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Perturbative QCD- and power-corrected hadron spectra and spectral moments
in the decayB—XJ*1~

A. Ali* and G. Hillef
Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, Germany
(Received 23 March 1998; published 12 August 1998

We compute the leading ordéin «) perturbative QCD and power (nhg) corrections to the hadronic
invariant mass and hadron energy spectra in the dBeay "I~ in the standard model. The computations
are carried out using the heavy quark expansion techri@ET) and a perturbative-QCD improved Fermi
motion (FM) model which takes into accouB-meson wave-function effects. The corrections in the hadron
energy E4) spectrum are found to be small over a good part of this spectrum in both methods. However, the
expansion in Ih, in HQET fails near the lower kinematic end point and at tieethreshold. The hadronic
invariant mass$,) spectrum is calculable only over a limited rarfga?>XmB in the heavy quark expansion,
where A=mg—m,. We also present results for the first two hadronic mom¢sfy and (EL), n=1,2,
working out their sensitivity on the HQET and FM model parameters. For equivalent values of these param-
eters, the moments in these methods are remarkably close to each other. The constraints following from
assumed values dfS}\) on the HQET parameters; and A are worked out. Data from the forthcomiriy
facilities could be used to measure the short-distance contributidh-#XJ "1~ and constrain the HQET
parameters\; and A. This could be combined with complementary constraints from the dBeaxlv, to
determine these parameters precisely. We also study the effect of the experimental cuts, used recently by the
CLEO Collaboration in searching for the decBy—X,*l1~, on the branching ratios, hadron spectra and
hadronic invariant mass moments using the FM mod&0556-282(98)04117-4

PACS numbseps): 12.39.Hg, 12.38.Bx, 13.20.He

I. INTRODUCTION order power corrections in th to the decay rate, dilepton
invariant mass spectrum and FB asymméft§|, using the
The semileptonic inclusive decayd—Xd 1=, where heavy quark expansion techniqid¢QET) [16—18. We re-
|==e*,u", 7", offer, together with the radiative electro- call that the 1r? corrections to the dilepton spectrum and
magnetic penguin deca—Xs+y, presently the most decay rate inB— X I~ were calculated in Ref18] but
popular testing grounds for the standard mo@H) in the their results were at variance with the ones derived later in
flavor sector. This is reflected by the impressive experimenRef. [15]. The power corrected dilepton mass spectrum and
tal and theoretical activity in this field, reviewed recently in FB asymmetry have been rederived for the massiegsark
[1] and[2], respectively. We shall concentrate here on thegase recently19], confirming the results in Ref15]. Cor-
decayB— X "I~ for which the first theoretical calculations rections of order lﬁﬁ to the dilepton mass spectrum away
were repor’Fed a decade ag®»-5|, emphasizing the sensitiv- from the (/4,4 ...)-resonant regions have also been
ity of the dllgpton mass spectrum and _dec_ay “”‘t‘? to the t.oevorked out[20,21], making use of earlier work on similar
guark mass in the short-distance contribution. With the dis- e
ower corrections in the decay rate Br X + vy [22,23.

covery of the top quark and a fairly accurate measurement he 12 . he leftriah
its masg6], theoretical emphasis has changed from predict- '€ b Ppower corrections to the left-right asymmetry

ing the top quark mass using this decay to using its measurdd4:29 have been presented|ib9] correcting an earlier cal-
value as input and making theoretically accurate prediction§ulation of the sam¢25]. Likewise, the longitudinal polar-
for the decay rates and spectra. This will help confront theézation of the leptonP,, in B—Xsr" 7~ at the partonic
predictions in the SM with experiment more precisely andlevel has been worked o(i26]; the other two orthogonal
will allow us to search for new phenomena, such as superRolarization component® (the component in the decay
symmetry[7—11]. plane and P, (the component normal to the decay plane
Since these early papers, considerable theoretical workere subsequently worked out in REZ7]. As an alternative
has been done on the deddy- Xl *1 ~in the context of the to HQET, B-meson wave-function effects in the decBy
standard model. This includes, among other aspects, the cal-XJ | ~have also been studied for the dilepton invariant
culation of the complete leading order perturbative correcmass spectrum and FB asymmédit$|, using the Fermi mo-
tions in the QCD coupling constant to the dilepton invari-  tion (FM) model [28]. Some of the cited works have also
ant mass spectrum[12,13, forward-backward (FB) addressed the long-distan€eD) aspect of the decaB
asymmetry of the leptonfdl4,15, and, additionally, leading — X/ *I~having to do with the resonant structure of the
dilepton invariant mass spectrum. We shall leave out the

Jlp, ', .. .-resonant contributions in this paper and will
*Email address: alix4u2.desy.de present a detailed phenomenological study including them
"Email address: ghillerx4u2.desy.de elsewherd29].
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This theoretical work, deSpite some uncertainties aSSOCil/mb fails near the lower end_point and near ttEthresh_
ated with the LD part, will undoubtedly contribute signifi- old. The hadronic invariant mass spectrum is reliably calcu-
cantly to a meaningful comparison of the SM and experiment,p|e over a limited region only, namely fs;,>/TmB . Had-
in the decayB— Xl "I . Still, concerning the short-distance e moments(SY}) and (EF), on the other hand, are
(SD) contribution, some aspects of this decay remain to bgajcylaple in HQET and we have summarized the results for
studied theoretically. In the context of experimental searchegg first two moments=1,2 in a letter{36], based on this
for B—X ™17, it has been emphasizddee, for example,  study. The hadronic invariant mass moments are sensitive to
the CLEO papef30]) that theoretical estimates of the had- y,o HOET parameters and\ ;. This provides potentially an
ronic invariant mass and hadron energy spectra in this decgyjependent determination of these quantities. We think that
will greatly help in providing improved control of the signal ihe hadron spectra iB— X, *1~ andB— X, » can be re-
and they will also be needed to correct for the experimentalated to each other over limited phase space and this could
acceptance. In addition to their experimental utility, hadronhe|p in vastly improving the present precision\dg, [6] and
spectra in heavy hadron decays are also of considerable thﬁ]-e parameters and A [37,38.
oretical interest in their own right, as reflected by similar | iew of the continued phenomenological interest in the
studies done for the charged current induced semileptonigp, model[28], motivated in part by its close resemblance to
decaysB— Xl and B—X,l» [31-35, where the main he HQET framewori39,17], we also compute the hadron
emphasis has been on testing HQET and/or in determiningpectra inB— XJ *1~in this model, taking into account the
the Cabibbo-Kobayashi-Maskaw@KM) matrix elements  ©(q,) perturbative QCD corrections. The FM model is char-
Vep and Vyp. The hadronic invariant mass spectra bn  acterized by two parameters which are usually takepas
—sl"1~ andb—ul~ v decays have striking similarities and the Gaussian width of the-quark momentum, anth, the
differences. For example, both of these processes have at tBpectator quark mass in tfehadron; theb-quark mass is a
parton level a delta function behavidl'/d sy 6(Sy— mg), momentum-dependent quantigee Sec. VI for detailsThe
g=u,s, wheres; is the hadronic invariant mass at the partonmatrix element of the kinetic energy operatar, and the
level. Thus, the entire invariant mass spectrum away fronbinding energyA can be calculated in terms of the FM
So=mc2, is generated perturbativelby gluon bremsstrah- model parameters. The difference between the effediive
lung) and through theB-hadron non-perturbative effects. quark mass, which is a derived quantity in the FM model,
Hence, measurements of these spectra would lead to direghd theB-meson mass can also be expressed via an HQET-
information on the QCD dynamics and to a better determiyype relationmg=meT+ A — \,/2mE". However, there is no
nation of the non-perturbative parameters. There are also Ol&'nalog of\, in the FM model. Having defined the equiva-
vious differences in these decays, namely the deBay |ence between the FM model and HQET parameters, we
—Xyly is intrin_sically a lot simpler due to the absence of shall useA and\. to also characterize the EM model pa-
the resonatingc contributions, which one must include t0  3meters. The delpendence of the hadron spectra in the FM
get the inclusive spectra iB—>XSIiI‘, or else use data in model in the deca— X *1~on the parameterg and\,
restricted phase space where theresonant contributions s stydied in this paper. We find that the hadron energy spec-
are subleading. o _trum in B— X "1~ in the FM model is stable against varia-

Having stated tbeﬁmonv-atlons, we study hadron spectra ifions of the model parameters. The hadron energy spectra in
the decayB— Xl "I "in this paper. We first compute the the FM model and HQET are also found to be close to each
leading order(in «) perturbative QCD and power (®)  other in regions where HQET holds. This feature was also
corrections to the hadronic invariant mass and hadron enertioticed in the context of the decd— Xl v, in Ref.[33].
spectra at the parton level. In addition to the bremsstrahlunghe hadronic invariant mass spectrum depends sensitively on
contribution b—(s+g)I”1~, there are important non- the parameters of the FM model—a behavior which has
perturbative effects even i@(ag) that come from the rela- again its parallel in studies related to the de@y X, v,
tions between thé quark mass and thB-meson mass. In  [34] as well as in HQET. Hadronic momen(S}}) and(E[})
HQET, this takes the fornmg=my,+A—(N{+3\,)/2m,  are computed in the FM model and are found to be remark-

+---, whereA, \; and\, are the HQET parametef46—  ably close to their counterparts calculated in HQET for

18]. Keeping, for the sake of simplicity just the term, the ~ €quivalent values of the parametetsand \,. The picture
hadronic invariant masS,, is related tos, and the partonic that emtergetshfr(:m these Corr:lparlsonstrl]s that Flhe stﬁectrﬁ antd
_ AE L A2 Thic (i ; moments in the two approaches are rather similar, though no
e_ngrgyEo by SH._SO+2AI.EO+A .'Izhls gives ;ISE toa _non- identical. We also study the effects of the CLEO experimen-
trivial spectrum in the entire regioh”<S,<Mg. Including 5/ cyts on the branching ratios, hadron spectra and hadronic
both theO(1/m;) andO(«s) terms generates hadron energy moments inB— X *1~in the FM model and the results are
and hadronic invariant mas spectrum with terms ofpresented here. These can be compared with data when they
O(AImg), O(asAlmg), O(\;/m3) and O(\,/m3). The  become available.
power- and perturbatively corrected hadron spectra up to and This paper is organized as follows. In Sec. Il, we define
including these terms are presented here. Tlnﬁ Torrec- the kinematics of the proce®&— X/ *I~ and introduce the
tions in the hadron energy spectrum are found to be smafjuantities of dynamical interest in the framework of an ef-
over a good part of this spectrum. However, the expansion ifective Hamiltonian. Leading ordéin «g) perturbative cor-
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b s We define the momentum transfer to the lepton pair and the
invariant mass of the dilepton system, respectively, as

04 q=p-+p-, 3

s=q? 4
It - a

FIG. 1. Feynman diagrams contributing to the explicit order  The dimensionless variables with a hat are related to the
corrections of the operatddg. Curly lines denote a gluon. Wave dimensionful variables by the scate,, the b-quark mass

function corrections are not shown. - 2 )
e.g.,s=s/my, mg=mg/my etc. Further, we define a 4-vector

. o . , which denotes the velocity of both thequark and the
rections to the hadron energy and hadronic invariant ma U-meson pp=Myv and p =myv We shallqalso need the
spectra at the parton level are derived in Sec. lll, where we | bl b BB 2 .
also present the Sudakov-improved spectdiids,. Using variableu and the scaled variable=u/mj,, defined as
the HQET relation betweemg and m,, we calculate the
corrected hadronic invar.iant mass spectltmb_ﬁ)i(_]ls4 . IrZ] Sec. u=—(pp—p- )2+ (pp—p_)2, (5)
IV, we present the leading power correctiofis 1/mg) for

the Dalitz distributiond?5/dx,ds, (herex, ands, are the A o
scaled partonic energy and hadronic invariant mass, respec- u=2v-(py—p-). (6)
tively) and derive analytic expressions for the hadron energy

spectrumdB/dx, and the resulting spectrum is compared . . . 2
with the one in the parton model. In Sec. V, we calculate theThe hadronic invariant mass is denoted §ly=pj, andEy,

moments in the hadron energy and hadronic invariant maégemtes th? hadron energy in the final_state_. The correspond-
in HQET and give the results fdS,), (Sﬁ% (Ep) and(Eﬁ) ing quantities at parton level are the invariant ms&sapd

in terms of the corresponding moments in the partonic vari{N€ scaled parton energy= Eo_lml?' In. Parton m%del with-
ables. Section VI describes the wave-function effects in th&@Ut gluon bremsstrahlung, this simplifies $g=m; and x,

