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We compute the leading ordéin «) perturbative QCD and power (mg) corrections to the hadronic
invariant mass and hadron energy spectra in the dBeay "1~ in standard model using the heavy quark
expansion techniqu@éiQET). Results for the first two hadronic momex,) and(E}}), n=1,2, are presented
here working out their sensitivity on the HQET parametersaand A. Data from the forthcomin@® facilities
can be used to measure the short-distance contributidh-##X, *I~ and determine the HQET parameters
from the moment$S},). This can be combined with the analysis of semileptonic deBay|», to determine
them precisely[ S0556-282(98)50417-]

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

The semileptonic inclusive decay®— X 1~, where corresponding kinematics at the hadron level is written as:
|*=e™,u™, 7", offer, together with the radiative electro- B(pg)— Xs(pn)+!7(p)+1"(p_). We define byq the
magnetic penguin decap— X+, presently the most momentum transfer to the lepton pagy=p,+p_ and
popular testing grounds for the standard mo@M) in the ~ s=g° the 4-vectorv denotes the velocity of both the
flavor sectof1]. In the quest of developing a precise theory b-quark and theB-meson,p,=m,v and pg=mgv and fur-
for flavor changing weak interactions, we study the hadrorther u=—(p,—p.)*+(pp,—p-)*. The hadronic invariant
spectra and hadron spectral momentsBin-XJ "1~ using ~Mass and the hadron energy in the final state is denoted by
the heavy quark expansion technique HQEX-4]. The Sy andEy, respectively; corresponding quantities at parton
study of the decag— Xl v, in this context has received a lot level are the invariant masp and the scaled parton energy
of theoretical attentiof5—10]. Xo=Eq/m,. From energy-momentum conservation, the fol-

We have computed the leading order «) perturbative lowing equalities hold in thé-quark, equivalentlyB-meson,
QCD and power (1h2) corrections to the hadronic invariant rest frame[v=(1,0,0,0):
mass and hadron energy spectra in the degayXJ "1~.
Relegating the details of the derivation to a companion pub-
lication [11], here the power- and perturbatively corrected Ey=mg—v-q, SHzmé—Zva-qus,
hadronic spectral moments),) and(E}}) are presented_for
n=1,2. The former are sensitive to the HQET parameters Where dimensionless variables with a hat are scaled by the
and\, and we work out this dependence numerically, showb-quark mass, e.g5=s/mg, fs=mg/my, etc. The relation
ing that these moments would provide an independent detepetween theB meson andb quark mass is given by the
mination of the HQET parameters Br— X *I . We argue HQET mass relatiormg=my+A—1/2my(A;+3\p) +- -+,
that a simultaneous analysis of the moments and spectra imhere the ellipses denote terms higher order imy1/ The
B—X¢ "I~ and B—Xly, will allow us to determine the quantity\, is known precisely from th&* —B mass differ-

X0:1_U'a, §0=1—20a+§,
1)

HQET parameters with a high precision. ence, with ,=0.12 Ge\f [2—4]. A precise determination of
We start with the definition of the kinematics of the decaythe other two parameters is of interest here.
at parton levelp(pp) —s(ps) (+ g(pg))+|+(p+)+|7(p_), The effective Hamiltonian governing the decay

where g denotes a gluon from th®(ag) correction. The —XJ*1~ is given ag12]
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whereL (R) =1/2(1+ ys), V;; are the Cabibbo-Kobayashi-Maskay@KM) matrix elements. Note that the chromomagnetic
operatorOg does not contribute to the decBy— X *1~ in the approximation which we use here. The values of the Wilson

*Email address: ali@x4u2.desy.de
TEmail address: ghiller@x4u2.desy.de

0556-2821/98/5§)/0715015)/$15.00 58 071501-1 © 1998 The American Physical Society



RAPID COMMUNICATIONS

A. ALI AND G. HILLER PHYSICAL REVIEW D 58 071501

coefficients used in the numerical calculations &¢=—0.24, C,=1.103, C3=0.011, C,=—0.025, C5=0.007, Cgq
=-0.03, C&=-0.311, C4=4.153, C;y= —4.546. Here CS"™=C,—Cy/3—Cq, and forCy we use the naive dimensional
regularization(NDR) scheme.

