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• Intro. (for non-experts)
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- The angles
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• Summary & Outlook
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PEP-II at SLAC

KEKB at KEK

Belle

BaBar

9GeV (e−) × 3.1GeV (e+)
peak luminosity:
        1.12×1034cm−2s−1

Two asymmetric-energy B factories

8GeV (e−) × 3.5GeV (e+)
  peak luminosity:
       1.71×1034cm−2s−1

world record

11 nations, 
80 institutes, 
623 persons

13 countries, 
57 institutes,
 ~400 collaborators
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Integrated Luminosity

PEP-II
for BaBar

July 2006
KEKB
for Belle

KEKB + PEP-II

~ 1 Billion BB pairs
710/fb (Jan 07)

391/fb (Jan 07)
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Motivations

• Lorenz-invariant quantum field theory demands 
invariance under CPT, but nothing more.

• In the Standard Model, we actually have a 
mechanism for CP violation: 

 ➱ the KM mechanism.

• Big bang cosmology suggests a balanced production 
of matter & antimatter, but our current universe is 
dominated by matter -- at least, the visible part.

• A. Sakharov’s 3 conditions for matter dominance
–
 baryon number non-conservation
–
 C and CP violation
–
 not in thermal equilibrium
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Kobayashi-Maskawa (KM) ansatz
“CPV is due to an irreducible phase in 

the quark mixing matrix in 3 generations”

First 3rd-gen. 
particle (τ)

seen in 1975
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Flavor mixing and CKM matrix

! For quarks,
– weak interaction eigenstates ! mass eigenstates

– mixing of quark flavors through a unitary matrix
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Vud Vus

Vcd Vcs

Vtb

Vcb

Vub

VtsVtd

Test of Unitarity

0.1% accuracy

18% accuracy

0.5% accuracy
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Vud Vus

Vcd Vcs

Vtb

Vcb

Vub

VtsVtd

Test of Unitarity



Z. Ligeti, ICHEP 2004
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Vud Vus

Vcd Vcs

Vtb

Vcb

Vub

VtsVtd

Test of Unitarity
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Vud Vus

Vcd Vcs

Vtb

Vcb

Vub

VtsVtd

How to measure?

 V = |V|exp(iφ)
• |V| from semi-leptonic decay rates
• φ from CP asymmetries

just overly simplified guidelines



12

CP violation in the SM
Interference of 2 amplitudes

case (1) : mixing-induced
case (2) : b/w tree & penguin



mixing-induced

interference of different decay amplitudes
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CP violation in the SM

fcpB0

B0
=

B0

B0 fcp

W
t

g

sW

Vub



Experimental Results



CKM U.T. Angles
Extract the three angles                     
through time-dependent ACP meas’mt.

State-of-the-art expt’l technology

- asymmetric beam energy
- good vertexing
- Flavor tagging

Most importantly, 

--> need lots of luminosity !

15

∆I ∼ 55µm

φ1,φ2,φ3

V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3
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T-dep’t CPV in B0 decays

(A = −C  a la BaBar)

Mixing-induced CPV Direct CPV

e.g. for J/ψ Ks
S = −ξCPsin2φ1 = +sin2φ1 
A = 0
to a good approximation
(ξCP : CP eigenvalue)
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B0→J/ψ K0; high rate, theoretically clean

The Golden mode for φ1

No CKM phase

Note: true for any B0 decay with no phase from decay amplitude

Two Vtd vertices
ei0 e−i(2φ1)

B0

B
0

J/ψK0
ei0

e−i(2φ1) ei0
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ACP(Δt) time-dependence

Δt for B0 tag ≈ B0→J/ψK
Δt for B0 tag ≈ B0→J/ψK
Background

BaBar preliminary, hep-ex/0607107

Belle preliminary, hep-ex/0608039

B0→J/ψKS B0→J/ψKL

Belle
Preliminary

Belle
PreliminaryB0 tags

B0 tags
B0 tags
B0 tags

J/ψKL : fCP= +1

J/ψKS : fCP= −1

Period = B mixing Δm
Amplitude = D sin2φ1

(Dilution D due to mistags; 
measured experimentally)

-
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sin2β history (1998-2005)
2006 BaBar + Belle

0.674±0.026
(4% accuracy)

World avg.

SCP=



φ1=20o ?
φ1=70o ?

Intrinsic ambiguity still remains … 2φ1 ↔ π-2φ1

21
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We present a measurement of the angle !1 of the Cabibbo-Kobayashi-Maskawa unitarity triangle using
a time-dependent Dalitz analysis ofD! K0

S"
!"" decays produced in neutral Bmeson decay to a neutral

D meson and a light meson ( !B0 ! D#$%h0). The method allows a direct extraction of 2!1 and, therefore,
helps to resolve the ambiguity between 2!1 and "" 2!1 in the measurement of sin2!1. We obtain
sin2!1 & 0:78' 0:44' 0:22 and cos2!1 & 1:87!0:40!0:22

"0:53"0:32. The sign of cos2!1 is determined to be
positive at 98.3% C.L.

DOI: 10.1103/PhysRevLett.97.081801 PACS numbers: 12.15.Hh, 11.30.Er, 13.25.Hw

Precise determination of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix elements [1] is important to check
the consistency of the standard model (SM) and search for
new physics. The value of sin2!1, where !1 is one of the
angles of the unitarity triangle, is now measured with high
precision: sin2!1 & 0:725' 0:037 [2,3]. This leads to
four solutions in !1: 23(, 67(, #23! 180%(, and #67!
180%(. Resolution of this ambiguity has been attempted
using time-dependent angular analysis in the B0 !
J= K$0#K0

S"
0% decay. This technique provides a measure-

ment of cos2!1 and therefore helps to distinguish between
the solutions at 23( and 67( [4,5].

A new technique based on the analysis of !B0 !
D)K0

S"
!""*h0 has been recently suggested [6]. Here we

use h0 to denote light neutral mesons, "0, #, and !. The
neutral D meson is reconstructed in the K0

S"
!"" decay

mode; its resonant substructure has been measured [7,8].
Consider a neutral B meson that is known to be a !B0 at

time ttag. At another time, tsig, its state is given by
 

j !B0#"t%i & e"j"tj=2$B0 +
!
j !B0i cos#"m"t=2%

" i
p
q
jB0i sin#"m"t=2%

"
; (1)

where "t & tsig " ttag, $B0 is the average lifetime of the B0

meson, "m, p, and q are parameters of B0- !B0 mixing. Here
we have assumed CPT invariance and neglected terms
related to the lifetime difference of neutral B mesons. In
the SM, jq=pj & 1 to a good approximation, and, in the
usual phase convention, arg#p=q% & 2!1.

The B! Dh0 decay amplitude is dominated by the
CKM favored b! c !ud diagram as shown in Fig. 1, with
roughly a 2% contribution from the CKM suppressed b!
u !cd diagram. Ignoring the latter, a neutral D meson pro-
duced in a !B0 decay is a D0, while that produced in a B0

decay is a !D0. The D meson state produced at time "t is
then given by jD0i cos#"m"t=2% " ie2i!1%h0#"1%lj !D0i+
sin#"m"t=2%, where we use %h0 to denote the CP eigen-
value of h0, and l gives the orbital angular momentum in
the Dh0 system. In the case of !B0!D$h0, an additional
factor arises due to the CP properties of the particle emit-
ted in the D$ decay (either D$!D"0 or D$ ! D&) [9].