FM model[28] in the hadron energy and hadronic invariant P&comes directly related to the dilepton invariant mags
mass spectra. We also give here numerical estimates of tiie1/2(1— s+ m?). From momentum conservation the follow-
hadronic moments in HQET and the FM model. In Sec. VII,ing equalities hold in th& quark, equivalentB-meson, rest

we study the effects of the experimental cuts used in thérame[v=(1,0,0,0):

CLEO analysis ofB— X, "1~ on the hadron spectra and

hadronic moments using the FM model. Estimates of the A -~ -

branching ratiosB(B— X¢l *17) for |=u,e are also pre- Xo=1=v-q, Sp=1-2v-q+s, @)
sented here, together with estimates of the survival probabil-
ity for the CLEO cuts, using the FM model. Section VI
contains a summary of our work and some concluding re-
marks. Definitions of various auxiliary functions and lengthy
expressions appearing in the derivation of our results, includthe relations between the kinematic variables of the parton
ing the partonic momentgxg), ((So—ms)") and (xo(Sy  model and the hadronic states, using the HQET mass rela-
—my)) for n=1,2 are relegated to the Appendices A—D.  tion, can be written as

Eq=mg—v-q, Sy=m3—2mgu-q+s. (8)

Il. THE DECAY B—XJ*I~ IN THE EFFECTIVE

— N3N,
-+
HAMILTONIAN APPROACH

Eq=A A+ At 3z
R 2mg

m J—
B 2mg

XOJ’_...,

A. Kinematics
We start with the definition of the kinematics of the decay S;=m2+ A2+ (m3—2Amg+ A2+ X\ +3\,)(So— MZ)
at the parton level,

+(2Amg—2A2—X\;—3N\,)Xg+ -, 9
b(pp)—S(Ps)(+9(Pg))+1"(p+)+17(p-), 1)

where the ellipses denote terms higher order my1/
whereg denotes a gluon from th®(a,) correction(see Fig. P g 0

1). The corresponding kinematics at the hadron level can be
written as: B. Matrix element for the decay B— X4l *1~

The effective Hamiltonian obtained by integrating out the
B(pg)—Xs(pr)+1H(py)+17(po). (2)  top quark and th&V= bosons is given as
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Hei(b—s+X,X=7,1717) Y(8)=g(mM,,8)(3C,+Cyo+3Cy
4G 6 +C,+3C5+Cy)
F
= fvt*svtb 21 Ci(n)Oi 1 R
o — 59(18)(4C5+4C,+3Cs+Co)
e __
+Cy() ——=s,0,,(MR+miL)b F*"+Cg(uu)O 1 -
T s ~ 59(08)(C5+3Cy)

2

e _
+Co(p) s, y*Lb,ly,l|
ol o2 Yu

2
+ §(3C3+ C4+ 3C5+ CG)

e’ —
I M
+ 0725V L0l (0 ~£5(3C;+C,Ca3Cy) (15

where L and R denote chiral projectionslL(R)=1/2(1
¥ )_/5), V;; are the CK.M matri).< elements and the CKM uni- 7(8)=1+ as(pm) 0(3), (16)
tarity has been used in factoring out the prodvtd,, . The ™
operator basis is taken frofd5], where also the Four-Fermi
operatorQy, . ..,0g and the chromo-magnetic operafdg 0 (NDR),
can be seen. Note th&g does not contribute to the decay §=[ “1 HY) 17)
B— X *I7in the approximation which we use here. The ’
Ci(u) are the Wilson coefficients, which depend, in general, 8 (m 3 8
on the renormalization scaje, except forCy,. 9(z,8)=— _|n(_b) — —Inz+ —

The matrix element for the decd/— Xl "I~ can be fac- 9 9 27

torized into a leptonic and a hadronic part as

4 2
gy~ g(2tyii-y

Gra
M(B=X 1) = - ViV(TH, L+ TR LR,

V2 +y1-y
X|O(1l-y)| In———=-i7
(11) ( Y) 1— \/ry
with 1
+0(y— 1)2arctaﬁ—], (18
IR 7. Vy—1
LYR =1y, L(R)I, (12) y
g 03— 8 8I my 4I -~ 4. 19
rL’RMEE[ Ry, cg“(s):clo+2C$“g) 909)=57-g" ) g"stgim (19
) 4 wherey=4z7%/s, and
+2mCSTy, =L |b. (13)
S
- - 2 . -
A w(s)=—§772— 3Li2(s) = 3Insin(1-s)
The effective Wilson coefficienCSﬁ(s) receives contribu-
tions from va[ious pieces. The resonamt states also con- 5+4s . 25(1+s)(1-2s) .
tribute toCSﬁ(s); hence the contribution given below is just N 3(1+25) In(1-s)— 3(1-5)2(1+25)
the perturbative part:
. - . i .\ 5+ 95— 652 20
€ — —  ~__ A~ _
C§'(9)=Can(3)+Y(3). (14 6121123

Here 7() andY(s) represent the)(as) correction[40] and Above, NDR and HV correspond to the naive dimensional

the one loop matrix element of the Four-Fermi operator§eqjarization and the 't Hooft—Veltman schemes, respec-
[12,13, respectively. WhileC, is a renormalization scheme- ey The one gluon correction 04 with respect toc, wil

dependent quantity, this dependence cancels out with thg, jresented below in E26). The Wilson coefficients in
corresponding one in the functior(s) (the value of¢, see  |eading logarithmic approximation can be seerjig].

beloy\b. To be self-contained, we list the two functions in With the he|p of the above expressions, the differential
Cgﬁ(s): decay width becomes, on usipg. = (E- ,p+),
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1 Gg2a? d d®p_
dr=-_— —— V& V|2 ? S
Mg 27 (2m)°2E, (2m)°2E_
L Luv R Ruv
X(WE, LLev - WR | Ruv), 1)

whereW X and L. are the hadronic and leptonic tensors,
respectively. The hadronic tens M’VR is related to the dis-

continuity in the forward scattering amplitude, denoted by

L/R : _ f
T, , through the relatioW,,=21ImT,,. Transforming

the integration variables & U andv - g, one can express the
Dalitz distribution inB— X "1~ as

dr 1 Gg2a? m?

~ ~ - — V*V 2
dudsd(v-q) 2Ms 272 256774| WA

L Luv R Ruv
X2Im(Th, LM+ TR LRey), (22

with

TR, =i [ diye HBITITRy) TR 0) B),
23

LERer=2[p. #p_"+p_p,”

g (p+-p-)Fie" Ppipgl, (29
wherel';/RT=T,./R=T"/R "and is given in Eq(13). Using
Lorentz decomposition, the tens®r,, can be expanded in
terms of three structure functioris,

T

= —TlgMD+T2vMU,,+T3ieﬁmﬁv“aﬁ, (25

PHYSICAL REVIEW D 58 074001

o~
x

N

O

-0.5

—_

FIG. 2. The functionG4(x) is shown forms=0.2 GeV (solid
line) and for the massless case corresponding to(£9). (dashed
line).

+A)/2. We recall that the\(—A) and (V+ A) currents yield

the same hadron energy spectr[#i] and there is no inter-
ference term present in this spectrum for massless leptons.
So, the correction for the vector current caseBin: X "1~

can be taken from the corresponding result for the charged
(V—A) case[28,4(, yielding

where the structure functions which do not contribute to the
amplitude in the limit of massless leptons have been newith

glected. The problem remaining is now to determineThe
to which we shall return in Sec. IV.

IIl. PERTURBATIVE QCD CORRECTIONS IN  O(ay)
IN THE DECAY B—XJ*I~

In this section thé(«;) corrections to the hadron spectra
are investigated. OnlQ, is subject taxg corrections and the
renormalization group improved perturbation seriesdgiis
O(lag)+0O(1)+ O(ag) + -+, due to the large logarithm in
Cy represented byO(1l/ag) [12]. The Feynman diagrams,
which contribute to the matrix element 6fy in O(«g), cor-

C(x0) = Cop(Xo) + Y(Xo) (26)

(0 =1+ Za(x), 27
1 G1(x)

O'(X) = (28)

CAv2_ 92 ~2 = ’
(3x—4x“—2mg+ 3mgx) 3Vx2—m?

responding to the virtual one-gluon and bremsstrahlung cofghere Y(xo)zy(g) with s= 1—2xo+ r:ng. The expression

rections, are shown in Fig. 1. The effect of a finkguark
mass on the)(«,) correction function is found to be very
small. After showing this, we have neglected thguark
mass in the numerical calculations of t6¥«) terms.

A. Hadron energy spectrum

The explicit orderag correction toOg can be obtained by

for G1(x) with mg# 0 has been calculated ja0]. The effect
of a finite mg is negligible inG(x), as can be seen in Fig. 2,
where this function is plotted both with a finissquark mass,
my=0.2 GeV, and for the massless casg=0. A numerical
difference occurs at the lowest order end podfif*=1/2(1

+ ﬁﬁ) (for m;=0), where the function develops a singularity
from above &,>x{'®*) and the position of which depends on

using the existing results in the literature as follows: Thethe value ofmg. The functionG;(x) for a massless-quark

vector curreniOg can be decomposed &s=(V—A)/2+(V

is given and discussed beldwQ]
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G B 2 1 16X4_84 3+58Ex2 ;IIII[%IIIIlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIE
1(})=x% g5 X 100 & | 3
— Eo) 3

— 1860+ 1215 + (8x—9)In(2x) L ol ! — Sudakov Ofa) -

2 2 Eot 3

+2(4x—3)| 5 +Lix(1-2%) ] 5 N 2

e E E

o ! 1

forosx<1/2, X 01f | 3

| E | 3

3 Lo ]

1 Y o001f <

Gi(x)= 1—80(1— X)(32x°—136x* + 10343 & E E
A 0001 F E

—2946¢°+ 189K + 312 % F \

1 © 0.0001 | i <

— —In(2x—1)(64x3—48x*>— 24x—5) o E

24 LU YN T T T T VTR P P TP AT T

2 -1 0 1 2 3 4 5 6 7 8 9 10 11
+In%(2x—-1) s, [Gev?]

FIG. 3. The differential branching ratia3§B— X, *17)/ds, in

+X%(3—-4x)

2 AL 1
32

the parton model is shown in th®( «s) bremsstrahlung region. The
_ 2 s,
2In(2x) | for 1/2<x<1, (29) dotted(solid) line corresponds to Eq30), [Eq. (35)]. The vertical
line denotes the one particle pole frdm-sl™1~. We do not show
whereLi,(2) is the dilogarithmic function. the full spectra in the range<Osy<mj as they tend to zero for
The O(ag) correction has a double logarithmignte- ~ 'arger values ofy.

grable singularity forx,—1/2 from above X,>1/2). Fur- . . _
ther, the value of the ordet, corrected Wilson coefficient trum, obtained from thé)(«s) spectrum in which the double
CS(x,) is reduced compared to its value with=0, there- logarithms have been resummed. For the deBayX,lv,

fore also the hadron energy spectrum is reduced after includhis has been derived in R3], where all further details
ing the explicit ordera, QCD correction for &<x,<1/2.  ¢an be seen. We confirm E(L7) of Ref. [33] for the Suda-

Note that the hadron energy spectrum & X1~ re- kov exponentiated double differential decay rat€/di xd y
ceives contributions for 2x>1/2 only from the orderag ~ and use it after changing the normalizatiBg— B,% C3 for

bremsstrahlung corrections. the decayB— X4 "1 ™. The constani3, is given later. Defin-
ing the kinematic variablesx(y) as
B. Hadronic invariant mass spectrum 2 2 2
g=x‘mg,

We have calculated the ordes; perturbative QCD cor-
rection for the hadronic invariant mass in the ramge<s,
<1. Since the decaly—s+1* +1~ contributes in the parton v-q=
model only atsy=mZ, only the bremsstrahlung graphs
—s+g+1"+1" contribute in this range. This makes the the Sudakov-improved Dalitz distribution is given by

calculation much simpler than in the fig) range including
virtual gluon diagrams. We find

my, (31)

