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Determination of the HQET parameter l1 from an inclusive semileptonic
B meson decay spectrum
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We estimate the heavy quark effective theory parameterl1 from the inclusive semileptonicB-meson decay
spectrum. By using recent CLEO double lepton tagging data ofB→Xen, which show the lepton momentum as
low as 0.6 GeV, we extractedl1;20.58 GeV2. We also derivedL̄;0.46 GeV anduVcbu50.04160.002.
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I. INTRODUCTION

As is well known, the heavy quark symmetry breaki
parametersl1 and l2 can affect the shape of theB meson
semileptonic decay spectrum substantially. While it is e
to obtain the value ofl2, the hyperfine splitting term, from
the mass difference betweenB and B* mesons, it is very
difficult to determine the value of parameterl1, which cor-
responds to the kinetic energy of a heavy quark insid
heavy meson. So finding the precise value ofl1 is very
important in understanding heavy meson decay.

The CLEO Collaboration measured the lepton spectr

in the inclusiveB→Xl n̄ decay both by one lepton taggin
@1#, and by double lepton tagging@2#. In single lepton tag-
ging data, leptons from secondary charm decay (b→c
→sln) dominate the low lepton energy region. These s
ondary leptons have typically lower energy than the prim
ones, because they are fromc quark decay. To obtain the
B→Xln lepton spectrum in the lowEl region from the
single lepton tagging data, these secondary leptons mus
separated by fitting the spectrum with some assumptions
models.

In Ref. @3#, the parameter values ofL̄ andl1 were esti-
mated~with fixed value ofl250.12 GeV2) by using lepton
energy distribution ofEl.1.5 GeV from CLEO data@4# of
semileptonic decayB→Xl n̄ with single lepton tagging. The
advantage of using single lepton tagging data is small sta
tical error, though we cannot use the low lepton energy p
of the data (El,1.5 GeV).

In Ref. @2#, the CLEO Collaboration separatedB→Xl n̄
from cascade decays ofb→c→sln. They selected event
with tagging leptons of momentum greater than 1.4 Ge
which are predominantly from the semileptonic decay of o
of the two B mesons in anY(4S) decay. When a tag wa
found, they searched for an accompanying electron w
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minimum momentum 0.6 GeV. The main sources of the
electrons are~a! the secondary lepton from the sameB, ~b!
the primary lepton from the otherB, and ~c! the secondary
lepton from the otherB. The lepton from~c! has the same
charge as the tag lepton while leptons from~a! and~b! have
opposite charge to the tag lepton. And leptons from~a! and
~b! have different kinematic signatures so that their contrib
tions are easy to separate. In theY(4S) decay, theB and the
B̄ are produced nearly at rest. Hence there is little correla
between the directions of a tag lepton and an accompan
electron if they are from differentB mesons. If they are from
the sameB, there is a tendency for the tagged lepton and
electron to be back-to-back. They analyzed the data w
double lepton tagging and separated the primary lept
from secondary leptons without model dependence.

In this paper by using the double lepton tagging data,
made a minimumx2 analysis to determine the value of th
parameterl1. There is one difficulty inx2 fitting for the
data, as is well known. Since nonperturbative correction
to 1/mb

2 cannot predict the correct shape of lepton distrib
tion near the end point, we have to exclude the high ene
data points of the distribution. ChoosingEQCD , the maxi-
mum lepton energy that one can trust the shape of 1mb
expansion, is very important in this fitting. Following Re
@5#, we chooseEQCD52.0 GeV. The double tagged data h
larger statistical error than the single tagged one, but we
use low energy lepton data model-independently. Theref
this work can complement the work of Ref.@3#.