We follow Ref. [8] and describe the amplitude for a
!D0 ! K0

S"
!"" decay as f#m2

!; m
2
"%, where m2

! and m2
"

are the squares of the two-body invariant masses of the
K0
S"

! andK0
S"

" combinations. Assuming noCP violation
in the neutral D meson system, the amplitude for a D0

decay is then given by f#m2
"; m2

!%. The time-dependent
Dalitz plot density is defined by

 P#m2
!; m

2
";"t; qB% &

e"j"tj=$B0

8$B0

F#m2
!; m

2
"%

2N
#1! qB + fA#m2

"; m2
!% cos#"m"t% ! S#m2

"; m2
!% sin#"m"t%g%;

A & !jf#m2
"; m2

!%j2 " jf#m2
!; m

2
"%j2"=F#m2

!; m
2
"%; S & "2%h0#"1%lIm ff#m2

"; m2
!%f$#m2

!; m
2
"%e2i!1g

F#m2
!; m

2
"%

;

F & jf#m2
"; m2

!%j2 ! jf#m2
!; m

2
"%j2; N &

Z
jf#m2

"; m2
!%j2dm2

!dm
2
";

(2)

where the b-flavor charge is qB & !1 ("1) when the tagging B meson is a B0 ( !B0). Thus the phase 2!1 can be extracted
from a time-dependent Dalitz plot fit to B0 and !B0 data if f#m2

!; m
2
"% is known. Note that this formulation assumes that

there is no direct CP violation in the B decay amplitudes.
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from charmed particle decays, and the kinematic approxi-
mation that B mesons are at rest in the c.m. frame [13]. A
small component of broad outliers in the !z distribution,
caused by misreconstruction, is represented by a Gaussian
function. Charged leptons, pions, kaons, and " baryons
that are not associated with a reconstructed #B0 !
D!K0

S!
"!#$h0 decay are used to identify the b flavor of

the accompanying B meson. The tagging algorithm is
described in detail elsewhere [14].

We perform an unbinned time-dependent Dalitz plot fit.
The negative logarithm of the unbinned likelihood function
is minimized:

 # 2 logL % #2
Xn

i%1

logf&1# fbg'Psig " fbgPbgg; (3)

where n is the number of events. The function
Psig&m2

"; m
2
#;!t' is the time-dependent Dalitz plot density

for the signal events, which is calculated according to
Eq. (2) and incorporates reconstruction efficiency, flavor-
tagging efficiency, wrong tagging probability, and !t reso-
lution. The function Pbg is the probability density function
(PDF) for the background. Both Psig and Pbg are normal-
ized by

R
Psig;bg&m2

"; m
2
#;!t'dm2

"dm
2
#d!t % 1. The

event-by-event background fraction fbg&!E;Mbc' is based
on signal and background levels found by fitting !E as
described above, the !E shape used in the fit, and an Mbc
shape that is the sum of a Gaussian signal and an empirical
background function with kinematic threshold and shape
parameters determined from off-resonance data.

We describe the background by the sum of four compo-
nents: B decays containing (a) real D mesons and
(b) combinatorial D mesons, and q #q events containing
(c) real D mesons and (d) combinatorial D mesons. The
Dalitz plot is described by the function f&m2

"; m
2
#' for (a)

and (c). For (b) and (d) we use an empirical background
function which includes enhancements near the edges of
the Dalitz plot as well as an incoherently added K(&892'
contribution [8]. The shape of this function is obtained
from an analysis of events in the D mass sideband. The
!t distribution for the B decay backgrounds is described
by an exponential convolved with the detector resolution.
For the q #q background, a triple Gaussian form is used,
which is obtained from events with j cos"thrj> 0:8. The
use of this sideband region has been validated using MC
calculations. We use the experimental data and generic MC
calculations to fix the fractions of background components.
Figure 3 shows the Dalitz plot distributions for candidates
in signal and Mbc sideband region, integrated over the
entire !t range and B0 and #B0 combined. We can see clear
differences in these distributions.

The procedure for the !t fit is tested by extracting #B"

using B" ! #D0!K0
S!

"!#$!" decay. We obtain #B" %
1:678) 0:043 ps (statistical error only), consistent with
the PDG [2] value 1:638) 0:011 ps.

We perform a fit by fixing #B0 and !m at the PDG values
with a fixed background shape and using sin2$1, cos2$1
as fitting parameters. The results are given in Table II for
each of the three final states separately and for the simul-
taneous fit over all modes.

TABLE I. Number of events in the signal region (Ntot), detec-
tion efficiency, number of signal events from the !E fit (Nsig),
and signal purity for the B ! D&('h0 final states.

Process Ntot Efficiency (%) Nsig Purity

D!0 265 8.7 157) 24 59%
D! 88 4.1 67) 10 76%
D% 101 3.9 58) 13 57%
D(!0, D(% 67 43) 12 64%

Sum 521 325) 31 62%

0

20

40

60

80

100

120

140

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

∆E, GeV

E
ve

nt
s/

 2
0 

M
eV

a)

0

5

10

15

20

25

30

35

40

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

∆E, GeV

E
ve

nt
s/

 2
0 

M
eV b)

0

2.5

5

7.5

10

12.5

15

17.5

20

22.5

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

∆E, GeV

E
ve

nt
s/

 2
0 

M
eV c)

0

5

10

15

20

25

30

35

-0.3 -0.2 -0.1 0 0.1 0.2 0.3

∆E, GeV

E
ve

nt
s/

 2
0 

M
eV

d)

FIG. 2. !E distributions for the #B0 decays to (a) D!0, (b) D!, (c) D%, and (d) D(!0, D(%. Points with error bars represent the data
and curves show the results of the fit.
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FIG. 3. Dalitz plot distribution for the Dh0 candidates from B
signal region (left) and Mbc sideband.
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from charmed particle decays, and the kinematic approxi-
mation that B mesons are at rest in the c.m. frame [13]. A
small component of broad outliers in the !z distribution,
caused by misreconstruction, is represented by a Gaussian
function. Charged leptons, pions, kaons, and " baryons
that are not associated with a reconstructed #B0 !
D!K0

S!
"!#$h0 decay are used to identify the b flavor of

the accompanying B meson. The tagging algorithm is
described in detail elsewhere [14].

We perform an unbinned time-dependent Dalitz plot fit.
The negative logarithm of the unbinned likelihood function
is minimized:

 # 2 logL % #2
Xn

i%1

logf&1# fbg'Psig " fbgPbgg; (3)

where n is the number of events. The function
Psig&m2

"; m
2
#;!t' is the time-dependent Dalitz plot density

for the signal events, which is calculated according to
Eq. (2) and incorporates reconstruction efficiency, flavor-
tagging efficiency, wrong tagging probability, and !t reso-
lution. The function Pbg is the probability density function
(PDF) for the background. Both Psig and Pbg are normal-
ized by

R
Psig;bg&m2

"; m
2
#;!t'dm2

"dm
2
#d!t % 1. The

event-by-event background fraction fbg&!E;Mbc' is based
on signal and background levels found by fitting !E as
described above, the !E shape used in the fit, and an Mbc
shape that is the sum of a Gaussian signal and an empirical
background function with kinematic threshold and shape
parameters determined from off-resonance data.

We describe the background by the sum of four compo-
nents: B decays containing (a) real D mesons and
(b) combinatorial D mesons, and q #q events containing
(c) real D mesons and (d) combinatorial D mesons. The
Dalitz plot is described by the function f&m2

"; m
2
#' for (a)

and (c). For (b) and (d) we use an empirical background
function which includes enhancements near the edges of
the Dalitz plot as well as an incoherently added K(&892'
contribution [8]. The shape of this function is obtained
from an analysis of events in the D mass sideband. The
!t distribution for the B decay backgrounds is described
by an exponential convolved with the detector resolution.
For the q #q background, a triple Gaussian form is used,
which is obtained from events with j cos"thrj> 0:8. The
use of this sideband region has been validated using MC
calculations. We use the experimental data and generic MC
calculations to fix the fractions of background components.
Figure 3 shows the Dalitz plot distributions for candidates
in signal and Mbc sideband region, integrated over the
entire !t range and B0 and #B0 combined. We can see clear
differences in these distributions.