1 1 5
X+ 5(1-x)%

2

dxdy

(B—XdT17)
dB 2 asl]|(s—1)
ds, 3 "mgl 27

(93— 41sy— 9553+ 5553) 8
= —Bo§x(1—x2)2(1+2x2)

+f|n So(—3—58y+9s2—2s3) ( C3. (30) 2a5

9 X ex —Eln (1-vy)
Our result for the spectrum iB— X I~ is in agreement 4agIn(1—y)
with the corresponding result for the/{A) current ob- (377 W
tained for the decay— Xyl v; in the my=0 limit in Ref.
[32] [their Eq.(3.8)], once one takes into account the differ- 2ag dH )
ence in the normalizations. We display the hadronic invariant T 3. d_y(y)] Cs,
mass distribution in Fig. 3 as a function af (with sg

=m§§o), where we also show the Sudakov improved specwhere[33]

2ag
[1—§(G<x>+H<y))}

(32
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) [8Xx%(1—x2—2xH)Inx+2(1—x%)?(5+4x%)In(1—x?) — (1—x?)(5+ 9x%>— 6x4)]
X)=

+ 24 2L (X)) — 2 Lio(1—x3),
2(1-x3)%(1+2x2) 2(X°) 2l )

(33
4 2-7(1-X)+k (1-X)(3+x+x2-2) 2—2(1-x)+
H(Y):JOde(l_zln z( . X)+x  (1-X El+>;)2xz z |n(l—z)—2|n#
K 7(1+x)(1+2x?) ,
C2(1+x)4(1+2x3) 1—27 +(1-x)(3=2x) | |. (34

The quantty « in Eq. (34 is defined as k  mg(mgA—A2+ mg)/(mB—K)<SH$m§ (or mgA<Sy,

= \/zz(l—x)2+4xz. smé, neglectingmy) which excludes the zeroth order and
To get the hadronic invariant mass spectrum forquark  virtual gluon kinematics $,= m2), yielding

decaying at rest we change variables fromy{ to (q2,sp)

followed by an integration ovey?,

dB (mg— 52, O°B 1
e ; ; (39
dSq  Jam; dxdy 2mimgx(1—x)

dB f(mb_ 02, B
ds, dxdy 2mix(1—x)?" (39 The hadronic invariant mass spectrum thus found depends
rather sensitively om, (or equivalentlyA), as can be seen
from Fig. 4. An analogous analysis for the charged current
semileptonidB decaysB— Xl v, has been performed in Ref.
[34], with similar conclusions.

4m2

The most significant effect of the bound state is the dif-
ference betweemg andm,, which is dominated by. Ne-
glecting Nq,\,, i.e.,, using A=mg—m,, the spectrum
dB/d S, is obtained along the lines as given above for V- POWER CORRECTIONS IN THE DECAY B—Xl*I~
dB/ds,, after changing variables fromx(y) to (g°,S,) and The hadronic tensor in Ed25) can be expanded in in-
performing an integration ovey?. It is valid in the region verse powers ofn, with the help of the HQET techniques.
The leading term in this expansion, i.é?(mg) reproduces
the parton model result. In HQET, the next to leading power
. corrections are parametrized in terms of the matrix elements
_ of the kinetic energy and the magnetic moment operatgrs
and\,, respectively. Thé8—B* mass difference yields the
value \,=0.12 Ge\. In all numerical estimates we shall
use this value ok, and, unless otherwise stated, we take the
value for\, extracted from an analysis of data on semilep-
1 tonic B decays B— Xlv,), yielding \;=—0.20 Ge\f with
a corresponding valud =0.39 GeV[37]. For a review on
1 the dispersion in the present values of these non-perturbative
- parameters, s€@8|.

_ The contributions of the power corrections to the structure
functions T; can be decomposed into the sum of various
terms, denoted byr{"), which can be traced back to well
defined pieces in the evaluation of the time-ordered product
in Eq. (23):

dB(B—> X, u* p—)/ds, 108 [Gev-2]

Sy [Gev?] Tiv.a,9= > TVwv.q,9). (37

j=0125,9,6
FIG. 4. The differential branching ratid3dB— Xl *17)/dS, in
the hadronic invariant mass,;, show for different values ahy in . . nal
the range where only bremsstrahlung diagrams contribute. We d&h€ expressions foT)(v.q,s), i=1,2,3 calculated up to
not show the result in the full kinematic range as the spectra ten®(mMg/m3) are given in[15]. After contracting the hadronic
monotonically to zero for larger values 8f;<m3. and leptonic tensors, one finds
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- - 1. . .
TL/RMVLL/RI'W: me[ ZSTlL/R+ (U . q)Z_ ZUZ_ s TZL/RISUTgL/R ) (38)
With the help of the kinematic identities given in ET), we can make the dependencemﬁandéo explicit,
L/R L/Ruv 2 o L/R 2 1A2 = L/R— e\ L/R
T-F L =myp“} 2(1—2Xg+Sg) Ty "+ | X5~ Zu —Sp| TR+ (1—2Xp+Sp)uT3 (39

and with this we are able to derive the double differential power corrected specBLdnodéo for B— X4 1~. Integrating
Eq. (22) overu first, where the variable is bounded by

—2\Xg—Sp=U<+2Vx3— 5y, (40)

we arrive at the following expression:

B 8 = . . X5—Sy_ .
:_;Bo”n Xg—So| (1—2Xo+Sg) T1(S0:X0) + —5—T2(S0,X0) [ + O(Njay), (41)

dXodSo 3

where

Ny
3 R

R 1 “
Tl(SOaXO):;( ( 8xo—4 (IC§(s)[>+|C1d?) (42)

N
3 o

il

X (—5—11m2+ 55y — M28q+ 10xq + 22M2x,— 10x3— 10m3x3 )—2
(Sp— 2%t 1)

. A
3 o

+( 32 (M2+5s m2xo) — 48
————(M5+Sy—Xg— MSXg) —
Sp—2Xgt1 s 0 70 s70

)Re(csff@)c:?“

1f[(8hy . C s .

+ —2{ (Tl(—230—3x0+ 5x5) + 8N 5(— 259+ Xo+ 5xg)) (IC5"(s)]2+]C1d?)
X

2\
3

3 -2 - 225 _na2__n4222 _ -2, _ - _ - 2%
+ (6mg+ 1255+ 18mgsy— 2S5 — 2mMgSg— 3Xo— 21mg Xy — 135Xg— 19mMZSpXo

— 3X3+ 9M2x3+ 5Sox3 + 5m2soxa+ 4x3+ 4m2x3)
eff|2
|7l

+ 131G+ 558G+ 5MSe?) | =
(Sg—2X%p+1)

—32\ iy maom . . .
+ L (— 3m2— 55y+ 2M28o + 3Xg+ 6M2Xg+ 35X — X2 — 5M2X2)
oy aaoa . . . Re(CE(s))ce"
—32}\2(m§+so+2m§so—x0+2m§x0+330x0—3x3—5m§x§))#
Sp—2Xpt+1

1. . 3 . -
+ EM(SO_X(Z))[TUCSH(S)FWL |C10?)
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+128( 2m2— 255— 4M>Sy+ X+ 5M2Xo + SoXo+ M2SpXo) cF?
—(—Z2Mc— 2Sp— 4Mm.S, X M<X SpoX MSoXg)
3 S 0 520 0 s0 00 5200 (50_2X0+1)2
-128 .. . ... ReCtM(s))ce
+ (m§+ Sp—Xo— mgxo)#
Sp—2Xgt+1
. 1 ( 0<x1 . ) . L. N
To(Sg,Xo) = — {16—40 — +X\ Ce(9)|24|Cq2) + | —64+ 160 — + N, | J(L+md)—————
2( 0 0) X[ 3 2 (| 9( )| | lO| ) 3 2 ( S)SO—ZXO+1

1] (112, o eff 2y (2 2
A (—1+X0)+16M5(—3+5Xg) |(|Cg'(s)|*+|C1ql*)

448\, |52

173

(1—Xg) + 64\ 5(5%o—1) | (1+m2)= —

— 643 ,Re(CE"(5))CS"

Sp—2Xgt+1

1. . 64 . -256 . |cef2

+ =R 1(So—x3) ] = (|ICEM(5)|2+|CrdD) + —— (14 MmI)———

S 0[3(| S HICwl + =AM
Here,x=S,—m3+ie, A\;=\;/mZ and\,=\,/m?. As the structure functiofi; does not contribute to the branching ratio, we
did not consider it in our present work. The Wilson coeffici€ff(s) depends both on the variablegands, arising from the
matrix element of the four-fermi operators.

The branching ratio foB— Xl *| ~is usually expressed in terms of the measured semileptonic branchindSgafar the
decaysB— Xl v,. This fixes the normalization constafi to be

3a? |stth|2 1
167 |Vcb|2 f(ﬁqc)K(ﬁ]c) ,

Bo=Bg (43

where
f(mMg)=1—8m2+8m°—mS—24mZinm, (44)

is the phase space factor fb(B— X l») and the functionK(FnC) accounts for both th®©(«;) QCD correction to the
semileptonic decay widtf42] and the leading order (fhj,)2 power correctiorf16]. It reads as

~ o oagmy) . h(mg)
x(Me)=1+———g(m)+ m? (45)
where
.~ Ag(my)
g(Me)=——— | (46)
f(me)
SN — A2 _ 22 9054 "6 _ 158 7oA
h(mc)—x1+f(A )[ 9+ 24m2—72mi+ 72mé— 15m¢— 72mlinm,] , (47)
C

and the analytic form of\,(m.) can be seen ifi32]. Note that the frequently used approximatigz)~ — 2 ((7?—3)(1
—2)2+3) holds within 1.4% accuracy in the range €.2<0.4. The equationg(z)=—1.671+2.04@z—0.3)—2.15(z
—0.3)% is accurate for 0.2z=<0.4 to better than one per mille accuracy and that is what we have used here.

The double differential ratio given in E¢41) agrees in the\{— A) limit with the corresponding expression derived for the
semileptonic deca— Xl v, in [32] [their Eq.(3.2)]. Taking this limit amounts to the following transcription:

1
cs'=— Clo:§ ) (48
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cs'=0, (49)

G,:a' % 4GF
Evtsvtb — —chb . (50)

The hadron energy spectrum can now be obtained by integratingsgv@he imaginary part can be obtained using the
relation:

1 (_1)n—1 . . sy
m e o (S ms). (51

The kinematic boundaries are given as
~2 ~2 - 2
max(mg, — 1+ 2xo+4my)<sp<Xg,

- 1 - .
Me=xo=5(1+ m2—4m?). (52

Here we keepm, as a regulator wherever it is necessary and abbre@§fe= CS"(s=1—2x,+m?). Including the leading
power corrections, the hadron energy spectrum in the dBeaX "1~ is given below:

dB R R | eff|2
a5 [[g“%x 9719+ X295 191(1CS"2+ |C10®) + 96" + A 10t + X208 T
Xo— 3 (1+mg)
eff 2 eff
. od
+195"?+ 11979+ X205 TIRe(CEM CEM+ (X 1h )+ X ohSY) dics + A,k T +(Ah{"2+X,h5"?)
dso ds?
d Re(CE" d? Re(C§ 1 - - I
fo’ lk<79>Tceff +68| x —5(1+m§—4m,2) fs(N1,Np)
1 .y . .
+6' x0—§(1+m5—4m,) fsr(N1,N2). (53

The functionsg(®1? g(" ,g{"9 h(® h(79 K k("9 in the  through the solid curve, however, without the singusas’
above expression are the coefficients of thm2lpower ex-  terms. Note that before reaching the kinematic lower end
pansion for different combinations of Wilson coefficients, Point, the power-corrected spectrum becomes negative, as a
with g0 being the lowest ordefparton model functions.  result of theX, term. This behavior is analogous to what