One can express the Dalitz distributionBa-XJ "1~ as

dr 1 Gg%a? my
dudsd(v-q) 2Ms 272 256x°

ViVl 22 Im(T" , LE#7+ TR LReY), 3)

and the hadronic and leptonic tensat<®,, andL"'R** are R Uk R . UR
given in[12]. Using Lorentz decomposition, the tensby, TH7 LY =mEs 2(1—2Xo+Sp) Ty
can be expanded in terms of three structure functigns

b X S| THR
T,uV: _Tlg,u,v_l—TZU,U,UV+T3i8/.wa[3vaqﬁv (4) 4
- a \TL/R
and the ones which do not contribute to the amplitude for F(1-2xp+So)uT3 ]

massless leptons have been neglected.

Concerning thé(«;) corrections, note that only the ma-
trix element of the operatdDq=e?/(167°)s,y*Lb,l v, is
subject to such corrections. These can be obtained by us
the existing results in the literature by decomposing the vec- 28 8
tor current inOg asV=(V—A)/2+(V+A)/2. The V—A) __° 7_% _ 2 2
and (V+A) currents yield the same hadron energy spectrum  gx,d§, 7 BolmyXg SO( (1= 2%+ S0) Ta(So.Xo)
[13] and there is no interference term present in this spec-

. 2
trum for massless leptons. So, the correction for the vector Xo~So__ .
+—Tz(so,xo)’+(9(7\ias)- )

and derive the double differential power corrected spectrum
inbgy integrating Eq(3) overu [11]:

current case can be taken from the corresponding result for 3
the charged{—A) case[14,15.

We have calculated the order; perturbative QCD €O~ ag the structure functioniT; does not contribute to the
rection for the hadronic invariant mass in the ranige< S branching ratio, we did not consider it in our present work.
=1. Since the decay—s+| “+17 contributes in the parton The functionsT(8y,Xo) andT»(8y,Xo) can be seen together
model only atS,=mZ, only the bremsstrahlung grapts  with other details of the calculations fi].

—S+g+ I*+1~ contribute in this range. Also for this dis- The branching ratio foB_)Xs| T17is usua"y expressed in
tribution, the results can be taken from the existing literatureterms of the measured semileptonic branching r&ipfor

We use the Sudakov exponentiated double differential decaghe decayB— X.lv,. This fixes the normalization constant
rate d°I'/dxdy, derived for the decayB— X/l in [7], By to be

which we have checked, after changing the normalization for

B— X *I~. The most significant effect of the bound state is 302 |VEVy[? 1

in the difference betweemg andm, which is dominated by By=B4 @ ts'th _ _ (6)

A. The spectrumdB/dS,; obtained is valid in the region 162 |Vp? f(Mme)r(me)’

mg(MgA— A2+ m2)/(mg—A)<Sy=<m3 (or mMgA<S,

<m3, neglectingm,) which excludes the zeroth order and wheref(m.) is the phase space factor f6{B— Xl »|) and

virtual gluon kinematics §,=m?2). The hadronic invariant «(m,) accounts for both th©(«s) QCD correction to the

mass spectrum_thus found depends rather sensitivelpon semileptonic decay widtfiL8] and the leading order (h,)?

(or equivalentlyA). An analogous analysis for the decBy power correction{2]. They are given explicitly if5]. The

—X,lv has been performed {18]. hadron energy spectrum can now be obtained by integrating
The hadronic tensor in E¢4) can be expanded in inverse over S, with the kinematic boundaries: maﬁsﬁ,—l

powers ofm, with the help of the HQET techniqug—4].  +2xy+4M)<%=x3, M=x,<3(1+ME—4n7). Here we keep

The leading term in this expansion, i.é)(mg), reproduces my as a regulator wherever it is necessary. Including the lead-

the parton model resuli6,17. In HQET, the next to leading ing power corrections, the hadron energy spectrum in the

power corrections are parametrized in terms \f and  decayB— X "1~ is derived by us and given ifi1].