II. THEORETICAL DETAILS

Following the heavy quark effective theory~HQET! @6#,
the mass of a pseudoscalar or a vector mesonM containing a
heavy quarkQ can be expanded as

mM5mQ1L̄2
l11dMl2

2mQ
1•••, ~1!

wheredM53, 21 for pseudoscalar and vector mesons,
spectively, and
©1999 The American Physical Society19-1
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l15
1

2mM
^M ~v !u h̄v~ iD !2hvuM ~v !&, ~2!

l25
1

2dMmM
^M ~v !u h̄v

g

2
smnGmnhvuM ~v !&,

~3!

wherehv is the heavy quark field in the HQET with velocit
v. l1 parametrizes the mass shift due to the kinetic energ
heavy quark inside the meson, andl2 is related to the effec
of chromomagnetic interaction between heavy quark
light degrees of freedom. In the case of aB meson, we can
estimate the value ofl2 quite accurately from the mass di
ference betweenB andB* mesons:

mB* 5mb1L̄2
l12l2

2mb
, ~4!

mB5mb1L̄2
l113l2

2mb
, ~5!

and approximately

1

4
~mB*

2
2mB

2 !5l21OS 1

mb
D'0.12 GeV2. ~6!

Within HQET the lepton spectrum of the semileptonic d
cays of ab-flavored hadron (Hb→Xqln) is calculated in
Refs.@5,7#, and the result is

dG

dx
5G0u~12x2e2!2x2F ~322x!23e22

3e4

~12x!2

1
~32x!e6

~12x!3
1GbH 615x

3
2

~624x!e2

~12x!2
1

~3x26!e4

~12x!3

1
5~624x1x2!e6

3~12x!4 J 1KbH 2
5x

3
1

~2x225x!e4

~12x!4

1
2~x325x2110x!e6

3~12x!5 J G , ~7!

where

G05
GF

2mb
5

192p3
uVqbu2, e5

mq

mb
, x5

2El

mb
, ~8!
11401
of
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-

Kb52l1 /mb
2 , Gb53l2 /mb

2 , ~9!

with mq denoting the mass of the quarkq5u, c in the final
state, andVqb is the CKM matrix element@8#. The terms in
the second line and third line of Eq.~7! correspond to non-
perturbative corrections~NP! to leading order Born approxi
mation of the first line.

Perturbative corrections of the electron spectrum fromb
decay were calculated in various references@9,10#. The ana-
lytic form of orderas correction is given@9# as

S dG

dxD
as

52
2as

3p
G0E

0

ym
dy

12

~12jy!21g2
F1~x,y,e2!,

~10!

with

F1~x,y,e2!5H1~x,y!1H2~x,y,e2!2H2~x,y,zm!,
~11!

where

H1~x,y!52~x2y!~xM2x1y!HB~x,y!

1
Ȳp

2p̄3

$x~2415x!1y~426x25x2!

1y2~1110x!25y31e2@122x15x2

1y~5216x!111y2#1e4~2216x27y!1e6%

1 lne@x~2112x!1y~124x!12y2

1e2~11x2y!2e4#, ~12!

and

H2~x,y,z!5
f 11z f2

8~12y!@p3~z!#2
1

Yp~z!~ f 31z f4!

8@p3~z!#3

1
Yp~z!~ f 51z f6!

4p3~z!
1

1

4
ln~z! f 71

e2f 8

2~12y!z

1@Li2„w1~z!…1Li2„w2~z!…# f 92yz

14yp3~z!Yp~z!, ~13!

with
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HB~x,y!512 ln~12x!2 ln~12y/x!22~ p̄0 / p̄3Ȳp21!ln@~12x!~12y/x!2e2#1
p̄0

p̄3
FLi2S 12

p̄2w̄2

p̄1w̄1
D 2Li2S 12

w̄2

w̄1
D

2Li2S 12
p̄2

p̄1
D 1Li2S 12

12x

p̄1
D 1Li2S 12

x2y

xp̄1
D 2Li2S 12

12x

p̄2
D 2Li2S 12

x2y

xp̄2
D 12Ȳp~Ȳw12lne!

1 lne ln
~w̄12x!~w̄12y/x!

~x2w̄2!~y/x2w̄2!
G , ~14!
ov

u
s

-
e

and

f 15~12y!3@5x21y~522x!#24e2~12y!