They are functions of the variableg andm, and are given has already been r('aported.for the Qilepton mass 'spectrum
in Appendix A. The singular functions, s’ have support dB(B— Xl “17)/dg? in the h|ghq2_reg|(_)n[15]_, signaling a
only at the lowest order end point of the spectrum, i_e_,breakdown of the M, expansion in this region. The terms
with the derivatives oS in Eq. (53) give rise to a singu-
larity in the hadron energy spectrum at the charm threshold
They are given in Appendix B. The derivatives @Eﬁ are dge o t.he cusp in the functiori(s), when approached from

i et Ann et A IS either side. The hadron energy spectrum for the parton model
defined as d"Cg'/dsy=(d"Co /ds") (s=1-2%o+So; So s also shown in Fig. 5, which is finite for all ranges B.
=m?) (n=1,2). In the ¥—A) limit our Eq. (53 for the What is the region of validity of the hadron energy spec-
hadron energy spectrum B— X4l “1~ agrees with the cor- trum derived in HQET? It is known that iB— X, "1~ decay
responding spectrum iB— Xly, given in [32] [their Eq. there are resonances present, from which the knowf6dix
(A1)]. Integrating also ovek, the resulting total width for populate thex, (or Eg) range between the lower end point
B— X4 "1 "agrees again in the\(—A) limit with the well  and the charm threshold. Taking this into account and what
known resulf16]. has been remarked earlier, one concludes that the HQET

The power-corrected hadron energy spectruB(BI  spectrum cannot be used near the resonances, near the charm
—XJdT17)/dE, (with Eq=mX,) is displayed in Fig. 5 threshold and around the lower endpoint. Excluding these

at xg‘ax—1(1+m 4m|) The auxiliary functions

fs(A1,A,) and fz(X1,\,) vanish in the limitA;=X,=0.
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8 — T V. HADRONIC MOMENTS IN B—X*I7IN HQET
e barton model We start with the derivation of the lowest spectral mo-
- | | ments in the deca— Xl *| ~at the parton level. These mo-
> — HQET ments are worked out by taking into account the two types of
o 6 N corrections discussed earlier, namely the leading powsg 1/
s | i and the perturbativé(«;) corrections. To that end, we de-
T ] fine
L L m
P 2
T4 u 1. . da-B .
L | M= —j (Sg—M2)"™X§' ——dsodx,,  (54)
+ BO dSOdXO
SRS _
j - T for integersn andm. These moments are related to the cor-
N B responding moment&('(s,—m?2)") obtained at the parton
o T i level by a scaling factor which yields the corrected branching
I 1 ratio =By M I} . Thus,
(U / o T T ~ ~ BO
0 1 2 3 4 5 (Xg(So—m3)™ = M . (55)

E, [GeV]

The correction factof3y /B is given a little later. We remind

— - i -
FIG. 5. Hadron energy spectrun3(B—X | 1 )/dE, in the that one has to Taylor expand it in terms of #«s) and

parton modeldotted ling and including leading power corrections fi Th t b d doubl
(solid ling). For mp/2<Ey=<m, the distributions coincide. The pa- power corrections. 1he moments can be expressed as double

rameters used for this plot are the central values given in Table ?xpanS|_on iNO(as) and 1M, and_ to the aCCWaCy Of' our
and the default values of the HQET parameters specified in text. C@lculations can be represented in the following form:

regions, the spectrum calculated in HQET is close to the Mﬁ]@:Dén’m)Jffcng("’m)H\lD(ln’m)JfkzD(zn’m),
(partonig perturbative spectrum as the power corrections are (56)
shown to be small. The authors of R¢R0],> who have
performed an ]j']c expansion for the dilepton mass SpectrumWith a further decomposition into pieces from different Wil-
dB(B—Xd *17)/dg? and who also found a charm-threshold son coefficients for=0,1,2:
S|2ngular2|ty, expect a r_ellable prediction of theAszpect[uzm for DN = ez g gmc2 4 (nmicely sinm)
g°<=3m; corresponding to Eq=(m,/2) (1+m;—3m) (57)
~1.8 GeV. In this region, the effect of themy power cor-
rections on the energy spectrum is small and various spectihe termSyi(”’m) and 5i(“'m) in Eq. (57) result from the terms
in B— X "1 calculated here and in Reffl5] can be com-  proportional to ReCS™CE™ and|CEM|? in Eq. (41), respec-
pared with data. tively. The results fora{™™,g"™ (M 5™ Zre pre-
The leading power corrections to the invariant mass specsented in Appendix C. Out of these, the functi@d@*m) and
trum is found by_integrating Ed41) wi_th respect taxe. We g™ are given analytically, but the other twg™™ and
have already discussed the non-trivial hadronic invariantgn.m 5. given in terms of a one-dimensional integral over

mass spectrum which results from «;) bremsstrahlung x(l), as these latter functions involve the coeﬁici&h@ﬁ,

and its Sudakov-improved version. Since we have consisjhich is a complicated function of,.

tently dropped everywhere terms 6\ ;a;) [see Eq(41)], The leading perturbative contributions for the hadronic
this is the only contribution to the invariant mass spectrumpyariant mass and hadron energy moments can be obtained
also in HQET away frons,=m?, as the result of integrating analytically by integrating Eq(30) and Eq.(29), respec-

the terms involving power corrections in E@1) overxy is  tively, yielding

a singular function with support only ay=m?. Of course, I
. . ST T 25—4T 91 5
these corrections contribute to the normalizatidire., ACO—— A0 ARO—___
branching ratip but leave the perturbative spectrum intact 9 675 486
- -2
for sp#mg. 1381 21072 2257- 32072
A0V S a0 20T T (g
1350 ’ 5400

The O(1/m2) correction to B(B— X4 "1 ~)/dg? has also been The zeroth moment=m=0 is needed for the normalization

calculated in Ref[21], however, the result differs in sign from the and we recall that the result foA(®9 was derived by
one in Ref[20]. It seems that this controversy has been settled inCabibbo and Maiani in the context of thf&(as) correction
favor of Ref.[20]. to the semileptonic decay raB— Xl v, quite some time ago
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[42]. Likewise, the first mixed momerA can be ex- ments agree in th¥—A limit (and withm,=0 in the per-
tracted from the results given [132] for the decayB— Xy, turbative « correction term with the corresponding

after changing the normalization, expressions given ifi32]. From here the full®(asms) ex-
3 pressions can be inferred after adjusting the normalization

ALD = (59) I',—B,3C3. We have checked that a finiequark mass

50° effects the values of th&(™™ given in Eqs(58),(59) by less

N than 8% forms=0.2 GeV.
For the lowest order parton model contnbut@@“'m), we We can elisminate the hidden dependence on the non-

find, in agreement wit/32], that the first two hadronic in- oy rhative parameters resulting from theuark mass in
variant mass monlent(sAso—m@,((sO—mﬁ)Z) and the first  the momentsv (™ with the help of the HQET mass rela-
mixed momentXo(So—Mm3)) vanish: tion. Asms is of orderAQCD, to be consistent we keep only
terms up to ordemZ/m? [43]. An additionalm, dependence

is in the mass ratiosn,=m,/m,. Substitutingm, by the
We remark that we have included teejuark mass depen- B-meson mass using the HQET relation introduces additional

dence in the leading term and in the power corrections, bu@(1/mg,1/m3) terms in the Taylor expansion of E¢G5).

omitted it throughout our work in the calculation of the ex- We get for the following normalization factor foB/B3,

plicit ag term. All the expressions derived here for the mo- —M(9|°3

Dg"?=0 for n=1,2 and D§"Y=0.  (60)

2

32 )
—=——| —4m3—13m3—3(m3—2m?)In 4—
By 9m3 m3

2
C7"%+ — (m3—8m3)Cig
3mg

/ 2/m2 64
+f(”)(“ms "8 g —y (— M2~ 4mlxo+ 2m3x3 + 2mB3)Re(CEH CE"

mg/mg B

U2)(1+mZ/m? 16
+f( . BdxXo—— (—3m5+6max5+ 6mix5— 8maxg)| C§"|?
mg/mg 3mB

2
Ceffz + Clo

—64
(0,00 ~2 eff2 _ T eff2
A Cj+—5CH*—+—-C T+

A —32  A?
eff2
mg 3 é

16 2-3In| 4
— — n —
9 m3

12 2 effy ~eff 16 2| ~eff|2 A
+f dxo| 64xGRe(Cg") CS"+ — (3—4x0)X5|Cq'| —
0 3 mg
16 449l 4m|2
+ ? +9In m_ZB

1/2
+ | dxo(64(—1—4xe+7x3)Re(CEMCEM+ 16(— 1+ 15x3— 20x3) | CE| )]
0

cs2-3ck,

2
—. 61
m2 (61)

Here, theA/mg and A 2/m3 terms result from the expansion of Im@mg). The first two moments and the first mixed moment,
(xo)BI By, (x3)BI By, (So— MBI By, {(So—M2)2)BI By and(xo(So— m2)) B/ B, are presented in Appendix D.

With this we obtain the moments for the physical quantities valid u;ﬁ?(ozslmé,llmg), where the second equation
corresponds to a further use wk=O(Acp). We get for the first two hadronic invariant mass moments

20ur first expression fofS?), Eq.(62), does not agree in the coefficient(s,— mZ) with the one given if32] [their Eq.(4.1)]. We point
out thatmé should have been replaced bﬁ in this expression. This has been confirmed by Adam Falfivate communication Dropping
the higher order terms given in their expressions, the hadronic moments in HQET derived herg 2#tjchgree.
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(Sy)=m2+ A2+ (mg— 2Amg)(So—mE) +(2Amg— 2A%— X1 = 3X,)(Xo),
(S2y=m?+2A%m2+2m2(m3 — 2Amg)(So— M2) + 2m2(2Amg— 2A%— X1 — 3\ )(Xo)

+ (Mg —4AMZ){(So— M3)?) + 4A M3 (x5) + 4AME(Xo(So— M3)), (62)
=(mg—4AM3){(So— M3)?) +4A2m2(x2) + A M (Xo(So— M32)),

and for the hadron energy moments:

eyt Mt Mt
(En)y= 2mg Mg 2m (Xo)»

(EZ)=A2+(2Amg—2A%— N1 —3\,)(Xo) + (M3 —2Amg+ A2+ N1+ 3\,)(X3). (63)

One sees that there are linear power correctié](gT/mB), present in all these hadronic quantities exc(ﬁ;) which starts
in (ag/7) (A/mg).

A. Numerical Estimates of the Hadronic Moments in HQET

Using the expressions for the HQET moments given in Appendix D, we present the numerical results for the hadronic
moments inB— X4 "1~ valid up toO(as/m3,1/m3). We find

A a A A2
(Xo)=0.367 1+0. 148— 0.204 — Lo, 030— 0.017— +0. 884—+3 652—
Mg 7 m3 m3 m3

A A A2
(xg>=o.14{ 1+0. 324— 0.223— 0. 058— 0.034— +1. 206—+4 680—

mg 7 mB mB mB

.. a A
(Xo(So— M2))=0.041—=| 1+0.083—| +0. 124—+0 172—
r mB mB B

e A
(Sp—mZ)=0.093—| 1+0.083— | +0. 641—+0 589—
m Mg mB mB

o o A

(3=2)%) =0.0071 | 1+0.083 - 0196—. (64)
ma

As already discussed earlier, the normalizing fad#oB, is also expanded in a Taylor series. Thus, in deriving the above
results, we have used

B A A2
—=25.27171-1. 108— 0. 083— 0. 041— +0. 546— 3. 439—
Bo B B mB

The parameters used in arriving at the numerical coefficients are given in Table | and Table II.
Inserting the expressions for the moments calculated at the partonic level int62eqnd Eq.(63), we find the following
expressions for the short-distance hadronic moments, valid @ 4Q/m3,1/m3):

L[ M2 A A A?
(Sy)=m2 —2+0093— O069——+O735—+0243—+0273——0513—
mg 7T mB mB B
A a A2
(S2)=md ooo71—+0138—;+0587— 0196— (65)
mB B

074001-13



A. ALI AND G. HILLER PHYSICAL REVIEW D 58 074001

Qg A Qg A A2 N1 o
(En)=0.367ng| 1+0.148——-0.352— —+1.69L —+0.012— +0.024— +1.070— |,
™ mg 7 Mg mg mg mg

o 5 g A ag A A? Ng o
(E2)=0.147m2| 1+0.324=—0.128— — +2.954— + 2.740— — 0.299+ + 0.162-2 | .
™ mg 7 Mg m3 m3 m3