The procedure for the !t fit is tested by extracting #B"

using B" ! #D0!K0
S!

"!#$!" decay. We obtain #B" %
1:678) 0:043 ps (statistical error only), consistent with
the PDG [2] value 1:638) 0:011 ps.

We perform a fit by fixing #B0 and !m at the PDG values
with a fixed background shape and using sin2$1, cos2$1
as fitting parameters. The results are given in Table II for
each of the three final states separately and for the simul-
taneous fit over all modes.

TABLE I. Number of events in the signal region (Ntot), detec-
tion efficiency, number of signal events from the !E fit (Nsig),
and signal purity for the B ! D&('h0 final states.

Process Ntot Efficiency (%) Nsig Purity

D!0 265 8.7 157) 24 59%
D! 88 4.1 67) 10 76%
D% 101 3.9 58) 13 57%
D(!0, D(% 67 43) 12 64%

Sum 521 325) 31 62%
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FIG. 2. !E distributions for the #B0 decays to (a) D!0, (b) D!, (c) D%, and (d) D(!0, D(%. Points with error bars represent the data
and curves show the results of the fit.
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081801-4 We check goodness-of-fit using one-dimensional projec-
tions to K0

S!
! and !"!# invariant masses and "t and find

no pathological behavior. To illustrate, the raw CP asym-
metry distribution for D$%&h0 candidates with an additional
constraint jM!"!# # 0:77j< 0:15 GeV=c2, to select
events consistent with D! K0

S#, is displayed in Fig. 4.
For D%h0 candidates we take into account the opposite CP
asymmetry. In this case the system behaves approximately
as a CP eigenstate, with an asymmetry proportional to
# sin2$1.

Uncertainty of theD! K0
S!

"!# decay model is one of
the main sources of systematic error for our analysis. We
repeat the fit using two additional decay models from
CLEO [7] and similar Belle analysis [15]. The difference
between these models and our primary model [8] is in
describing of wide resonances in !"!# and K0

S!, non-
resonant part and doubly Cabibbo suppressed channels.
The CLEO [7] does not include wide resonances %$600&
and f0$1370&, and the doubly Cabibbo suppressed channel
D0 ! K%"$1430&!#. Another Belle model [15] has an
additional contributions from K%$1410&!pi' and
K0
S#

0$1450&. The difference in fitted values for sin2$1

and cos2$1 between the nominal model [8] and others is
found not to exceed 0.1, and we assign this value as a
model uncertainty.

We vary the background descriptions to estimate the
systematic uncertainty due to the background parametriza-
tion. We use only a combinatorial and only a signal D PDF
for the Dalitz plot distribution. For the time dependence,

we consider cases with only a q !q component or only a B !B
component. The differences do not exceed 0.2 and we take
this value as a systematic error.

Other contributions to the systematic error are found to
be small: vertexing and flavor tagging (0.02), neglecting
suppressed amplitudes (0.01), and signal yield determina-
tion (0.02).

The measurement of sin2$1(0:78!0:44!0:22 is con-
sistent with the high statistics measurement in the J= K0

channel [2]. The result of cos2$1 ( 1:87"0:40"0:22
#0:53#0:32 allows

one to distinguish between two solutions in $1: 23) and
67). We define the confidence level at which the 67)

solution (negative value of cos2$1) can be excluded as
C:L:$x& ( f"$x&=*f"$x& " f#$x&+, where f"$x& [f#$x&] is
the likelihood to obtain the fit result cos2$1 ( xwhen true
cos2$1 value of 0.689 ( # 0:689). To evaluate f" and f#
we use sample of 2500 pseudoexperiments with the same
size as data for both hypotheses. We fit these distributions
with a sum of two Gaussians. We calculate C.L. for x (
1:87, 1.55, and 2.09 to take into account systematic un-
certainties of "0:22

#0:32 in our cos2$1 measurement. As a final
result we use the smallest value C:L:$1:55& ( 98:5!
0:2%, excluding the 67) solution at 98.3% C.L.

In summary, we have presented a new method to mea-
sure the unitarity triangle angle $1 using a time-dependent
amplitude analysis of the D! K0

S!
"!# decay produced

in the processes !B0 ! D$%&h0. We find sin2$1 ( 0:78!
0:44! 0:22 and cos2$1 ( 1:87"0:40"0:22

#0:53#0:32. The sign of
cos2$1 is determined to be positive at 98.3% C.L., favor-
ing the $1 ( 23) solution.
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S#
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didates. The smooth curve is the result of the fit to the full Dalitz
plot.

TABLE II. Fit results for the data. Errors are statistical only.

Final state sin2$1 cos2$1

D!0, D&*''+ 0:80"0:54
#0:60 2:07"0:78

#0:91

D!, D&*3!+ 0:43! 0:90 1:53"0:67
#0:93

D%!0, D%& 1:07! 1:14 3:46"1:80
#2:01

Simultaneous fit 0:78! 0:44 1:87"0:40
#0:53
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We check goodness-of-fit using one-dimensional projec-
tions to K0

S!
! and !"!# invariant masses and "t and find

no pathological behavior. To illustrate, the raw CP asym-
metry distribution for D$%&h0 candidates with an additional
constraint jM!"!# # 0:77j< 0:15 GeV=c2, to select
events consistent with D! K0

S#, is displayed in Fig. 4.
For D%h0 candidates we take into account the opposite CP
asymmetry. In this case the system behaves approximately
as a CP eigenstate, with an asymmetry proportional to
# sin2$1.

Uncertainty of theD! K0
S!

"!# decay model is one of
the main sources of systematic error for our analysis. We
repeat the fit using two additional decay models from
CLEO [7] and similar Belle analysis [15]. The difference
between these models and our primary model [8] is in
describing of wide resonances in !"!# and K0

S!, non-
resonant part and doubly Cabibbo suppressed channels.
The CLEO [7] does not include wide resonances %$600&
and f0$1370&, and the doubly Cabibbo suppressed channel
D0 ! K%"$1430&!#. Another Belle model [15] has an
additional contributions from K%$1410&!pi' and
K0
S#

0$1450&. The difference in fitted values for sin2$1

and cos2$1 between the nominal model [8] and others is
found not to exceed 0.1, and we assign this value as a
model uncertainty.

We vary the background descriptions to estimate the
systematic uncertainty due to the background parametriza-
tion. We use only a combinatorial and only a signal D PDF
for the Dalitz plot distribution. For the time dependence,

we consider cases with only a q !q component or only a B !B
component. The differences do not exceed 0.2 and we take
this value as a systematic error.

Other contributions to the systematic error are found to
be small: vertexing and flavor tagging (0.02), neglecting
suppressed amplitudes (0.01), and signal yield determina-
tion (0.02).

The measurement of sin2$1(0:78!0:44!0:22 is con-
sistent with the high statistics measurement in the J= K0

channel [2]. The result of cos2$1 ( 1:87"0:40"0:22
#0:53#0:32 allows

one to distinguish between two solutions in $1: 23) and
67). We define the confidence level at which the 67)

solution (negative value of cos2$1) can be excluded as
C:L:$x& ( f"$x&=*f"$x& " f#$x&+, where f"$x& [f#$x&] is
the likelihood to obtain the fit result cos2$1 ( xwhen true
cos2$1 value of 0.689 ( # 0:689). To evaluate f" and f#
we use sample of 2500 pseudoexperiments with the same
size as data for both hypotheses. We fit these distributions
with a sum of two Gaussians. We calculate C.L. for x (
1:87, 1.55, and 2.09 to take into account systematic un-
certainties of "0:22

#0:32 in our cos2$1 measurement. As a final
result we use the smallest value C:L:$1:55& ( 98:5!
0:2%, excluding the 67) solution at 98.3% C.L.