\,.The contributions of the power corrections to the struc- The lowest spectral moments in the de@y: XJ “1~ at

ture functionsT; have been calculated up@(l/mﬁ) in[12].  the parton level are worked out by taking into account the

After contracting the hadronic and leptonic tensors and withtwo types of corrections discussed earlier, namely the lead-

the help of the kinematic identities given in Ed), we can ing power 1, and the perturbativé(«) corrections. To

make the dependence ag ands, explicit, that end, we define for integersand m:
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0 . T TABLE I. Hadronic spectral moments f&— X" ©~ andB
i | —Xse'e” in HQET with A=0.39 GeV anch;= —0.2 Ge\%. The
I i errors result by varying:, as and them, within their stated ranges
L 1 in text.
_01 — —
I ] (Sw) (St (Ew) (ER)
_ L | HQET (GeV®) (GeVY) (GeV) (GeV®)
T I i
8 -0z — wu 1.64+0.06 4.48-0.29 2.210.04 5.14:0.16
< i | ete” 1.79+0.07 4.980.29 2.410.06 6.09-0.29
_0'3__ ] The leading perturbative contributions for the hadronic
L _ invariant mass and hadron energy moments can be obtained
- 1 analytically,
_0.4 P T
04 0.5 )
A leeV] A00= AT a0 9 o O
FIG. 1. (Sy) (solid bands and(S7) (dashed bandsorrelation 9 75 486 (10)
in (\,—A) space corresponding to the{«~) values in Table I.
the correlation fromB— Xlv, [6] is also shown heréellipse.
1381-210m° 2257— 32072
A0 — _— ACI=—_—""
1350 5400

1 R dB A
MfT’lm)EB—J (So—mﬁ)”x??m dSodxe, (V)

which 0bey<x{)“(§0—rhs)”>=(Bo/B)M,(T'|@. They can be The zeroth momenb=m=0 is needed for the normaliza-
expanded inx, and 1, : tion; the result forA(®9 was first derived if18]. Likewise,
the first mixed momen&Y) can be extracted from results
for the decayB— Xl v, [5] after changing the normalization,
AD=3/50. For the lowest order parton model contribution
@® D™, we find, in agreement witli5], that the first two
hadronic invariant mass momen{S,—m?2), ((So—m3)?)
with a further decomposition into pieces from different Wil- and the first mixed momentxo(So—mZ)) vanish: D§™?
son coefficients foi=0,1,2: =0, forn=1,2 andD{"V=0.
5 Using the expressions for the HQET moments derived by
D{MM = (MMEM 4 ginm 2 4 nmceffy snm (g)  ys[11], we present the numerical results for the hadronic
moments inB— X4 "1~. The parameters used amg=0.2
GeV, m.=14 GeV m,=4.8 GeV, m=175+5 GeV, u
=mpm . ag(Mz)=0.117+0.005, a~1=129. We find for

—my

(n,m) _ Es ~2a(nm) 2 (M s [,
M =DgM™+ —CEANM™ 4 ) DI+ A,DEM,

The termsy{™™ and 6"™ in Eq. (9) result from the terms
proportional to ReCEMCS™ and |CE"? in Eq. (5), respec-

tively. The explicit expressions fomzi(“'m), ﬁi(“'m), yi(”’m), the short-distance hadronic moments, valid up to
™™ are given in[11]. O(ag/m3,1/m3):
|
m2 ag A ag A A2 Ay
(Syy=mg| — +0. 093— 0.069— — +0.735— +0.243— +0. 273— 0. 513—
m3 mg mg m3 m3 m3/’
A ag A2
(S3)y=mg| 0. 0071 ®4+0.138— —+0. 587——0. 196—
mB T mB mB (11)
A aq A A2 A Ao
(Ey)=0.36Tng| 1+0. 148— 0.352— —+1 691—+0.012— +0.024— + 1. 070—
mg T mg m3 m3 m3
A as A A2 A o
(E Y= 0147m2 1+0324— 0128——+2954—+2740— 0299—+O 162—
mg Mg m3 m3 m3
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where the numbers shown correspond to central values of theot included here. The second momést) is susceptible to
parameters. Further, usingag(my)=0.21 and A\, the presence of ﬂdﬁ corrections as shown for the decBy
=0.12 GeV4, the explicit dependence of the hadronic mo- —XIly, [9]. This will considerably enlarge the theoretical
ments given in Eq(11) on the HQET parametens; and A error represented by the dashed band (f8f) in Fig. 1.
can be worked out: Fortunately, the coefficient of tha/mg term in (S,) is