Setting mg=0 changes the numerical value of the coeffi- parametersn,, a¢ and the scaleu, given in Table I. The
cients in the expansion given abovi@ which we already errors were calculated by varying these parameters in the
neglectedysmg) by at most 1%. With the help of the expres- indicated range, one at a time, and adding the individual
sions given above, we have calculated numerically the haderrors in quadrature. This exercise has to be repeated with
ronic moments in HQET for the dec&— X "I, I=u,e  real data inB—X¢*1~ to draw any quantitative conclu-
and have estimated the errors by varying the parameter§ons.
within their +10 ranges given in Table I. They are pre-  The theoretical stability of the moments has to be checked
sented in Table Il where we have usdd=0.39 GeV,\;  against higher order corrections and the error estimates pre-
=-0.2 GeV and \,=0.12 Ge\f. Further, usingag(my) sented here will have to be improved. The “BLM-
=0.21, the explicit dependence of the hadron_ic momentgnhanced”’ tWO-lOOp Correctior[gA] proportiona| thgﬁO,
given in Eq.(65) on the HQET parametebs; andA can be  whereg,=11—-2n;/3 is the first term in the QCD beta func-
worked out: tion, can be included at the parton level as has been done in
other decay$32,45, but not being crucial to our point we
have not done this. More importantly, higher order correc-
A A2 M) tions in as and 1Mmg are not included here. While we do not
1+132.61 ~+44.14—5+49.66 |, think that the higher orders i, will have a significant
B Mg Mg influence, the second mome(i8?) is susceptible to the pres-
ence of ] corrections as shown for the decBy-XIv,
[46]. This will considerably enlarge the theoretical error rep-
resented by the dashed band ¢&,) in Fig. 6. Fortunately,

the coefficient of the\/mg term in(S,) is large. Hence, a

T \ good measurement of this moment alone constrAiresfec-
" 1223.41—2—408.39—2 , 66) tively. Of course, the _utlllty c_Jf the_ hadrpnlc moments calcu-
m3 m2 lated above is only in conjunction with the experimental
cuts. Since the optimal experimental cutsBia-XJ 1~ re-
main to be defined, we hope to return to this and related issue

(Sy)=0.0055n3

A
<s§>=o.ooo48ng( 1+19.41—
B

— -, of doing an improved theoretical error estimate in a future
(E)=0.372mg| 1+ 1,64 +0.05 10022 publication.
H ' B T mg mé ' mé ’ Related issues in other decays have been studied in litera-
ture. The classification of the operators contributing in
O(l/mg), estimates of their matrix elements, and effects on
N 12 N the decay rates and spectra_ in_the decBys Xlv, and
(E2)=0.150m3 1+2.88—+2.68——0.29—1) . B—(D,D*)ly, have been studied in Refgl7-49. Spectral
Mg mé mé moments of the photon energy in the dedy X,y have

o ) ~ been studied in Ref50]. For studies ofo(1/m3) contribu-
While interpreting these numbers, one should bear in mingions in this decay and the effects of the experimentalcnt
that there are two comparable expansion parameténs;  the photon energyon the photon energy moments, see Ref.
and a /7 and we have fixed the latter in showing the num-[51].
bers. As expected, the dependence of the energy moments Finally, concerning the power corrections related to the
(EJ}) on A and \, is very weak. The correlations on the cc loop inB— X "1, it has been suggested[i20] that an
HQET parameters; and A which follow from (assumegl ~ O(A5cp/mZ) expansion in the context of HQET can be car-
fixed values of the hadronic invariant mass mome8s) ried out to take into account such effects in the invariant
and(S?) are shown in Fig. 6. We have taken the values formass spectrum away from the resonances. Using the expres-
the decayB— X.u ™~ from Table Il for the sake of illus- sions(obtained withms= 0) for the 1m§ amplitude, we have
tration and have also shown the presently irreducible theocalculated the partonic energy momewtgxg), which cor-
retical errors on these moments following from the inputrect the short-distance result at order/m?:
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B 256C,N; [(121-4md)
A(XE —=——f VdxoxAt2
< 0> BO 27mg o 0”0
—3+4xq+2x2
xRe[F(r)(cg”(s—zx(,Hzc?ﬁ%—_l ,
r: ~ 1
am?
! tam/ ' 1 o<r<1
———arctam,/ ——— r<i,
3| Vr(1-n 1-r

2r 1 /I 1 VI
n |
2\/r(r—1)\ 1+1-1k i

-1 r>1.

The invariant mass and mixed moments give zero contribuhadronic invariant mass and hadron energy distributions in
tion in the order we are working, witm,=0. Thus, the the decayB— X "1~. These effects are studied in the FM
correction to the hadronic mass moments are vanishing, iinodel[28]. The hadronic moments in this model are com-
we further neglect terms proportional ta{/m2)A and Pared with the ones calculated in the HQET approach for
(A»/m2) \;, with i =1,2. For the hadron energy moments we /dentical values of the equivalent parameters. We also define
obtain, numerically, this equivalence and illustrate this numerically for some val-

ues of the FM model parameters resulting from fits of data in
otherB decays. With the help of the phenomenological pro-
files in the FM model, we study the effects of the experimen-
tal cuts used by the CLEO Collaboratigd0] on the hadron
69 spectra and spectral moments in the deBay X, *1~. The

(69 resulting branching ratios and the hadronic invariant mass

leading to a correction of order 0.3% to the short-distance Moments are calculated for several values of the FM param-
values presented in Table V. The power corrections pre€térs and can be compared directly with data when it be-
sented here in the hadron spectrum and hadronic spectrg®mes available.

A<EH>1/m§: mBA<X0>: - 0007 GeV,

A(ED)mp=mM3A (x5)= —0.013 GeV,

moments inB— Xl ©1 "are the first results in this decay.

VI. HADRON SPECTRA AND MOMENTS IN THE FERMI
MOTION MODEL

In this section, we study the non-perturbative effects as
sociated with the bound state nature of Bidnadron on the

A. Hadron spectra in B— Xl *1~
in the Fermi motion model [28]

The Fermi motion mod€l28] has received a lot of phe-
nomenological attention iB decays, partly boosted by stud-
ies in the context of HQET showing that this model can be
made to mimic the effects associated with the HQET param-

TABLE |. Default values of the input parameters and errorsetersA and\; [39,17. We further quantify this correspon-

used in the numerical calculations.

dence in this paper. In the context of rdBedecays, this
model has been employed to calculate the energy spectra in

Parameter Value the decayB— X+ vy in [52], which was used subsequently
by the CLEO Collaboration in their successful search of this

Mw 80.26(GeV) decay[53]. It has also been used in calculating the dilepton

mz 91.19(GeV) invariant mass spectrum and FB asymmetnBins X 71~

Sin Gy 0.2325 in Ref. [15].

ms 0.2(GeV) The FM model has two parameteps and the spectator

Me 1.4(Gev) quark massm,. Energy-momentum conservation requires

m 4.8 (GeV) the b-quark mass to be a momentum-dependent parameter

m 1755 n(quV) determined by the constraint

M b °

a 'l 128" mg(p)=mg?+mg?—2mg\p?+my%  p=|p|. (70

ag(my) 0.117+0.005

By (10.4+0.4) The b-quark momentunp is assumed to have a Gaussian

distribution, denoted byb(p), which is determined by,
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TABLE II. Values of the Wilson coefficients used in the numerical calculations corresponding to the
central values of the parameters given in Table I. H&%=C,— Cs/3— C,, and forCy we use the NDR

scheme.
C, C, Cs C, Cs Cs cef Cs Cio c©
—0.240 +1.103 +0.011 -0.025 +0.007 —0.030 —0.311 +4.153 —4.546 +0.381
4 —p? —Xd*17) is composed of a Sudakov improved piece from
¢(p)= Wex 0z (7)) C3 and the remaining lowest order contribution. The latter is
TPE F

with the normalization/dpp?¢(p)=1. In this model, the
HQET parameters are calculable in termsgppfandm, with

A= f:dpp2¢(p)vm§+ p?,

» 3
>\1=—f0dpp“¢(p)=—§pé- (72

In addition, for my=0, one can show that = 2pg / /7.
There is, however, no parameter in the FM model analogous
to A, in HQET. Curiously, much of the HQEMmalaisein
describing the spectra in the end-point regions is related to
N5, as also shown ifil7,15. For subsequent use in working
out the normalizatior(decay widthg in the FM model, we
also define areffective bquark mass by

1/5

mﬁ“z( f:dppzmb(m%(p)

B  u
ds

based on the parton model distribution, which is well known
and given below for the sake of completeness:

4

=50 3 (Mp—2mEmg+ mi+mgs (75)

+mgs—2s%)(|C5(s)|*+]Cad?)
16 6 4o 52 o4 6_md
+ 3 (2mp—2mymg—2mymg+2mg—mgs

[k

— 14m2mZs— mis—mas?— misz)T

+16(mf—2m2m2+m?—m2s—m2s)Re(CEM(s))CEM

V(mi+s—m?)2—4amis

u:

(73
2 L
my
The relation betweemg, my, A, N1 and)\, in HQET has 0 e
already been stated. With the quantitg" defined in Eq. | ! ! AR
. . - . / /
(73) and the relations in Eq$72) for A, and A, the relation - / / 1
L , , .
—_ eff __ eff - ! // —
mg=m, +A—N\/(2mg"), (74 o1 ,
—01 , _
/
is found to be satisfied in the FM model to a high accuracy i ) |
(better than 0.7%), which is shown in Table IV for some | / ]
representative values of the HQET parameters and their Fvg” / ]
model equivalents. We shall use the HQET parameters § -0.2 - —
and\; to characterize also the FM model parameters, with - - J/ 1
the relations given in Eqg72) and(73) and in Table IV. i J/ 1
With this we turn to discuss the hadron energy spectrum i , 1
in the decayB— X4 *17in the FM model including the 03 i / ]
O(as) QCD corrections. The spectrum BtHEy (B 1 // ]
7 /
- 7 / -
TABLE lIIl. Hadronic spectral moments fdB— X.u*u~ and L i / 4
J— /
B— X, e in HQET with A=0.39 GeV,\;=—0.2 GeV?, and - // / -
\,=0.12 Ge\. The quoted errors result from varying, a5 and B e e e e LI
the top mass within the ranges given in Table . 0.25 03 0.35 04 0.45 0.5
A [Gev]
(Sw) (S (En) (ER) FIG. 6. (Sy) (solid bandsand(S?%) (dashed bandsorrelation
HQET (GeV) (GeV) (GeV) (GeV) in (\;-A) space for fixed valuegS,)=1.64 GeV and (S2)
wtu” 1.64+-0.06 4.48029 221004 5.14-0.16 =4.48 GeV, corresponding to the central values in Table Ill. The
ete” 1.79+0.07 4.98-0.29 2.410.06 6.03-0.29 curves are forced to meet at the poki=—0.2 GeV and A

=0.39 GeV.
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TABLE IV. Values of non perturbative parameter§" , \; and LI L LI L L L L LB BRI
A for different sets of the FM model parametefs-(m,) taken i v 1
from various fits of the data oB— X+ (J/#,7y) decays discussed -
in Ref.[29].

Pe .My (MeV,MeV) mg" (GeV) A (GeV®) A (GeV)

(450,0) 4.76 —0.304 0.507 L 1
(252,300) 4.85 —0.095 0.422 _
(310,0) 4.92 —0.144 0.350 i |
(450,150) 4.73 —0.304 0.534 | |
(500,150) 4.68 —0.375 0.588

(570,150) 4.60 —0.487 0.664 I i

dB(B—> X, w* w)/dE, 108 [Gev-']
-~
I

By GE[ViVil? 3a? m I

Dsl 5
" Tg 10223 16m2 T

0 11 1 I 111 1 I | I | |‘~}‘\le 1 1 | | I | I 11
¢} 1 2 3 4 5
GEVerms . -~ - E, [Gev]
Tg=——= (Mg k(o). (76) L |
1927 FIG. 7. Hadron energy spectrum B—XJ "1~ in the Fermi

motion model based on the perturbative contribution only. The
Note that in the lowest order expression just given, we haveolid, dotted, dashed curve corresponds to the parameters J
|CEM(s)|2=|Y(s)|?+2CsRE Y(s)] with the rest ofCE™(s)  =(—0.3,0.5),(-0.1,0.4),(-0.15,0.35) in (Ge¥, GeV), respec-
now included in the Sudakov-improved piece as can be sedively.
in Eg. (32). To be consistent, the total semileptonic width
I'y;, which enters via the normalization const#it has also @ close parallel in the hadronic invariant mass spectra in
to be calculated in the FM model with the same set of theB—X¢ "1~ and B—X,l», with the latter worked out in
model parameters. We implement the correction in the decald4]. We think that the present theoretical dispersion on the
width by replacing thé-quark mass i’ given in Eq.(76)  hadron spectra in the dec&— X4 1~ can be considerably
by mg™. (See[15] for further quantitative discussions of this reduced by the analysis of data Xl »; . _
point on the branching ratio for the decBy-Xd *17.) The The hadronic |nvar|a_nt mass distribution obtained by the
hadronic invariant mass spectrum in the deBay X¢l *1-in ~ O(as)-corrected partonic spectrum and the HQET mass re-
this model is calculated very much along the same lines. The
kinematically allowed ranges for the distributions arg 60 o
<Ey<mg and mi<S,=<m3, and we recall here that the
physical threshold has been implemented by demanding that
the lowest hadronic invariant mass produced in the decay
B— X4l 1~ satisfieany,=max(mg ,My+ms). The results for
the hadron energy and the hadronic invariant mass spectra
are presented in Figs. 7 and 9, respectively. We do not show
the S, distribution in the entire range, as it tends monotoni-
cally to zero for larger values @, .