In summary, we have presented a new method to mea-
sure the unitarity triangle angle $1 using a time-dependent
amplitude analysis of the D! K0

S!
"!# decay produced

in the processes !B0 ! D$%&h0. We find sin2$1 ( 0:78!
0:44! 0:22 and cos2$1 ( 1:87"0:40"0:22

#0:53#0:32. The sign of
cos2$1 is determined to be positive at 98.3% C.L., favor-
ing the $1 ( 23) solution.
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plot.

TABLE II. Fit results for the data. Errors are statistical only.

Final state sin2$1 cos2$1

D!0, D&*''+ 0:80"0:54
#0:60 2:07"0:78

#0:91

D!, D&*3!+ 0:43! 0:90 1:53"0:67
#0:93

D%!0, D%& 1:07! 1:14 3:46"1:80
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φ1=20o ?
φ1=70o ?

Intrinsic ambiguity: resolved at C.L. > 95%
Time-dependent Dalitz analysis of B0  D[ KSπ+π− ]h0

PRL97, 081801 (2006)

_

Disfavored at
98.3% C.L.

Similar result from BaBar, too.  hep-ex/060710523
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e.g.  B0→φKSφ1 from b→ ss̄s

Suppressed

dominant eiφ3 from Vub

Two Vtd vertices e−i(2φ1)

sin(2φ1eff) ≠ sin(2φ1)

B0

B
0e −i(2φ1 )

φK0
ei0 ⇒ ei∆

e
−i0 ⇒

e
−i∆

Relative phase = ei2(φ1+∆) != ei2φ1
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Theoretical estimates of SM offsets

Mainly positive but large error

Representative theory estimates

sin2φ1 exp’tal err.

−0.1 0.10.0 0.2

Lazzaro,  ICHEP06

Short distance effect:
QCDF:
Beneke, PLB 620, 143 (2005)

Cheng, Chua, Yang, PRD 73, 014017 (2006)

pQCD:
Mishima, Sanda, PRD 72, 114005 (2005)

SCET:
Williamson, Zupan, PRD 74, 014003 (2006)

Long distance effect:
Cheng, Chua, Soni, PRD 72, 014006 (2005)

∆ sin(2φ1)
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Belle preliminary, hep-ex/0608039
BaBar preliminary, hep-ex/0607112
BaBar preliminary, hep-ex/0609052

B→φKS: B.F. = (4.3±0.6)×10−6

B→η'KS: B.F. = (3.4±0.2)×10−5

Even with small rates,
clear CP violation observed 
in penguin decays

Belle
Preliminary

Belle
Preliminary

B→φKS

B→η'KS BaBar
Preliminary

B → φKS and B → η′KS



• (−) in all 9 modes

• theory tends to predict (+) shifts

• naive avg. sin 2φeff
1 = 0.52± 0.05

⇒ 2.6 σ difference

More stat. is crucial for 
mode-by-mode comparison!

27



Other angles?

28

V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3



penguin’s shaking a tree...

29
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Isospin analysis: flavor SU(2)

• Model-independent (symmetry-dependent) method
• SU(2) breaking effect well below present statistical errors

“Penguin pollution” can be removed

Gronau-London (1990)
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B0→π+π−
BaBar preliminary; hep-ex/0607106Belle preliminary; hep-ex/0608035

Belle
Preliminary

Direct CP

CCP ≠ 0  →  SCP = √(1−CCP
2)sin2αeff

B0 tags

B
0

tags
B

0
tags

B0 tags
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Belle and BaBar 
only marginally 
in agreement

Bayesian and frequentist interpretations 
give quantitively different conclusions

UTFit,
M.Bona et al.,
hep-ph/0606167

CKMFitter,
J.Charles et al.,
Eur.Phys.J.C41, 
1 (2005)

Including π+π0, π0π0 isospin analysis

Primarily 
Bayesian

Primarily 
frequentist

SCP= √(1−CCP
2)sin2αeff

B0→π+π−
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+

+
A0

A+

A-

ρ+   ρ−

BaBar hep-ex/0612021
subm’d to PRL

(A++A-)/√2
A¦¦

(A+-A-)/√2 A⊥

A0

+1

+1

−1

CP

φ2 from B0 → ρ+ρ−

BF(B0 → ρ0ρ0) = (1.07± 0.33± 0.19)× 10−6
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BaBar preliminary; hep-ex/0607098 Belle, preliminary; hep-ex/0702009

φ2 from B0 → ρ+ρ−

5

a±
1 π∓ [12]. For B±→ (a1ρ)± we assume branching frac-

tions of 30+15
−15 × 10−6, consistent with the present upper

limit for B0 → a±
1 ρ∓ (< 6 × 10−5 [13]). The fraction of

b→u events is very small (0.37%) and thus is fixed in the
fit according to the prediction of MC simulation. A fit to
176843 events yields Nρρ+ρππ = 576± 53. Figures 1 and
2 show the Mbc, ∆E, and R distributions along with the
fit projections.

The CP -violating parameters A and S are obtained
using an unbinned ML fit to the ∆t distribution. The
likelihood function for event i is given by

Li =
∑

n

∫

fn(#xi)Pn(∆t′) Rn(∆ti, ∆t′) d∆t′, (2)

where n is one of the six event categories: correctly
reconstructed signal, SCF events, ρππ non-resonant
events, b → c background, qq background, and b →
u background. The weights fn are functions of #x ∈
(Mbc, ∆E,R) and are normalized to the event fractions
obtained from the Mbc-∆E-R fit. The PDFs Pn(∆t)
are convolved with the corresponding ∆t resolution func-
tions Rn. Both fn and Pn(∆t) depend on the tag quality
bin $.

The signal PDF is given by Eq. (1) modi-
fied to take into account the effect of incor-
rect flavor assignment: e−|∆t|/τ

B0/(4τB0) ×
{1 − q∆ω$ + q(1 − 2ω$) [A cos(∆m ∆t) + S sin(∆m ∆t) ]}.
As the fraction of longitudinal polarization fL is close
to 100%, we assume that A = AL, S = SL, and consider
the potential contribution from a transversely polarized
amplitude as a systematic uncertainty. The signal PDF
is convolved with the same ∆t resolution function as
that used for Belle’s sin 2φ1 measurement [9].

The fraction of non-resonant ρππ events is measured
in Ref. [3] and constitutes 6.3±6.7 % of the total number
of ρ+ρ− candidates. The fraction of SCF events is esti-
mated with MC simulation to be 6.5± 0.1% of all signal
events. The PDFs Pρππ and PSCF are exponential with
τ =τB and τ ≈0.96 ps (from MC), respectively; these are
smeared by a common resolution function.

The ∆t PDFs for the backgrounds are modeled as
a sum of prompt and exponential components: Pk =
fδδ(∆t) + (1 − fδ)e−|∆t|/τk/2τk, where fδ is the fraction
of the prompt component, δ is the Dirac delta function,
τk is an effective lifetime, and k represents continuum,
b → c, and b → u backgrounds. These PDFs are con-
volved with a resolution-like function parameterized as a
sum of two Gaussian functions. Parameters for Pk and
Rk are determined from a data sideband for continuum
background and from large MC samples for b → c and
b → u backgrounds. To account for small correlations
between the shape of the ∆t distribution and R for qq
background, the parameters are obtained separately for
low (0.15<R<0.75) and high (0.75<R<1.0) R regions.