3@x21y~125x12x2!1y2~22x!#

1e4@2x21y~2116x23x2!1y2~2312x!#,

~15!

f 252~12y!@5x21y~5118x13x2!1y2~322x!#

14e2~12y!@x21y~12x!#1e4@x21y~122x!#,

~16!

f 35~12y!2@25x21y~2528x1x2!1y2#

12e2~12y!@2x21y~226x1x2!1y2#

1e4@x21y~124x1x2!1y2#, ~17!

f 455x21y~5128x112x2!1y2~1214x2x2!2y3

1e2@24x21y~2424x12x2!12y2#

2e4~x21y!, ~18!

f 5525110x1y~5124x18x2!1y2~5218x!13y2

1e2@4210x24x21y~28118x!24y2#

1e4~124x1y!, ~19!

f 655110x24x21y~14110x!23y2

22e2~213x22y!2e4, ~20!

f 752514x24x216yx2y21e2@4~11x!210y#

1e4, ~21!

f 85x~12x!1y~211x1x2!22y2x1y3

1e2~12x!~x2y!, ~22!

f 95x1y~122x!1y21e2~x2y!. ~23!

All the parameters and the kinematic variables in the ab
expressions are listed in the Appendix.

After using all the above formulas, the electron distrib
tion in semileptonic decay of theB meson can be written a
11401
e

-

dG theory

dEl
5S dG

dEl
D

Born

1S dG

dEl
D

NP

1S dG

dEl
D

as

, ~24!

where (dG/dEl)Born is the leading order Born approxima
tion, (dG/dEl)NP is the nonperturbative correction using th
HQET, and (dG/dEl)as

is the perturbativeas correction. We
define the CKM-matrix independent decay rate

gq5
G theory~B→Xqln!

uVqbu2
, ~25!

and then, the semileptonic decay rateGSL can be written as

GSL5gcuVcbu21guuVubu2. ~26!

SinceuVubu2!uVcbu2, we can neglectb→u decay. Integrat-
ing overEl of Eq. ~24!, we obtain@11#

GSL5gcuVcbu25G0Fz0H 12
2as~mb!

3p
g~e!J

1
1

2
z0~Gb2Kb!22z1GbG , ~27!

wherez0 andz1 are defined as

z05128e218e62e8224e4lne, ~28!

z15~12e2!4, ~29!

and g(e) is a complicated function ofe, which can be ap-
proximated@12# to

g~e!5S p22
31

4 D ~12e!21
3

2
. ~30!

To obtain the mass ratioe5mc /mb , we use the relation

mb2mc5~mB2mD!2
1

2
~l113l2!S 1

mc
2

1

mb
D ~31!

.~mB2mD!6~;1%!'mB2mD

53.41 GeV.

We note that if we use instead the other relations, e.g.,
9-3
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mb2mc5~mB* 2mD* !2
1

2
~l12l2!S 1

mc
2

1

mb
D

'mB* 2mD* 53.32 GeV, ~32!

or

mb2mc5~m̄B2m̄D!2
l1

2 S 1

mc
2

1

mb
D'm̄B2m̄D

53.35 GeV, ~33!

where

m̄B5
1

4
~mB13mB* !

and

m̄D5
1

4
~mD13mD* !,

the values of the correction would become as large
;1(2 –4 %) depending onl1.

For b→cln, Figs. 1~a! and 1~b! illustrate the dependen
cies of various corrections onmb andl1. All figures in Fig.
1 are withuVcbu50.04. The value ofmb determines mainly
the overall size of decay width, while other parameters
termine the shape of the distribution. As can be seen fr
Fig. 1~a!, we find that the dependence ofGSL on mb is rather
weak on the contrary to the naive estimation ofGSL}mb

5 ,
and is very sensitive to the quark mass difference (mb
2mc) @11#. Note also that the shapes of Born approximat
and perturbative correction are almost insensitive to
value of mb , while nonperturbative correction is quite se
sitive to bothmc /mb andl1.

III. RESULTS AND DISCUSSIONS

To compare CLEO data with theoretical calculation, w
use the minimumx2 method with

x25 (
Ei,EQCD

@B~Ei !2F theory~Ei ;e,l1!#2

s~Ei !
2

, ~34!

whereB(Ei) ands(Ei) are experimental data of the diffe
ential branching ratio and error at lepton energyEi , and
F theory(Ei ;e,l1) is the theoretical prediction atEi as a func-
tion of parameterse[mc /mb and l1. We normalized the
decay distribution to have a branching ratio of 10.49% as
Ref. @2#, B(B→Xln)5(10.4960.1760.43)%, i.e.,

F theory~Ei ;e[mc /mb ,l1!5
0.1049

GSL
FdG theory

dEl
G

El5Ei

.