A number of remarks is in order:

The hadron energy spectrum By X *1~ is rather in-
sensitive to the model parameters. Also, the difference be-
tween the spectra in the FM and the parton model is rather
small as can be seen in Fig. 8. Since, away from the lower

end point and thec threshold, the parton model and HQET
have very similar spectri@ee Fig. 5, the estimates presented y .
in Fig. 7 provide a good phenomenological profile of this ol v v Y e
spectrum for the short-distance contribution. Very similar 1 2 3 4 5
conclusions were drawn if83] for the corresponding spec- E, [Gev]

trum in the decayB—X,l», where, of course, the added FIG. 8. Hadron energy spectrum Bi— X/ "1~ based on the

complication of thecc threshold is not present. perturbative contribution only, in the Fermi motion modédbtted

In contrast to the hadron energy spectrum, the hadronigurve for (pg ,my) = (252,300) (MeV, MeV), yielding meT=4.85
invariant mass spectrum iB— X I~ is sensitive to the GeV, and in the parton modélong-short dashed curyeor m,
model parameters, as can be seen in Fig. 9. Again, one seegl.85 GeV.

58

dB(B—> X, u* u-)/dE, 108 [Gev-']
[as]
T 1< ¢

PRI T [N TN T TN [N TN TN Y (NN ST S MR Ry S NS T

N

o
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dB
] (xmz(ngmdxH)/B for X=SE. (77

8 The values of the moments in both the HQET approach and
8 the FM forn=1,2 are shown in Table V for the dec&®/

. —Xgu" u”, with the numbers in the parentheses correspond-
1 ing to the former. They are based on using the central values
— of the parameters given in Table | and are calculated for the

T same values of the HQET parametérsand \ 4, using the

T transcriptions given in Eq$72). Both the HQET and the FM

1 model lead to strikingly similar results for the hadronic mo-
] ments shown in this table. Wit{S,)=(1.5-2.1) GeV, the

. hadronic invariant mass spectraBna— X, "1~ are expected

1 to be dominated by multi-body states.

dB(B-> X, u* u-)/ds, 105 [Gev-2)

2

VII. BRANCHING RATIOS AND HADRON SPECTRA
S T IN B—Xl*1~ WITH CUTS ON INVARIANT MASSES

A
— e e o] P

<

N\
s

0 2 4 . 6 8 10 The short-distancéSD) contribution (electroweak pen-
Su [Gev?] guins and boxesis expected to be visible away from the
FIG. 9. Hadronic invariant mass spectrum in the Fermi motion'&SONance regions dominated  bB—X(J/4, 4", .. .)

i O . .
model and parton model, based on the perturbative contribution~Xsl |- S0, cuts on the invariant dilepton mass are im-

only. The solid, dotted, dashed curve corresponds to the parametdP@S€d to get quantitative control over the long-distafhd®)
(\{,A)=(—0.3,0.5),(-0.1,0.4),(0.15,0.35) in (Ge¥, GeV) resonant contribution. For example, the cuts imposed in the

respectively. The parton moddbng-short dashadcurve is drawn ~ "€cent CLEO analysiE30] given below are typical:

for m,=4.85 GeV. cut Aig?=<(my,—0.1 GeVj2=8.98 GeV,

lation can only be calculated over a limited range Sf, cutB :ng(mw_ 0.3 Ge\)2=7.82 Ge\,
Sy>mgA, as shown in Fig. 3. The larger is the value/of
the smaller is this region. Also, in the range where it can be cut CZQZZ(mW‘FO.l GeV)’=14.33 GeV. (79

calculated, it depends on the non-perturbative paranmejer _
(or A). A comparison of this distribution and the one in the Th€ CUtsA andB have been chosen to take into account the
FM model may be made for the same valuesngfandmgﬁ. QED radiative corrections as these effects are different in the

- + - ;
This is shown for,=4.85 GeV in Fig. 9 for HQETlong- eh e" and " hm%d((ejs. In-a forthcomr:ng %apéﬁhg], qu
short dashed curyeo be compared with the dotted curve in SN compare the hadron spectra with and without ne

’ +1- H H
the FM model, which corresponds tmf"=4.85 GeV. We — gy, ... )= X1~ resonant parts after imposing

see that the two distributions differ though they are qualita—these experimental cuts to quaniify the theoretical uncer-

tainty due to the residual LD effects. Based on this study, we

ively similar. .
tively simila argue that the above cuts gf greatly reduce the resonant
part. Hence, the resulting distributions and moments with the
B. Numerical estimates of the hadronic moments above cuts essentially tegtip to the non-perturbative as-

in FM model and HQET pects the SD contribution ilB— X 717,

To underline the similarity of the HQET and FM descrip-  AS mentioned if30], the dominanBB background to the
tions inB— X *1~, and also to make comparison with data decayB—Xd 1~ comes from two semileptonic decaysif
when it becomes available with the FM model, we have cal®" D mesons, which produce the lepton pair with two unde-
culated the hadronic moments in the FM model using thdected neutrinos. To suppress tl8 background, it is re-
spectra just described. The moments are defined as usual:quired that the invariant mass of the final hadronic state is

TABLE V. Hadronic spectral moments f@&— X.u* u~ in the Fermi motion mode{HQET) for the
indicated values of the parameteis; (A).

B (Sw) (St (En) (ER)
(A1, A) in (GeV?, GeV) (GeV?) (GeV) (Gev) (GeV?)
(-0.3,0.5) 2.032.09 6.43(6.93 2.23(2.29 5.27 (5.4
(—0.1,0.4) 1.751.80 4.04(4.38 2.21(2.22 5.19(5.23
(—0.14,0.35) 1.541.49 3.65(3.64) 2.15(2.18 4.94(5.04)
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TABLE VI. Branching ratios foB— X4 "1, | = u,e for different FM model parameters are given in the
second and third columns. The values given in percentage in the fourth to ninth columns represent the
survival probabilityS(t=1.8 GeV), defined in Eq:79), with no cut on the dilepton invariant mass and with
cuts on this variable as defined in E@9).

FM parameters Bx10°® Bx10% Noscut Noscut cutA cutB cutC cutC
(\;,A) in (GeV2, GeV) w'n~ e'e ptum  e'er u'ut e'er ptut e'e”
(—0.3,0.5) 5.8 8.6 83% 79 % 57% 57% 6.4% 4.5%
(—0.1,0.4) 5.7 8.4 93% 91 % 63% 68% 8.3% 5.8%
(—0.14,0.35) 5.6 8.3 92% 90 % 65% 67% 7.9% 55%

less thart=1.8 GeV, which approximately equais, . We  can be seen in Table VI. This reflects that, like in HQET, the
define the survival probability of thB— Xl *| ~ signal after ~ corrections to the decay rates fBr—X¢l "I~ andB— Xl

the hadronic invariant mass cut: are of order IhZ, and a good part of these corrections can-
2 dB cel in the branching ratio foB— Xl "1 ~. With the help of

S(t)z( f‘ —d&) B, (79 the theoretical branching ratios and the survival probability

m2d S, S(t=1.8 Ge\), calculated for three sets of the FM param-

. _ eters, the branching ratios can be calculated for all six cases
and presen§(t=1.8 GeV) as the fraction of the branching \yith the indicated cuts in Table VI. This gives a fair estimate

. s ) _
ratio for B— Xl "I~ surviving these cuts in Table VI. We 4 he theoretical uncertainties on the partially integrated
note that the effect of this cut alone is that between 83% t%ranching ratios from th&-meson wave function effects.

92% of the signal foB—X.u*u~ and between 79% to : . —= .
91% of the signal ilB— X.e" e~ survives, depending on the Th(|js table sh%v_vsl that W'th iO?B events,fO(?O) d|r|n+u|cin
FM model parameters. This shows that while this cut re2d ©O(100) dielectron signal events fronB— X,
. — . should survive the CLEO cuts ) with m(X,)<1.8 GeV.
moves a good fraction of thBB background, it allows a : .
With cut C, one expects an order of magnitude less events,

very large fraction of theB— XJ*1~ signal to survive. . i L .
HOV)\/IEVE? this cut does not discr?minate getween the SD an@aklng this region interesting for the CERN Large Hadron

LD contributions, for which the cutd—C are effective. ollider _(LHC) efp?rirgenti Wf ShOW, in Fig. ,10 hgdron

With the cut A (B) imposed on the dimuofdielectron ~ SPectra imB—Xd "1~ I==e~,u~, resulting after imposing
invariant mass, we find that between 57% to 65% (57% tdhe CLEO cuts A, B, C, defined in E(8). One sees that the
68%) of theB— X, 1~ signal survives the additional cut on geqeral featqres of thauncuy theoretical distributions re-
the hadronic invariant mass for the SD contribution. TheMain largely intact: the hadron energy spectra are relatively
theoretical branching ratios for both the dielectron andinsensitive to the FM parametel’s and the hadronic invariant
dimuon cases, calculated using the central values in Tablemass spectra showing a sensitive dependence on them. Given
are also given in Table VI. As estimated [ib5], the uncer- enough data, one can compare the experimental distributions
tainty on the branching ratios resulting from the errors on thdn B— Xl “1~ directly with the ones presented in Fig. 10.
parameters in Table | is about 23% (for the dielectron We have calculated the first two moments of the hadronic
mode and = 16% (for the dimuon case The wave-function-  invariant mass in the FM model by imposing a Gg<t?
related uncertainty in the branching ratios is negligible, asvith t=1.8 GeV and an optional cut ayf

2 d2B 2 d?B tX
Sn _ J’t n Cu'[Xd d 2 / ( f cu d d 2 for n= 1,2 80

Here the subscriptutX indicates whether we evaluated values of the parameters. The functional dependence of the
(Sy) and(S%) with the cuts on the invariant dilepton mass hadronic moments on the HQET parameters taking into ac-
as defined in Eq(78), or without any cut on the dilepton count the experimental cuts still remains to be worked out.
mass. The results are collected in Table VII. The moments
given in Table VII can be compared directly with the data to
extract the FM model parameters. The entries in this table
give a fairly good idea of what the effects of the experimen- We summarize our results:

tal cuts on the corresponding moments in HQET will be, as We have calculated thé(«;) perturbative QCD and
the FM and HQET yield very similar moments for equivalent leadingO(1/m,) corrections to the hadron spectra in the de-

VIll. SUMMARY AND CONCLUDING REMARKS
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FIG. 10. Hadron spectra iB— Xl *I ~ in the Fermi motion model with the cuts on the dilepton mass defined ii78y.(a), (c), (e) for
the hadronic energy an@), (d), (f) for the hadronic invariant mass corresponding to cut A, B, C, respectively. The solid, dotted, dashed

curves correspond to the parametexs,(\)=(—0.3,0.5),(0.1,0.4),0.15,0.35) in (Ge¥, GeV), respectively.
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TABLE VII. (Sy) and(S3) for B—X¢ *1~, I=pu,e for different FM model parameters and a hadronic
invariant mass cuBy<3.24 GeV are given in the second to fifth columns. The values in the sixth to
eleventh columns have additional cuts on the dilepton invariant mass spectrum as defined7i8).Eche
S,-moments with cuts are defined in E&O).