We determine A and S by maximizing
∑

i logLi, where
i runs over the 18016 events in the Mbc-∆E-R signal re-
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FIG. 3: The ∆t distribution and projections of the fit for
events satisfying 0.5 < r < 1.0: (a) q = +1 tags, (b) q =−1
tags. The hatched region shows signal events. The raw CP
asymmetry is shown in (c). For these plots the R cut has
been tightened to increase the ratio of signal to background.
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FIG. 4: 1 − C.L. vs. φ2. The horizontal lines denote C.L.=
68.3% (solid) and C.L.=90% (dashed).

gion. The results are A=0.16 ±0.21 and S=0.19 ±0.30,
where the errors are statistical. The correlation coeffi-
cient is −0.10. These values are consistent with no CP
violation (A = S =0); the errors are consistent with MC
expectations. Figure 3 shows the data and projections of
the fit result.

The sources of systematic error are listed in Table I.
The error for most sources is evaluated by varying the
corresponding parameters by ±1σ. The effect of a possi-
ble asymmetry in b→c and qq̄ is evaluated by adding such

6

an asymmetry to the b→ c and qq̄ ∆t distributions. We
vary the (unmeasured) branching fractions for a1ρ and
a1π decays and also allow for a CP asymmetry of up to
100% in these modes. The error due to transverse polar-
ization is obtained by first setting fL equal to its central
value and varying AT , ST from −1 to +1; then assum-
ing AT = AL, ST = −SL (fT is CP -odd), and varying
fL by its error. Summing up in quadrature all system-
atic uncertainties, we obtain overall systematic errors of
± 0.07. Thus,

AL = 0.16 ± 0.21 (stat) ± 0.07 (syst) (3)

SL = 0.19 ± 0.30 (stat) ± 0.07 (syst) . (4)

These values are consistent with our previous measure-
ment [3] and also with results obtained by BaBar [4].

TABLE I: Systematic errors for CP coefficients A and S .

Type ∆A (×10−2) ∆S (×10−2)

+σ −σ +σ −σ

Wrong tag fractions 0.5 0.5 0.8 0.8

Parameters ∆m, τB0 0.2 0.3 0.6 0.7

Resolution function 1.4 1.5 1.0 1.7

Background ∆t distributions 0.5 0.5 1.0 1.1

Component fractions 1.5 1.9 3.9 3.7

ρππ nonresonant fractions 1.2 1.0 1.5 1.2

SCF fraction, ∆t PDF 0.2 0.2 0.1 0.1

Shape of R PDF 0.8 0.7 1.2 1.3

Vertexing 2.1 2.1 1.0 1.3

Possible fitting bias 0.2 0.0 0.1 0.0

Background asymmetry 1.1 0.0 0.0 0.4

b → u asymmetry 2.4 2.9 2.4 3.2

Transverse polarization 3.8 2.8 4.6 2.7

Tag-side interference [14] 3.7 3.7 0.1 0.1

Total 6.9 6.5 7.1 6.4

We constrain φ2 using an isospin analysis [15], which
allows one to relate six observables to six underlying pa-
rameters: five decay amplitudes for B → ρρ and the
angle φ2. The observables are the branching fractions
for B → ρ+ρ−, ρ+ρ0, and ρ0ρ0 [5]; the CP parame-
ters Aρ+ρ− and Sρ+ρ− (our results); and the parame-
ter Aρ0ρ0 for B → ρ0ρ0 decays. The branching frac-
tions must be multiplied by the corresponding longi-
tudinal polarization fractions [5]. We neglect possible
contributions from electroweak penguins and I = 1 am-
plitudes [16] to B0 → ρ+ρ−. We follow the statistical
method of Ref. [17] and construct a χ2(φ2) using the mea-
sured values and obtain a minimum χ2 (denoted χ2

min);
we then scan φ2 from 0◦ to 180◦, calculating the dif-
ference ∆χ2 ≡ χ2(φ2) − χ2

min. We insert ∆χ2 into the

cumulative distribution function for the χ2 distribution
for one degree of freedom to obtain a confidence level
(C.L.) for each φ2 value. The resulting function 1−C.L.
(Fig. 4) has more than one peak due to ambiguities that
arise when solving for φ2. Because Aρ0ρ0 is not yet mea-
sured, we allow this observable to float; this produces the
“flat-top” regions in Fig. 4. The solution consistent with
the Standard Model is 61◦ < φ2 < 107◦ at 68% C.L. or
53◦<φ2 <114◦ at 90% C.L. Recently, a different model-
dependent approach to extract φ2 using flavor SU(3)
symmetry has been proposed [18]. This method would
give more stringent constraints on φ2.

In summary, we present an improved measurement of
the CP -violating coefficients A and S in B0→ρ+ρ− de-
cays using 492 fb−1 of data, which corresponds to 535
million BB pairs. These measurements are used to con-
strain the angle φ2.
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Figure 4: The ∆t distribution for a sample of events enriched in signal for (a) B0 and (b) B0 tagged
events. The dotted lines are the sum of backgrounds, the dashed lines are the qq background and
the solid lines are the sum of signal and backgrounds. The time-dependent CP asymmetry (see
text) is shown in (c), where the curve is the measured asymmetry.

the yield. The uncertainty on the other signal observables comes from varying the fraction of
SCF events by 5% per π0 (10% total), which is twice the observed data/MC difference seen
in our control sample of B0 → D−ρ+ events.

• The uncertainty on the mES and ∆E widths is obtained from the observed shifts relative to
our nominal result, when allowing these parameters to vary independently in the fit to data.

• We vary the B background normalisation within expectations for each background in turn.
The deviations obtained when doing this are added in quadrature to give the quoted uncer-
tainty from this source.

• As the branching fractions of some of the B backgrounds are not well known, we assign an
additional uncertainty coming from the maximum shifts obtained when allowing each of the
fixed backgrounds to vary in turn in the fit to data.

15

7 FINAL RESULTS

Our results are

B(B0 → ρ+ρ−) = (23.5 ± 2.2(stat) ± 4.1(syst))×10−6,

fL = 0.977 ± 0.024(stat)+0.015
−0.013(syst),

Slong = −0.19 ± 0.21(stat)+0.05
−0.07(syst),

Clong = −0.07 ± 0.15(stat) ± 0.06(syst).

where the correlation between Slong and Clong is -0.058. This measurement corresponds to αeff =

(95.5+6.9
−6.2)

◦, where Slong =
√

1 − C2
long sin 2αρρ

eff . The measured branching fraction, polarization,

and CP parameters are in agreement with our earlier publication [9], with significantly improved
precision.

We constrain the CKM angle α from an isospin analysis [24] of B → ρρ. The inputs to the
isospin analysis are the amplitudes of the CP -even longitudinal polarization of the ρρ final state,
as well as the measured values of Slong and Clong for B0 → ρ+ρ−. We use the following numerical
inputs in the isospin analysis:

• The average of the measurements of B(B0 → ρ+ρ−) and fL, presented here, and those
reported in Ref. [25].

• The combined branching fraction and fL for B → ρ+ρ0 from Ref. [2].

• The central value corresponding to the upper limit of B(B → ρ0ρ0) from Ref. [3].

• Slong and Clong presented here.

We ignore possible I = 1 amplitudes [26] and electroweak penguins in this paper.
To interpret our results in terms of a constraint on α from the isospin relations, we construct a

χ2 that includes the measured quantities expressed as the lengths of the sides of the isospin triangles
and we determine the minimum χ2

0. We have adopted a simulated experiment technique to compute
the confidence level (CL) on α; our method is similar to the approach proposed in Ref. [27]. For
each value of α, scanned between 0 and 180◦, we determine the difference ∆χ2

DATA(α) between the
minimum of χ2(α) and χ2

0. We then generate MC experiments around the central values obtained
from the fit to data with the given value of α and we apply the same procedure. The fraction of
these experiments in which ∆χ2

MC(α) is smaller than ∆χ2
DATA(α) is interpreted as the CL on α.