~35!

We note that, because of exact cancellation betweenGSL and
G theory, F theory is independent ofG0, and therefore indepen
dent ofuVcbu andmb

5 . F theory is only indirectly dependent on
mb through the definition ofx in Eq. ~8!. Following Ref.
11401
s

-
m

n
e

n

@11#, we use theb quark mass,mb54.860.1 GeV, which
has been derived from the QCD sum rule analysis of theY
system@13#. For as , we useas50.22, as in Ref.@3#.

We comment here on the determination ofEQCD , which
is crucial for this analysis. As we can see in Figs. 1~b! and 2,
nonperturbative corrections are significant only in the la
electron energy region~i.e., El.1.5 GeV!. Therefore, we
have to include as many data points up toEQCD , in which
theory can give the correct shape of the lepton energy di
bution. Otherwise, we cannot fully see the effect of the no
perturbative correction which determines the value ofl1.
However, if we include the data points overEl.EQCD , the
result will be meaningless because the shape of the le
energy spectrum is not reliable above theEQCD region. The
numerical value ofEQCD can be estimated from the value o
mb @5#: For b→u decay with mu50, EQCD'0.9mb/2
;2.15 GeV. Forb→c decay, a smaller smearing range
required near the end point, and

EQCD'0.9~mb
22mc

2!/2mb;2.0 GeV. ~36!

FIG. 1. Contributions of each term in lepton spectra ofb
→cln decay. In all figures,uVcbu50.04. ~a! Born approximation
and perturbativeas correction withmb54.7 GeV ~solid line!, mb

54.8 GeV ~dashed line!, mb54.9 GeV ~dotted line!, and as

50.22. ~b! Nonperturbative correction withl150.3 GeV2 ~solid
line!, l150.4 GeV2 ~dashed line!, and l150.5 GeV2 ~dotted
line!. l2 and mb are fixed with the valuesl250.12 GeV2 and
mb54.8 GeV.
9-4
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DETERMINATION OF THE HQET PARAMETERl1 FROM . . . PHYSICAL REVIEW D 59 114019
Since we are dealing only with lepton energies less t
2.15 GeV, we neglectb→u decay and set 0.6,Ei
,2.0 GeV.

We tabulated the results in Table I. Since we fixed (mb
2mc), changing the value ofmb means changing mass rat
e[mc /mb together, and this mass ratio affects the resu
The values ofL̄ are determined from the mass relatio
Eq. ~1!. All values ofl1 in Table I are much larger than th
value in Ref.@3# which is l1520.1960.10 GeV2, or the
values in @14,15# which are;20.1 GeV2, but consistent
with @16–18# which are in the range20.4 to 20.7 GeV2.

The values ofl1 show significant dependencies on t
input value ofmb , but still each value is consistent withi
1s error range. As explained before, this large sensitiv
comes from mass ratiomc /mb . Indeed, formb54.8 GeV, if
we change the value of (mb2mc) to 3.35 GeV, i.e.,mc

2/mb
2

50.091, thenl1520.6960.22 GeV2. Changing the value
of mb with fixed mc

2/mb
250.084, we obtainl1520.55

60.18 GeV2 for mb54.7 GeV and l1520.52
60.29 GeV2 for mb54.9 GeV, which are very similar to
the case withmb54.8 GeV, as shown in Table 1.

Once we know the parameter valuesmb , l1, we can ex-
tract uVcbu from the relation

uVcbu25
B~B→Xln!

tBgc
. ~37!

FIG. 2. Best fit result formb54.8 GeV with Born approxima-
tion ~long dashed line!, nonperturbative correction~short dashed
line!, perturbative correction~dotted line!, and sum of all~solid
line!. Dots with error bars represent CLEO data. Parameter va
arel1520.58 GeV2, l250.12 GeV2, andas50.22.

TABLE I. Results of the fitting withmb54.7–4.9 GeV and the
fixed mb2mc53.41 GeV.

mb e2[mc
2/mb

2 l1 L̄

4.7 GeV 0.075 2(0.4560.19) GeV2 0.5760.018 GeV

4.8 GeV 0.084 2(0.5860.23) GeV2 0.4660.022 GeV

4.9 GeV 0.092 2(0.7060.27) GeV2 0.3460.026 GeV
11401
n

.

y

For tB , we averagedtB6 andtB0 from Particle Data Book
@19#

tB65~1.6260.06!310212 sec,

tB05~1.5660.06!310212 sec.

