ¢¥ = (pp — px )1 as & varinble: heavy quark symmetry tells ua that
vp - px (where vy is the four-velocity of the B) is a more useful variable since it removes
spurious dependence of the form factors on my. Thus from the perapective of heavy quark
syminetry it would he more appropriate to reach the physically cequivalent conelusion that
ff_" is expected to fall with £, with a typical hadronic scale Egep ~ 1 GeVoand to

therefore be localized near the top of the Dalitz plat.)

Duality also leads us Lo expect thal the hadronic recoil energy Ex will be associated
with s recoil invariant mass myx =~ (2Ex|mg — m;,])i corresponding to the relation my ~
(2E..m‘)l of the extreme spectator model. This follows from the realization that the lepton
four-momentum g is set by the short-distance process b — uer,. We tharefore cxpect Lhe
bottom of the Dalitz plot to be populated by states with my around (mu\}}, where
A = mp ~ m, is the nonperturbative mass associated with the light degrees of freedom in
the & meson. It follows thal all relevant threshofds have turned on for Er* - E, Z% 56
that the ACCMM picture will hold over all but a vanishingly small fraction of the spectrum

as My — oo.

Although this region is a vanishingly small fraction of the spectrum as my — 00, We
expect it to cover a finite range of electron energies. In the extreme model of Section 11
it covers a fixed energy range of length %m‘ as my — oo. If my is the usual constituent
quark mass, then this gap is about 150 MeV, compared to the full length of the endpoint
region of 330 MeV. From the duality argument given above we can expect this gap Lo he
of length ",1 In maodels, A ranges from about 300 te 600 MeV (i.e., my ranges from ahout
4.7 to 5.0 GeV), in which case the gap could cover the whole endpoint region. The quark
model of ISGW provides another estimate of the extent of this region. It suggeats that
the b — ued, transition atrongly excites final states X with masses up to abhout 1.8 GeV,
once agnin indicating that the gap covers the whole endpoint region. Note that it is &
coincidence that the mass mP** corresponds roughly to that of the D meson: recall ihat
it is proportional to mé. However, given this coincidence (or even the potential for it given
existing theoretical uncertainties) the use of the ACCMM picture in the region beyond the

b — cet, endpoint to extract ¥V, is questionable.
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V. Summary and Conclusions

U have shown salely from consideration of the kinematics of free quark decay thab
there are strong reasons to doubt the validity of an AGCMM-type picture for the endpaint
region of the clectron spectrum of senleptonic b — u decays. In the extreme spectator
approximation, this madel pradices a spectrum with an electron endpoint which is be-
low the physical endpoint. | have also discussed how nonperturbative strong interaction
cortections lead to 8 nonvanishing rate above the spectaior endpoint up to the physical
endpoint, and argued that in this region the ACCMM meodel is not underwritten by per-
turhalive QCD, but is rather a model for nonperturbative effects with the same o priori
slatus as any nther such model. The possibility that an adjustment of the ACCM model
to the B — D endpoint will compensate for these nonperturbative effects seems remote.
The physics of the b — ¢ endpoint is very different as mP** = mP* in this case, so that
&1 — D and B — D" dominate the inclusive rate, with ench state persisting in populating

ita Dalitz plot from ¢2,,, to ¢ = 0.

Given (his concliusion, there is no need to repair the discrepancy between inclusive
and exclusive resonance pictures of semileptonic decay. However, | have discussed the
relationabip between the Lwo pictures and drawn the conclusion that they sre “dual”
without the addition of effects arising from nontesonant processes like those postulated in

the RDD model.

Aithough the prospects for accurately describing the inclusive electron spectrum in
the enclpoint region are as a result bleak, it may not matter. It now seems plausible that
heavy quark symmetry [8] will allow an extraction of V.4 from a comparison of exclusive

semileptonic decays of [ and D mesons Lo identical hadronic final states.

Acknowledgements

I am grateful to John Donoghue, Howard Georgi, and Paul Harrison for stimulating

discussions on a preliminary version of this work. T wonld also like to thank the orgamizers

12

of the Edinburgh B Phenomenology Workshop and the Institute of Theorelical Physics in

Santa Darbara for providing the sctiings in which this work was done.

References

[1] M. Kobayashi and T. Maskaws, Prog. Theor. Phys. 49, 652 (1973).

[2] G. Altarelli, N. Cabibbo, G. Corbo, L. Maiani, and G. Martinelli, Nucl. Phys, B207,
365 {1982); N. Cabibbo, G. Corbo, and L. Maiani, ibid. B155, 93 (1979); and references

therein.

(3] B. Grinstein, M.B. Wise, and N. lsgur, Caltech Report No. CALT-68-1311, and Uni-
versity of Toronto Report No. UTPT-85-37, 1985 (unpublished); Phys. Rev. Lett. 58,
258 (1986).

[4] N. isgur, D. Scora, B. Grinstein, and M.B. Wise, Phys. Rev. D39, 799 (1989). For

other exclugive models, sec, g, Refs. [5].

[5] M. Wirbel ef al., Z. Phys. C28, 637 (1985); J.G. Korner and G.A. Schuter, shed. 38,
511 (1988).

{6] G. Aftarelli and P.J. Franzini in Conf. Pree. Vol. 15, Present Trends, Concepts and
Instruments of Particle Physica, Rome, 1988 (Italian Phys. Soc., Bologna, 1988), p. 287.

|7] C. Ramirez, J.F. Donoghue, and G. Burdman, Phys. Rev. D41, 1496 {1990).

[8] N. Isgur and M.B. Wise, Phys. Lett. B232, 113 (1989); B237, 527 {1990).

13