Figure 5 shows 1−CL for α obtained from this method. Selecting the solution closest to the CKM
combined fit average [28, 29] we find α = [74, 117]◦ at 68% CL, where the error is dominated by
|αeff − α| which is 18◦ at 68% CL. The constraint obtained on α is less precise than the previous
result in Ref. [9] for the following reasons: (i) the improved world average branching fraction for
B+ → ρ+ρ0 has come down, and (ii) the results of the latest search for B0 → ρ0ρ0 show evidence
for a signal. Both of these factors lead to an increase in the the penguin contribution to the total
uncertainty on α when using an isospin analysis.

It is possible to calculate a model-dependent constraint on α using SU(3) as detailed in Ref. [30].
This model relates the penguin amplitude in B+ → K∗0ρ+ to the penguin amplitude in B0 → ρ+ρ−,
and can be used to obtain a more precise, but model dependent constraint on α.
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Including ρ+ρ0, ρ0ρ0 isospin analysis

Small CP violation: αeff ~ 90° or 0/180°

SCP= √(1−CCP
2)sin2αeff

φ2 from B0 → ρ+ρ−
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φ2  combined  (including ρπ)

Combined:Indirect:

CL=0.683

Other solutions 
disfavoured

φ2 = 93+11
−9 (◦)φ2 = 100+5

−7(
◦)



- Time-dependent Dalitz + isospin pentagon (1st time!)
- subm’ed to PRL & to be included in the world average

New!
hep-ex/0701015B0 → (ρπ)0 from Belle

We can continue to play yet more arcane versions of this game. For B + pr 

we have again It = l/2 or 3/2 and Eqs. (l)-(3) hold. However, here If = 0, 1, 2 

a.re all allowed. Thus we have four independent isospin amplitudes - A112,-,, A1,2,1, 

As/Z,, a.nd A3/2,2 - for B” and B + decays, and a corresponding set for B” and B- 

decays. There a.re five different possible charge assignme& for the pi system, so 

once again there is a single relation between the A’j amplitudes and a. corresponding 

one between the Aij amplitudes. Consequently, each set forms a penta,gon in the 

complex plane. Here the penguins have It = l/2 only and t bus do not contribute 

to the two A3,2,1, amplitudes. Following the steps of previous sections we now 

obta.in: 

IP+rO) =fil% 1) + fill7 1) 7 

IPOT+) =&IT 1) - fill, 1) f 

ip+n-> =&,O) + fillA + &o,o), 

IFn+) =&,O) - &4 + &40), 

(p07r0) =&12,0) - &O,O). 

Now let 

Then 

A+O =4&h/2,2 - ~J$3/2.1 •t J$l,2,17 

A’+ =;&p,~ + &s/2,1 - j/&,2,, , 

A+- =+ $ $A3/2,2 - $A,,, 1 t $A1,2,1 - d- ;A,,, o, -9 

A-+ =$ $ +A3,2 ,2 + $%/2,1 - 3 l/2,1 - IA If ~4,2.0~ 

Aoo =&,2,2 + &b,?,o- 

(28) 

As before, the amplitudes ;i’j correspond to the CP-conjugated processes and 
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5

TABLE I: Results of the time-dependent Dalitz fit (left three columns), and the associated quasi-two-body CP violation
parameters (rightmost column), whose definitions can be found elsewhere [13]. The first and second errors are statistical and
systematic, respectively. The correlation coefficient between A+−

ρπ and A−+
ρπ (Aρ0π0 and Sρ0π0) is +0.47 (−0.08).

U+
+ +1 (fixed) U−

+ +0.23 ± 0.15 ± 0.07 I+ −0.01 ± 0.11 ± 0.04 ACP
ρπ −0.12 ± 0.05 ± 0.04

U+
−

+1.27 ± 0.13 ± 0.09 U−

−
−0.62 ± 0.16 ± 0.08 I− +0.09 ± 0.10 ± 0.04 C −0.13 ± 0.09 ± 0.05

U+
0 +0.29 ± 0.05 ± 0.04 U−

0 +0.15 ± 0.11 ± 0.08 I0 +0.02 ± 0.09 ± 0.05 ∆C +0.36 ± 0.10 ± 0.05
U+,Re

+−
+0.49 ± 0.86 ± 0.52 U−,Re

+−
−1.18 ± 1.61 ± 0.72 IRe

+− +1.21 ± 2.59 ± 0.98 S +0.06 ± 0.13 ± 0.05
U+,Re

+0 +0.29 ± 0.50 ± 0.35 U−,Re
+0 −2.37 ± 1.36 ± 0.60 IRe

+0 +1.15 ± 2.26 ± 0.92 ∆S −0.08 ± 0.13 ± 0.05
U+,Re

−0 +0.25 ± 0.60 ± 0.33 U−,Re
−0 −0.53 ± 1.44 ± 0.65 IRe

−0 −0.92 ± 1.34 ± 0.80 A+−

ρπ +0.21 ± 0.08 ± 0.04
U+,Im

+−
+1.18 ± 0.86 ± 0.34 U−,Im

+−
−2.32 ± 1.74 ± 0.91 IIm

+− −1.93 ± 2.39 ± 0.89 A−+
ρπ +0.08 ± 0.16 ± 0.11

U+,Im
+0 −0.57 ± 0.35 ± 0.51 U−,Im

+0 −0.41 ± 1.00 ± 0.47 IIm
+0 −0.40 ± 1.86 ± 0.85 Aρ0π0 −0.49 ± 0.36 ± 0.28

U+,Im
−0 −1.34 ± 0.60 ± 0.47 U−,Im

−0 −0.02 ± 1.31 ± 0.83 IIm
−0 −2.03 ± 1.62 ± 0.81 Sρ0π0 +0.17 ± 0.57 ± 0.35

the CP violation parameters of the process B0 → ρ0π0:
Aρ0π0 = −U−

0 /U+
0 and Sρ0π0 = 2I0/U+

0 . These are also
listed in the Table I. Our result differs from the case with
no direct CP asymmetry in B0 → ρ±π∓ (A+−

ρπ = 0 and
A−+

ρπ = 0) by 2.3 σ.

There are several sources of systematic uncertainty. To
determine their magnitudes, we vary each possible con-
tribution to the systematic error by its uncertainty in the
data fit or in the MC, and take the resultant deviations in
the fitted parameters as errors. We add each contribution
in quadrature to obtain the total systematic uncertainty.
The largest contribution for the interfering parameters
comes from radial excitations. We take account of pos-

sible deviations of (
(

β
)

κ, (γ)
κ) from the (β, γ) values, and

uncertainties of β, γ, and the mass and width of each res-
onance. Large contributions to the systematic errors for
the non-interfering parameters come from potential back-
grounds such as B0 → f0(980)π0, f0(600)π0, ωπ0, and
non-resonant π+π−π0, which we neglect in our nominal
fit. We perform fits to toy MC including these back-
grounds with the branching fractions at their 68.3% C.L.
upper limits, which we obtain from our data or world
averages [11, 19]; the largest variations are taken as sys-
tematic errors. Comparable contributions also come from
vertex reconstruction, background PDF’s, and tag-side
interference [20]; more detail can be found elsewhere [17].