FM No s-cut No s-cut cut A cut B cut C
parameters whu” ete” uwtu” ete” 11~

(\1,A) Sy (Sh) (Sw (S (S (Sh) (Sw (S (Sw (Sh)
GeV?, GeV GeV GeV' GeV? GeVW GeV? GeV GeV® GeVt GeV GeV
(—0.3,0.5) 1.47 2.87 1.52 3.05 1.62 3.37 1.66 3.48 0.74 0.69
(-0.1,04) 1.57 2.98 1.69 3.37 1.80 3.71 1.88 3.99 0.74 0.63

(—0.14,0.35) 131 2.34 1.38 2.55 1.47 2.83 1.52 2.97 0.66 0.54

cayB— X 17, including the Sudakov-improvements in the would enable a precise determination of the CKM matrix
perturbative part. elementV .

We find that the hadronic invariant mass spectrum is cal- As a phenomenological alternative to HQET, we have
culable in HQET over a limited rangg,>mgA and it de- worked+0_ut_ the hadron spectra and spectral moments in

B—Xd "1™ in the Fermi motion mod€]28]. This comple-

ments the description of the final statesBa-Xg "1~ pre-
T ; ) Sented in[15], where the dilepton invariant mass spectrum
found for the hadronic invariant mass spectrum in the decaynq F asymmetry were worked out in both the HQET and
B— Xl [34]. . FM model approaches. We find that the hadron energy spec-

The 1y, corrections to the parton model hadron energytrym is stable against the variation of the FM model param-
spectrum inB— Xl "I~ are small over most part of this eters. However, the hadronic invariant mass is sensitive to
spectrum. However, heavy quark expansion breaks dowthe input parameters. For equivalent values of the FM and
near the lower end point of this spectrum and close tacthe HQET parameters, the spectral moments are found to be re-
threshold. The behavior in the former case has a similar orimarkably close to each other.
gin as the breakdown of HQET near the high end point in the We have worked out the hadron spectra and spectral mo-
dilepton invariant mass spectrum, found in R@f). ments in the FM model by imposing the CLEO experimental

We have calculated the hadronic spectral momésfy cuts designed to suppress the resoramtontributions, as
and(E}}) for n=1,2 using HQET. The dependence of thesewell as the dominanBB background leading to the final
moments on the HQET parameters is worked out numeristateBB— X "1~ (+ missing energy The parametric de-
cally. In particular, the moment&S]}) are sensitive to the pendence of the resulting spectra is studied. In particular, the

parameters\ and\, and they provide complementary con- Survival probability of theB— Xl "I~ signal is estimated by

straints on them than the ones following from the analysis ofMPOSing & cut on the hadronic invariant masy
the decayB— Xl»,. The simultaneous fit of the data B  <3.24 GeVf and on the dilepton invariant mass as used in

—Xd 1~ and B—Xly, could then be used to determine the CLEO analysis. The spectra and moments can be directly

these parameters very precisely. This has been illustrated fPmpared with data. _ _
Ref. [36] based on the present work. We hope that the work presented here will contribute to

The corrections to the hadron energy momeh{&, )2  Precise determinations of the HQET parameters églus-
¢ ing the inclusive decayB— X *I~ andB— Xl v, in forth-

2 ; 2 2
and A<EH>1/m§ from the leadingO(Agcp/mg) power cor- coming B facilities.

rections have been worked out, using the results of [Rél.
We find that these corrections are very small. The corre- ACKNOWLEDGMENTS

. . . n o .
sponding corrections 'm<SH>1’m§ vanish in the theoretical We would like to thank Tomasz Skwarnicki for drawing

accuracy we are working. . our attention to the importance of the hadron spectra in the

We think that the quantitative knowledge &f andX;  search for the decaB— Xl ©1~. We thank Christoph Greub
from the moments can be used to remove much of the theder helpful discussions. Correspondence with Adam Falk and
retical uncertainties in the partially integrated decay rates irGino Isidori on power corrections are thankfully acknowl-
B—X,l», and B—XJ*I~. Realating the two decay rates edged.

APPENDIX A: COEFFICIENT FUNCTIONS  g{°'9 ,g{" ,g{"? ,h(® h("9 k(¥ k{9

These functions enter in the derivation of the Ieadingrﬁ;}/corrections to the hadron energy spectrunBin: X 117,
given in Eq.(53).
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—32 - -
g51%=Vx3 mgg( — 2m2+ 3xo+ 3M2xo— 4x3), (A1)
(9.10 1 2 4 2 2
91 > (9m +23m?— 18m2x,— 18x5— 52m2x3+ 36x3+ 20x3), (A2)
XO_
(910 ! 16 . -> o4 ~2 2 222
92 Y §(Sms+23ms—3x0—21m3x0—6x0—52n3x0+ 36x3+20x7), (A3)
2_
2_ -~ 264 2 -4 -2 24 2 2,2
=\/Xg— msg(loms%— 10mg — 3Xg— 18mgxo— 3mgXo+ 2Xg+ 2mgXg), (A4)
(7 ! 1

(9m +34m2+ 104mS+ 110m3+ 31m2%— 132mZx,— 312m3x,

9 =——
! \/X2 (Xo_ §(l+m2))2 9
—180m8xy— 18x3— 170m2x3 — 58mix3+ 74m°x3 — 20mEx2 + 723+ 564m2x3+ 576mix:
+228m5x3 — 116¢3 — 676m3xg — 436m2x3 — 20mExg+ 72x5+ 240m3x3 + 24m2x3), (A5)

1 16 ) )
(7 1 (272 -+ 93M% + 97ME + 31ME — 3x,— 63m2x,— 189M’Xq

9z TS = i1 i 3
\/XO m XO_‘(1+m2) 3

— 129M3xo— 183 — 108M2x3— 62mix3— 20m3x3+ 72¢3+ 324m2x3+ 180mix3 — 60x

—152m2xg— 20m2x3 (A6)
79— \x2— 2128 — 2mZ+ X+ M2Xg), (A7)
(7,9 1 ~ 2 ~ 4 ~2 2 2.2
91" = ——=—=64(m;+3m{+2m2xe— 2x5— 4m2x}), (A8)
Xo— Mg
(7,9 1 ~2 ~ 4 ~2 2 ~ 2,2
92 = T =—;045m5+9mg — Xo + 5MiXo — 6Xp— 12M5xp), (A9
Xo— Mg
32 - AU . .
h(910 :Ew/xg_ m2(— 12m2—6m?+ 9xo+ 19m?2xy+ 3x3+ 15m2x3— 28x3), (A10)
h(210= \/x0 m2(—6m?+ 3xq+5m2xg+ 3x3+ 15m2x3— 20x3), (A11)
(79_128 )
hi" \/x0 m2(—8m2—2m?+ 3xy— 3M2x,+ 5x3+ 5M2x3), (Al12)
(79_128 ) )
h3" \/x0 m2(—4mZ—6m3+ 3x— 15m2Xo+ 7x5+ 15m3x3 (A13)
64 = .
k(10 = 3\/xg— mZ3(2m3— 3xo— 3m3xo+ 4x3), (A14)
—256 - . .
k(9= 3 VxE—m23(—2m2+ X+ mxy). (A15)
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APPENDIX B: AUXILIARY FUNCTIONS fs(A;,A,),Fs (A1)

The auxiliary functions given below are the coefficients of the singular terms in the derivation of the Ieadhﬁg (1/
corrections to the hadron energy spectrunBin X *17, given in Eq.(53).

~A a 2 - aApgon 2 - P
f5<x1,x2>=60[[gu—mé)s(s—mi)m 3(1=m)3(—1+5md)R|(|CE"|*+[Cad?)

+ g1+ 12m?—88m}' — 4m3— 36mZm?2— 736m{'m2+ 5m+ 24m?m+ 720m{'m?

. on RPN . on R PR .
+24m?mS-+ 160m S — 5mE— 3em?me — 56m{'m®)~ + 3(~1+m))
m

R R o R o R o o CEffZ
X (— 3+ 14m?— 2mZ+ 16am?m2+ 8m3+ 154m?ma + 2mS+ 50m?mS— 5mé) A, | r}iz
|
8 ~2\3 22\ 8 ~2\3 22\ effy ~eff
+] 3 (1=m)3(7+ M)A+ Z(1-m)3(13+15m5) A, |Re(C5)CF
. <, 2d[CM2 8 dReCS™)
A (—1+mdS| = | A9| += - cefl b, (B1)
f"‘:‘E_AZSeﬁZ 2
5/ (N1,N2) = Boky g1 mg)>(|C5"[*+|C1d*)
2 ~2\3 ~2, ~2 ~2°2, ~4 2~ 4 “6|C$ﬁ|2
+§(—1+ms) (— 1+ 14m{+ mg+52mmg+ mg+ 14m; ms—ms)?
|
4 ~~2\5 effy ~eff
+3(1-m9°Re(CTHCT . (B2)

APPENDIX C: THE FUNCTIONS «;,8;.,7;,9;

The functions entering in the definition of the hadron moments in (E@. are given in this appendix. Note that the
functionsa(™™ and 8{™™ multiply the Wilson coefficient$CS"|2 and C2,, respectively. Their results are given in a closed
form. The functionsy(™™ multiply the Wilson coefficient<C¢"Re(CE™, of which ReCE") is an implicit function ofx,.
Likewise, the functionss™™ multiply the Wilson coefficientCS"|2. The expressions fop{™™ and 5™ are given in the
form of one-dimensional integrals oveg.

(n,m)
|

1. The functions «

16 . . . ia 32 . . ., 64, ay A .
ag°‘°)=§(—8—26m§+18m§+22mg—11m§)+3(—1+m§)3(1+m§)ln(4m|2)+gmg(—9—2m§+m§)ln(ms),
(CY

(0,0 1 (0,0

aj_' =§a0’ y (CZ)

(0,0 8 -2 4 -6 -8 22 2 -4 2

a0 == (—4-+38mZ - 42m¢ — 26m¢ — 15m¢) + 16( — 1+ m2)%(3+8mZ+5m) In(4m;?)
+32m3(—8—17m2—2mi+5md)In(my), (C3
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2 . . . ~q 16 . . ., 16. fy g a
aéo'1)=§( — 41— 49m2+256m¢ — 128m8 - 43m8) + F(-1+ m2)3(1+m32)2In(4m?) + ?mg(’s— m2—2m3)In(my),

(C4
ago,l):a(lo,O)’ (CH
(0,2 4 2 4 -6 8 16 232 -2 4 ~~6 N 2
oy =g (214 167mS+ 128 — 276m] — 319M5) + — (— 1+ m5) *(3+ 14mg+21mg+ 10mg) In(4m,?)
32. 2 2 4 a6 "
+ 3 M5(3—24m5 — 18mg+ m()In(my), (Co)
(0,2 2 2 -4 ~~6 -8 8 24\ 3 2 16"6 2 -
ag” =4—5(—119—144ms+45n5+320ms+45ms)+ §(—1+m5) In(4m, )—3m5(8+3m5)ln(ms) (C7)
(0,2 1 2 4 -6 -8 4 12,3 2 4 6 2
a’? =—(— 127- 278+ 1078m¢ — 80OMS+49MS) + 5 (1—m3)*(—7— 17mg — 5mg+5mg) In(4m,?)
8 . 4 -2 -4 >
+ gMs(18—38m5 — 13mg)In(m), (C8)
0,2 1 2 4 -6 -8 4 42 2 4 N 2
ay’ =§(27—46ms+ 1681Im;—688m;—1189n;) + §(—1+ m;)“(3+20mg+25m;)In(4m,*)
8 . 4 2 4 -~
— §m5(18+ 54mZ+ 47mZ)In(my), (CY
aft9=0, (C10
(1,0 2 -2 -4 -6 -8 16 ~2\4 22 2
ai? =g (—23-15AM — 112mJ+ 304m5 — 45mg) — —(— 1+ m5) *(1+mg)In(4m;?)
16. 4 2 -4 -
+ 5 M( 39— 7m5+6mg)In(my), (C1y
(1,0 2 2 4 -8 16 213 -2 4 2
ay’ :§(—93—469n5+704ms—127ms)+3(—1+m3) (3+8mZ+5m;)In(4m%)
112, , fo g
- ?ms(3+3ms+2ms)ln(ms), (C12
a=0, (C13
(1,1 2 -2 -4 -6 -8 8 2\4 -2 -4 2
ayt?==(—4-13Im{+ 307mS — 416m+ 178m) — 5 (— 1+ m5)*(1+6me+5mg)In(4m?)
16. 4 2 -4 -
+ —mg(9—35m5—7mg)In(ms), (C19
9
(1,9 2 2 4 ~.6 8 8 22\3 22 2 N2
ay” =§(—60—185ms+173ms+160ns+70ms)+ §(—1+m5) (14+mg)=(3+5mg)In(4m,~)
16. 4 2 4 "
+ —m3(3—21mi—13m3)In(m), (C15
3
«29=0, (C19
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8 . . . . 32 . . . 64. . .
a{?9=—(119- 176m>—1085m?+400m¢+ 835m8) + o5 (1~ m2)5(1+m?2)In(4m?)— 3m§(28+ 5m2)In(my),