This gives the value

uVcbu50.04160.002, ~38!

where the error includes the errors from the semilepto
branching ratio of CLEO data,B meson lifetime, uncertain-
ties froml1 andb quark mass. This result is consistent wi
the CLEO result with the ISGW model which isuVcbu
50.04060.00160.002@2#, and with the recent Particle Dat
Book resultuVcbu50.039560.0017@19#.

Figure 2 shows the best fit result of the different
branching ratio compared with CLEO data as a function
charged lepton energy, withmb54.8 GeV and l1
520.58 GeV2. It shows the relative size and shape of t
various corrections formb54.8 GeV. The nonperturbative
term is about ;24.5% and the perturbative term i
;212% from leading approximation. From these facts, it
clear that the nonperturbative correction determines
shape and does not have much effect on the total decay
while the perturbative term has little effect on the shape
its contribution on the total decay rate is quite large. Fitti
with data points between 1.0 GeV,Ei,2.0 GeV, we ob-
tain l1520.5760.19 GeV2 and L̄.0.46 for mb
54.8 GeV, which are almost the same with the results fr
0.6 GeV,Ei,2.0 GeV. Finally we note the dependen
on as is very weak. Changingas to 0.35 we getl1

;20.54 GeV2 and L̄;0.46 GeV for mb54.8 GeV,
which are almost the same as the values in Table I.

We finally note that recently the CLEO Collaboratio
measured@20# the first and the second moments of the ha
ronic mass-squared distribution in the inclusive decayB
→Xcln and also made a preliminary determination of t
first and the second moments of the lepton energy distr
tion from the spectrum in Ref.@2#. Using those four mo-
ments, they obtained the values ofL̄ and l1, but there ap-
peared to be inconsistencies in the results which sug
either experimental error or problems in the HQET. Ho
ever, if we consider only the moments of the lepton ene
distribution, the preliminary CLEO analysis@20# gives l1
;20.7560.20 GeV2, which is in rather good agreemen
with our results.
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APPENDIX: KINEMATIC VARIABLES

In Ref. @9#, the kinematic variables are defined as follow
b,q,G,l ,n are the four-momenta of theb-quark, lighter
quark, gluon, lepton, neutrino;P5q1G, W5 l 1n are the
four-momentum of the quark-gluon system and the virt
W; lG stands for the scaled gluon mass (lG[mG /mb!e) .

The scaled masses and lepton energies

e[
mq

mb
5S q2

b2D 1/2

, x[
2El

mb
, y[

W2

b2
,

z[
P2

b2
, j5

mb
2

MW
2

, g[
GW

MW
~A1!

vary in the region

0<x<xM[12e2, ~A2!

0<y<ym[x~xM2x!/~12x!,
~A3!

~e1lG!2<z<zm[~12x!~12y/x!.
~A4!

Frequently used kinematic variables which characterize
quark-gluon system are

p0~z![ 1
2 ~12y1z!,
v.

s.

,

s.

11401
l
a-

:

l

e

p3~z![ 1
2 @11y21z222~y1z1yz!#1/2,

p6~z![p0~z!6p3~z!,

Yp~z![
1

2
ln

p1~z!

p2~z!
5 ln

p1~z!

Az
,

~A5!

and similarly for the virtualW

w0~z![ 1
2 ~11y2z!,

w3~z![ 1
2 @11y21z222~y1z1yz!#1/2,

w6~z![w0~z!6w3~z!,

Yw~z![
1

2
ln

w1~z!

w2~z!
5 ln

w1~z!

Az
.

~A6!

For G50, which impliesz5e2, the abbreviations

p̄0[p0~e2!, p̄3[p3~e2!, etc.,

w̄0[w0~e2!, w̄3[w3~e2!, etc., ~A7!

will be useful. Polylogarithms are defined as real functio
and in particular

Li2~x!52E
0

xdt

t
lnu12tu. ~A8!
D
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