We constrain φ2 from the 26 parameters measured in
our analysis following the formalism of Ref. [5] and the
statistical treatment using toy MC described in Ref. [21].
The resulting 1 − C.L. function is shown in Fig. 3 as a
dotted curve. To incorporate all available knowledge, we
combine our measurement with results on the branch-
ing fractions for B0 → ρ±π∓ and B+ → ρ+π0, ρ0π+,
and flavor asymmetries of the latter two [19]. Assuming
isospin (pentagon) relations [6, 7] and following the same
procedure as above, we perform a full Dalitz and pen-
tagon combined analysis, the result of which is shown in
Fig. 3 as the solid curve. We obtain 68◦ < φ2 < 95◦ as
the 68.3% confidence interval for the solution consistent
with the SM expectation. A large SM-disfavored region
(0◦ < φ2 < 5◦, 23◦ < φ2 < 34◦, and 109◦ < φ2 < 180◦)
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FIG. 3: 1−C.L. vs. φ2. Dotted and solid curves correspond
to the result from the TDPA only and that from the TDPA
and an isospin (pentagon) combined analysis, respectively.

also remains. In principle, with more data we may be
able to remove the additional φ2 solutions.

In summary, using 414 fb−1 of data we have performed
a full Dalitz plot analysis of the B0 → π+π−π0 decay
mode, where the observables include the first measure-
ment of Sρ0π0 . A full time-dependent Dalitz plot analysis
with the pentagon isospin relation is performed for the
first time and a constraint on the angle φ2 is obtained.
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Other angles?
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V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3
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φ3 from CPV in DK modes

Relative phase = 
D decays do not involve Vub or Vtd

→ no contribution to phase

GLW: Gronau, London, Wyler (2001)
ADS:  Atwood, Dunietz, Soni (1997)
GGSZ: Giri, Grossman, Soffer, Zupan (2003)

B± → no mixing, no t-dependence

e.g. B+→D0/D0 K+
_

           → CP state (GLW)
D0/D0  → K−π+/K+π−, CA/DCS (ADS)
           → KSπ+π−, Dalitz (GGSZ)

_B+

D0K+

D0K+

_ei0

eiφ3

e−iφ3
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The GGSZ method

BaBar preliminary; hep-ex/0607104
Belle; Phys.Rev.D 73, 172009 (2006)

Belle Belle

Map out Dalitz plot 
from all D0 decays

B+B−

Look for deviations in B±→D0K± plots
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Results from GGSZ method
Express in terms of 
measurables from B±

BaBar preliminary; hep-ex/0607104
Belle; PRD 73, 112009 (2006)

rB : ratio of D/D ampl. 
=0.16±0.07
δB : D/D relative phase

Different rB, δB for each 
mode D(*)K(*)

_

_

x± = rB cos(δB ± φ3)

y± = rB sin(δB ± φ3) 2φ3

δB − φ3

δB + φ3
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Overall result

Indirect: Combined:φ3 = 59+9
−4(

◦) φ3 = 62+38
−24(

◦)



The Sides
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V ∗
ub Vtd

VcdV
∗
cb

φ1

φ2

φ3

 V = |V|exp(iφ)
• |V| from semi-leptonic decay rates 
• φ from CP asymmetries

just overly simplified guidelines

ΓX!ν ∝ |Vij |2

• Vtd

– B → Xdγ (A. Bevan)

– Bs mixing (K. Pitts)

• Vcb

– O(1%) precision



Semileptonic B Decays

u quark turns into  one or 
more hadrons

kinematic variables 
for B → Xlν 

* Semileptonic B decays allow measurement 
of |Vcb| and |Vub| from tree level processes.

* Presence of a single hadronic current 
allows control of theoretical uncertainties.

Γ (b→ u!−ν̄)
Γ (b→ c!−ν̄)

≈ |Vub|2

|Vcb|2
≈ 1

50

E! = lepton energy

q2 = (p! + pν)2

mX = mass of the hadronic part

44

|Vcb|! |Vub|



Morii’s chart for Vub
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q2 and Mx requires info. on missing ν --> full-recon.

Inclusive B → Xu!ν



Vub (LLR method)

47

• mXu (B → Xu!ν) and Eγ (B → Xsγ)

• two methods

$ mXu < ζ(< 1.67 GeV) (LLR)

$ mXu in full range (U, HLM)
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FIG. 1: The mX distributions (without combinatorial back-
grounds) for B → X!ν̄ candidates: a) data (points) and fit
components after the minimum-χ2 fit, and b) data and sig-
nal MC after subtraction of the B → Xc!ν̄ and other back-
grounds. The upper edge of the eighth bin is chosen to be
at mX = 2.5 GeV/c2. This fit result, with χ2 = 10.2 for 11
degrees of freedom, is used to extract the number of signal
events below 2.5 GeV/c2.

refers to the Υ(4S) momentum.
To select B → Xu!ν̄ candidates we require exactly one

lepton with p∗! > 1 GeV/c in the event, charge conserva-
tion (QX +Q!+QBr

= 0), and a missing four-momentum
consistent with a neutrino hypothesis, i.e., missing mass
consistent with zero (−1.0 < m2

miss < 0.5 GeV2/c4),
|pmiss| > 0.3 GeV/c, and | cos θmiss| < 0.95, where θmiss

is the polar angle of the missing momentum three-vector
pmiss. These criteria suppress the majority of B → Xc!ν̄
decays that contain additional neutrinos or an unde-
tected K0

L
meson. Additionally we reject events with

charged or neutral kaons (reconstructed as K0
S
→ π+π−

decays) in the decay products of the Bsl. We sup-
press B → D∗!ν backgrounds by partial reconstruction
of charged and neutral D∗ mesons via identification of
charged and neutral slow pions. The reconstruction of
the mass of the hadronic system is improved by a kine-
matic fit that imposes four-momentum conservation, the
equality of the masses of the two B mesons, and p2

ν = 0.
The resulting mX resolution is ∼ 250 MeV/c2 on average.

The extraction of |Vub|/|Vts| from the selected events
starts from the equation [6]

|Vub|
|Vts|

=

{

6α(1 + Hγ
mix)(C

(0)
7 )2

π[I0(ζ) + I+(ζ)]
× δRu(ζ)

}
1

2

, (1)

where δRu(ζ) is the partial charmless semileptonic decay
rate extracted from the number of B → Xu!ν̄ events up
to a limit ζ in the mX spectrum. Hγ

mix accounts for
interferences between electromagnetic penguin operator

O7 with O2 and O8 [18], and C(0)
7 is the effective Wilson

coefficient. The terms I0(ζ) and I+(ζ) are determined by
multiplying the photon energy spectrum dΓγ/dEγ in B→
Xsγ decays [13] with weight functions [6] and integrating.
The weights are zero below a minimum photon energy
Emin

γ = mB/2 − ζ/4.

In terms of measurable quantities, δRu(ζ) is

δRu(ζ) =
Nu(ζ)f(ζ)B(B → X!ν̄)

Nslεu(ζ)
×

εsl
!

εu
!

×
εsl
reco

εu
reco

. (2)

Here, Nu(ζ) is the number of reconstructed B → Xu!ν̄
events with mX < ζ, f(ζ) accounts for migration in
and out of the region below ζ due to finite mX reso-
lution, B(B → X!ν̄) is the total inclusive semileptonic
branching fraction, and εu(ζ) is the efficiency for select-
ing B → Xu!ν̄ decays once a B → X!ν̄ decay has been
identified with a hadronic mass below ζ. Nsl is the num-
ber of observed fully reconstructed B meson decays with
a charged lepton with momentum above 1 GeV/c, εsl

! /εu
!

corrects for the difference in the efficiency of the lep-
ton momentum selection for B → X!ν̄ and B → Xu!ν̄
decays, and εsl

reco/εu
reco accounts for the difference in

the efficiency of reconstructing a Br in events with a
B → X!ν̄ and B → Xu!ν̄ decay. By measuring the ratio
of B → Xu!ν̄ events to all semileptonic B decays many
systematic uncertainties cancel out.