135
(C17)
a(22,0) -0. (C18
2. The functions g{"™
2 Mo A
BBO'O):§(1_8m§+ 8mé—mé—24mZin(m,)), (C19
1
(00— > BLO (C20
B0 = —3+8mZ— 24m¢ -+ 24mS— 5mé— 24méin(m), (C21)
(. - (7—25m2+ 160m? — 160mS + 25m3 — 7mi%+ 120méIn(ms) + 120mEIn(m)), (C22
B0V, ©23
B =§m§(7— 20m2+20m°—7m2+ 24In(m,) — 48m2In(my)), (C24
B2 =52~ 3m32—30m¢+ 30m3+ 3mi°— 2ml?— 120mSin(my)), (C29
(0.3 57543~ 135m2+ 1260m2 — 1440m°+ 405m2 — 153m.%+ 20m2%+ 108mZIn(my) + 840mSin(m)), (C26)
B? = 55(13— 315m¢ + 1500m] — 1560m¢ + 315mE + 147m"— 100m™+ 360m¢In(my) +840mIn(my)), (C27)
BL9=0, (C28
(LO= 303~ 135m2— 160mZ+ 320mS — 45m2+ 7m2°— 600miIn(mg) — 120mIn(my)), (C29
BSO=7 (3~ 9mE + 16mZ— 48mE-+ 45m¢ — 7mi°+ 24mdin(my) — 72mEIn(my)), (€30
BY=0 (C31
(L= 57023~ 45m2+ 1080mZ — 1440+ 585mE — 243m2%+ 40m2%+ 108ameIn(ms) + 600mEIn(m)), (C32
By = 55 (13+45mE — 120m¢ — 45m+ 147mZ°— 40mZ*+ 360m{In(m,) — 60amZIn(my)), (33
BE)Z,O) -0, (C39
16 . . Mo i S
B0 =131+ 9mZ— 45mZ+ 45m3— 9mL%+ mi?— 120min(my)), (C39
(22,o>:0 _ (C36
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(n,m)

3. The functions y;

Note that in the expressions given bel@§"=CS"(s=1—2x,+m?). The lower and upper limits of the, integrals are

X"=mg andxT¥*= 1 (1+mZ—4m?).
Yo °>—128f o de\/xo m2(—2m2+xo+ m2x,) R CE™), (C37
(0,0 1 (0,0)
71 ' :E 70 ' ) (C38)
(0,0 xg 64 ~ ~ ~ ~ ~ ~
Y2 = f min 0X0 === (4ME + 14m{ — xo— Méxo— 12Mxo— 45— 22Mexg+ 75+ 15mExg) Re( cem, (C39
0 Xg— Mg
YoV =128 J o dxoxo VX3—m2(—2m2+xo+m2x,) Re(CEM), (C40
YOV= 500, (c41
64 1

0.1 “g LG an - o -
Y= 3 x"?'” dXo\/%Mm;H— 6MS+ 9M2xo+ 57mix, — 3x3— 14m3x3— 57méx3
0 x3—m?

—9x3— 81m2x3+ 28x¢+ 60m2xg) Re(CEMt, (C42)
197128 oo (- 2 43+ o R, (c43
X0
(0,2 _ 64 o 2_ 22 4 2 4 2 242 3 2,3 eff
no=g i de\/xo—mS(—4mS—10me0+ 2mgXq+ 6xg+ 16mgxo— 5x5—5mgxg)Re(Cy ), (C49

02 _ 64 (e Xo ~ 4 ~6, ~n2 ~4 2 N ~ 4.2
Y2 =3 dX ————(8m+ 12m&+ 6mMZxy+ 72M3xy— 3X§— 25M2xg — 78Mex

0
min ~
X /2 A2
0 XO “s

— 63— 96m2x3+ 35x¢+ 75m2xg) Re(CEM), (C45)
y+9=0 (C46)
xmax ( 0~ ) R
y0= 128f oin X0 === (= 23+ Mo+ MiXo+ 2M2x — x5 — M2x3) Re(CEM, (C47)
XO_ms
(1,0 _ 128 X?ax 2 2 eff
Y2 =g m,ndxo\/xo ( 4m —6m? .+ 3Xo— 15m x0+7x0+15m x3)Re(CE™M), (C48
X0
%6 "'=0, (C49
128 [xpe 1 . X X i i i
i == [ 8 o (a4 ity 2y 3G LG+ G TG
0 Xp— Mg
+3xg+ 13m2xg— 5x5— 5m2xg) Re(CEM), (C50
128 [ max
=3 f "0 dxgXo X3 — M2( — 42— BM?+ 3x,— 15M2Xo+ 7x5-+ 15mM2x2) Re( CE), (C51)
X0
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y20=0, (C52
512 ( ymax - iy - . . .
Y20 = ?fx)::i” dxoVx3— m2(—2mé+ m2xy+ mixy+ 2m2x3— x3— m2x3)Re(CE™), (C53
0
y529=0. (C54)
4. The functions ™™
32 xmax — “ “
5<00,0>=§ Xn?m dxoVxg— mZ(—2m2+ 3x,+ 3m2x,— 4x3)|CS?, (C55
0
1
5(10,0):E 500 (C56)
500 — ngaxdx 16_ ~ 4 ~2 ~ 4 ~ 2.2 3 ~ 2.3 4| ~eff|2
2 Xglin 0 m(Gms_Xo_ngXO_lzrnSXO“r 6mSX0+ 15X0+ l5mSX0—20X0)|C9 | y (C57)
32 max — R R
5%0@:? j 0 dxgXo X3 — M2( — 22+ 3o+ 3M2xo— 4x3)| CE12, (C58)
Xo
S0 = 500 (C59
5<0,1):1_6 Xg]axd # 6 an2 ~ 4 2 ~2.2 ~ 4.2 3
2 3 Jymin Xo m(Gms— 3mgXo+ 13mgXg— 3x5— 30mgxg— 57mgxg+ 3X;
+43m3x3+ 48x¢+ 60m3xg — 80x3)| CE"?, (C60
32 max — . .
222170 gxox2yx2— m2(— 2m2+ 3xo+ 3m2x,— 4x3)| CEM2, (C61)
5%0 2 3 min 0 0 S S s 0 9
X0
16 max - " R R ~ A
802 = 5 f :nfm dXoVx3—m2(—4mé—6mxy+ 6mix,+ 18x3+ 20m3x3 — 39x3 — 15m2x3 + 20x3)| CE" 2, (C62
0
16 [ ymax Xo
02_""1]% ~ ~ A ~ ~
3= in 0% m(lmg— M2, -+ 8Mxo— 3x2— 33MAx2 — 78MAx2 + 6x3
+68m3x3+ 51x¢+ 75m2xg— 100x3) | CEM 2, (C63
st9=0, (C64
5“”):3—2[ N XOM( —2mg+ 3m?xo+ 3mixo — 2m3x3— 3x3— 3m2x3 + 4x5) | CSM2 (C65
! 3 Jymin m s sXo sXo sXo~ 9Xo sXo 1 4Xo)|Col"
32 max - " R R
521’@:3 f Xxnfm dXo VX3—mZ(—6m2+ 3x+5m2xo+ 3x3+ 15m3x3— 20x3) | CE| 2, (C66)
0
st =0, (C67)
e b} “dx L (4m3—6mSxo— 9m3x3— 15mix3+ 27m2x3+ 21m2x3
1 9 ngin m s s0 s0 s/*0 s™0 s”0
+9x3— 9m3xg— 27x3— 15m2x5 + 20x5)| CE"2, (C69
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3
éél’l)=§jxo dXoXo VX5— M2(— M2+ 3x+ 5m2xo+ 3x5+ 15m2x3— 20x3) | CS"|?,
X

min
0

552’0):0’

128 .
o0="5 %0 g I 2 — 2+ By + 3Mixg— 23— 3x3— 3MAC+ 4x4)| CEM2,
X

min
0

290,

APPENDIX D: LOWEST HADRONIC MOMENTS (PARTON LEVEL )

2
Ceffz +

> (7Tm3—25m2)C2,

<xo>—=i< — 41m3—49m2—24(m3—m2)In| 4
S
By 9mj B

B

/ 2 64
+f(12)(1+m5 mB)d Xo— Xo( — M5 —4m&xo+ 2m3x5+2m2x3) Re(C§") CS"

mg/mg mB

202 16

(W2(1+m2md)

+f S8 dxg ——5 Xo( — 3mZ + 6mZx5 + 6mix5— 8mgx3)| C§"|?
mg/mg mg

-32 K —-16 A2
+ 01) 2 eff2 = eff2_+
—AOYCE+ ——CF et 3 ——C¢ i

9

1+3In(

12 2 effy ~eff 16 2| ~eff|2 A
+f dxo| 64x5Re(Cg")C3 +§(3_4X0)X0|C9 1*] | =
0 Mg

2 64

1/2
i [ an] S -3-sn 20 e
0

2 19+12|
3 + n

mB

A2

2

16 2 eff| 2
+ xo( 3+ 3%+ 48x5— 80x3)|CS|2
B

2
(xé)BE:—lz(—llgméz—leé —60(m&?—m; )ln( m'2 )Ce“2+ 2 ——(2m3—3m3)C,
o 45mg B 45mB
2m2) 64
+ f(llz)(lms/ms)dxo—zxg(—m§—4m§x0+ 2m3x3+2m2x3)Re(CS™ CE™
mg/mg mg
2 2 16
+f(lm(”mS/mB)dXO—Xo( 3mZ-+6maxg -+ 6mix5—8maxg)|CS?
mg/mg 3mB
A<°2¢2 16cfozx _8C9ﬁ2E+ | 55+84In 41'2 ceff2+43C—
3 mg 3 27 mz) |7 270

(1/2) 64 16 A
+f dx0(§(6—5x0)nge(cgff)c$“+3(18—39x0+20xg)xg|cg“|2”—;
0
B

eff2 C 12 64 2 2 eff\ ~eff
C; +13- 24 dxg Exo(—3—6x0+35x0)Re(C9 )C3

11+4In| 4 90

mB
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16 A,
+ gxg(—3+6xo+51x§—100<8)|cgﬁ ”m— (D2)

2 )
B
2

C
CeM4 232

1+3In 570

A B ag
<XO(SO_m§)>B_0:?A(1Yl)CS+ 27

i
mg

A
2

12 128 3 effy ~eff 32 2\, 3| —~eff|2
+ . dxo ?(3—5X0)XORQC9 )C3 +§(9—27X0+20X0)X0|C9 |
B

i
mg

2

C
13y

+ 5+31In

3

1 (128 32 N
+fEdXO(Tx8(3+7x0)Re(CSﬁ)C‘§ﬁ+ 3x3(3+3x0—20xg)|cgff|2” (D3)
0

2
2 1
mg
m;
4_
m2

- .. B a -2 c?
) _ TS A(1,002 eff2 10
(so ms)—BO — ASYCE+ 9 (23+24 In 2 )C> +13—30

2 2 eff\ ~eff 32 2\, 2| ~eff| 2 Ay
+f dxo| 1281 —xy)xgRe(Cg")C3 +§(3—7x0+4x0)xo|C9 1*] | =
0 Mg
m;

31+24 In 4—
mg

2
ClO

* 2

5 cie+

vz (128 32 N
+ f de< 3~ X6(3+ Tx0)Re(CE") CF+ X3+ 3%~ 20x)| cg“|2) ]—2 : (D4)
0 Mg

2

8 [110+60 1 4™
135 4z

Clo
CT 10555

“~ - B «a
(So=me)?) = TAZICE+

w2 [-512 128 A
+ f dxo| ——x4Re(CEMCEM+ == (— 3+ ax)xd CEM2 | | = (D5)
0 3 9 m3
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