— large. Hence, a good measurement of this moment alone con-
1+ 132.61£ strainsA eff_ectively. . o

mg Concerning the nonperturbative effects related toche
loop, they have been calculated using HQET for the dilepton
invariant mass spectrum away from tbe resonance§22).
We calculated the i#2 contributions to the hadronic mo-
ments using the amplitude given [iB2]. The invariant mass
and mixed moments give zero contribution fog=0. Thus,
1+ 19-41m_B the corrections to the hadronic mass moments are vanishing,
if we further neglect terms proportional to\ymg)A and
()\zlmg))\i , with i=1,2. For the hadron energy moments we
obtain numerically

A<EH>1/m§: mBA<X0> =—0.007 GeV,

(Sy)=0.0055n3

A2 A
+44.14 5 +49.66 5 |,
B B (12)

(S?)=0.00048n;
A2 Ay
+1223.41—408.39— |.
Mg mg

The dependence of the energy momeiis) on A and\, is
very weak and we do not show these here. We have calcu-
lated numerically the hadronic moments in HQET for the

decayB— XJ 17, |=pu,e. The theoretical errors on these
moments following from the errors on the input parameter

M, a and the scalg. were estimated by varying these pa- Of course, the utility of the hadronic moments calculated

rameters in the indicated 1o ranges, one at a time, and above is only in conjunction with the experimental cuts. The
adding the individual errors in quadrature. They are pre- y J P :

. optimal experiments cuts iB— X "1~ remain to be de-

)s\er;te_dolg gib\l}_a .Irr\:éhé;?r glv :ti :: SV (ce)nutshﬁed:HoglgTGZYarzggersﬁned’ but for the cuts used by the CLEO Collaboration we
. we T , P have studied the effects in the HQET-like Fermi motion
A1 and A which follow from (assumegifixed values of the | p hat the h . i th
hadronic invariant mass momen(S;) and(S?) are shown (PM) model[14]. We find that the hadronic moments in the
in Fig. 1 (for the decayBX +H7) A tHhe entries in HQET and FM model are very similar and C_ZLEO-type cuts
Table.l are calculated for thgﬂbegt-fii values xof and A remove the bulk of .the:c resonant contnbunonBllJ. we ;
taken from the analysis of Gremet al. [6] for the electron hope to return to this and the related issue of doing an im-
energy spectrum ilBy I which is'shown as an ellipse proved theoretical error estimate in the HQET context in a
— Vl y

o . _ future publication. The power corrections presented here in
in Fig. 1, there is no surprise that these curves meet at th

X . ! %he hadron spectrum and hadronic spectral moment8 in
point. It is, however, clear that the constraints from the de-

; XJ 17 are the first results in this decay.
cays B—X¢ I~ and B—Xlv, are complementary. Using s y

) . . In summary, we have presented the results on the spectral
the CLEO cuts on hadronic and dileptonic massks, we : n n _
estimate thatO(200)B— X4 “1~(I=e,u) events will be hadronic moment(Ey;) and (S) for n=1.2 and_have

worked out their dependence on the HQET parameteand
available per 10 BB hadrong 11]. So, there will be plenty P QETP

i ; ! B \. The correlations il8— X *|~ are shown to be different
of B— Xl "I~ decays in the forthcoming facilities to mea-  {nan the ones in the semileptonic decBy-Xlv. This
sure the correlation shown in Fig. 1.

. - omplementarity allows, in principle, a powerful method to
againt higher order corrections and the error esimates procle/ine hem precisely from data @ -Xlu and B
X ) 5 X "1~ in forthcoming high luminosityB facilities.
sented here will have to be improved. The “BLM-  ° g g B
enhanced” two-loop correctiorf0] can be included at the ~ We thank Christoph Greub for helpful discussions. Cor-
parton level[5,21], but not being crucial to our point we respondence with Adam Falk and Gino Isidori on power cor-

have not done this. More importantly, corrections imiare  rections is thankfully acknowledged.

(13
A(Ea>1,m§= m3A(x3)=—0.013 GeV,

4eading to a correction of order0.3% to the short-distance
values presented in Table I.
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