We derive Nu(ζ) from the mX distribution with a
binned χ2 fit to four components: data, B → Xu!ν̄
signal MC, B → Xc!ν̄ background MC, and a small
MC background from other sources (misidentified lep-
tons, B → Xτ ν̄τ , and charm decays), fixed relative to
the B → Xc!ν̄ component. Nu(ζ) is determined after
the subtraction of the fitted background contributions.
For all four contributions, the combinatorial background
is determined, separately in each bin of the mX distri-
bution, with unbinned maximum likelihood fits to dis-
tributions of the beam energy-substituted mass mES =
√

s/4 − p 2
B of the Br candidate, where

√
s is the e+e−

center-of-mass energy. The mES fit uses an empirical de-
scription of the combinatorial background shape [19] with
a signal shape [20] peaking at the B meson mass. The
combinatorial background varies from 5% (low mX bins)
to 25% (high mX bins). The fitted mX distributions are
shown in Fig. 1 before (a) and after (b) subtraction of
backgrounds. The mX bins are 300 MeV/c2 wide except
that one bin is widened such that its upper edge is at ζ.

We extract Nsl = (3.253 ± 0.024) × 104 from an un-
binned maximum likelihood fit to the mES distribution
of all events with p∗! > 1 GeV/c. The efficiency correc-
tions εsl

! /εu
! = 0.82 ± 0.02stat, as well as εu(ζ) and f(ζ)

(see Table I) are derived from simulations, where we also
find εsl

reco/εu
reco in agreement with one, assigning a 3%

uncertainty.
We study three categories of systematic uncertainties

in the determination of |Vub|: uncertainties in the signal
extraction, the simulation of physics processes, and the
theoretical description. The quoted uncertainties have
been determined for a value of ζ = 1.67 GeV/c2 where
the total uncertainty on |Vub| is found to be minimal.

Experimental uncertainties in the signal extraction
arise from imperfect description of data by the detector
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FIG. 1: The mX distributions (without combinatorial back-
grounds) for B → X!ν̄ candidates: a) data (points) and fit
components after the minimum-χ2 fit, and b) data and sig-
nal MC after subtraction of the B → Xc!ν̄ and other back-
grounds. The upper edge of the eighth bin is chosen to be
at mX = 2.5 GeV/c2. This fit result, with χ2 = 10.2 for 11
degrees of freedom, is used to extract the number of signal
events below 2.5 GeV/c2.

refers to the Υ(4S) momentum.
To select B → Xu!ν̄ candidates we require exactly one

lepton with p∗! > 1 GeV/c in the event, charge conserva-
tion (QX +Q!+QBr

= 0), and a missing four-momentum
consistent with a neutrino hypothesis, i.e., missing mass
consistent with zero (−1.0 < m2

miss < 0.5 GeV2/c4),
|pmiss| > 0.3 GeV/c, and | cos θmiss| < 0.95, where θmiss

is the polar angle of the missing momentum three-vector
pmiss. These criteria suppress the majority of B → Xc!ν̄
decays that contain additional neutrinos or an unde-
tected K0

L
meson. Additionally we reject events with

charged or neutral kaons (reconstructed as K0
S
→ π+π−

decays) in the decay products of the Bsl. We sup-
press B → D∗!ν backgrounds by partial reconstruction
of charged and neutral D∗ mesons via identification of
charged and neutral slow pions. The reconstruction of
the mass of the hadronic system is improved by a kine-
matic fit that imposes four-momentum conservation, the
equality of the masses of the two B mesons, and p2

ν = 0.
The resulting mX resolution is ∼ 250 MeV/c2 on average.

The extraction of |Vub|/|Vts| from the selected events
starts from the equation [6]

|Vub|
|Vts|

=

{

6α(1 + Hγ
mix)(C

(0)
7 )2

π[I0(ζ) + I+(ζ)]
× δRu(ζ)

}
1

2

, (1)

where δRu(ζ) is the partial charmless semileptonic decay
rate extracted from the number of B → Xu!ν̄ events up
to a limit ζ in the mX spectrum. Hγ

mix accounts for
interferences between electromagnetic penguin operator

O7 with O2 and O8 [18], and C(0)
7 is the effective Wilson

coefficient. The terms I0(ζ) and I+(ζ) are determined by
multiplying the photon energy spectrum dΓγ/dEγ in B→
Xsγ decays [13] with weight functions [6] and integrating.
The weights are zero below a minimum photon energy
Emin

γ = mB/2 − ζ/4.

In terms of measurable quantities, δRu(ζ) is

δRu(ζ) =
Nu(ζ)f(ζ)B(B → X!ν̄)

Nslεu(ζ)
×

εsl
!

εu
!

×
εsl
reco

εu
reco

. (2)

Here, Nu(ζ) is the number of reconstructed B → Xu!ν̄
events with mX < ζ, f(ζ) accounts for migration in
and out of the region below ζ due to finite mX reso-
lution, B(B → X!ν̄) is the total inclusive semileptonic
branching fraction, and εu(ζ) is the efficiency for select-
ing B → Xu!ν̄ decays once a B → X!ν̄ decay has been
identified with a hadronic mass below ζ. Nsl is the num-
ber of observed fully reconstructed B meson decays with
a charged lepton with momentum above 1 GeV/c, εsl

! /εu
!

corrects for the difference in the efficiency of the lep-
ton momentum selection for B → X!ν̄ and B → Xu!ν̄
decays, and εsl

reco/εu
reco accounts for the difference in

the efficiency of reconstructing a Br in events with a
B → X!ν̄ and B → Xu!ν̄ decay. By measuring the ratio
of B → Xu!ν̄ events to all semileptonic B decays many
systematic uncertainties cancel out.

We derive Nu(ζ) from the mX distribution with a
binned χ2 fit to four components: data, B → Xu!ν̄
signal MC, B → Xc!ν̄ background MC, and a small
MC background from other sources (misidentified lep-
tons, B → Xτ ν̄τ , and charm decays), fixed relative to
the B → Xc!ν̄ component. Nu(ζ) is determined after
the subtraction of the fitted background contributions.
For all four contributions, the combinatorial background
is determined, separately in each bin of the mX distri-
bution, with unbinned maximum likelihood fits to dis-
tributions of the beam energy-substituted mass mES =
√

s/4 − p 2
B of the Br candidate, where

√
s is the e+e−

center-of-mass energy. The mES fit uses an empirical de-
scription of the combinatorial background shape [19] with
a signal shape [20] peaking at the B meson mass. The
combinatorial background varies from 5% (low mX bins)
to 25% (high mX bins). The fitted mX distributions are
shown in Fig. 1 before (a) and after (b) subtraction of
backgrounds. The mX bins are 300 MeV/c2 wide except
that one bin is widened such that its upper edge is at ζ.

We extract Nsl = (3.253 ± 0.024) × 104 from an un-
binned maximum likelihood fit to the mES distribution
of all events with p∗! > 1 GeV/c. The efficiency correc-
tions εsl

! /εu
! = 0.82 ± 0.02stat, as well as εu(ζ) and f(ζ)

(see Table I) are derived from simulations, where we also
find εsl

reco/εu
reco in agreement with one, assigning a 3%

uncertainty.
We study three categories of systematic uncertainties

in the determination of |Vub|: uncertainties in the signal
extraction, the simulation of physics processes, and the
theoretical description. The quoted uncertainties have
been determined for a value of ζ = 1.67 GeV/c2 where
the total uncertainty on |Vub| is found to be minimal.

Experimental uncertainties in the signal extraction
arise from imperfect description of data by the detector

6

TABLE I: Quantities in Eq. 2 that depend on ζ and their sta-
tistical uncertainties. The LLR (full rate) technique is given
in the first (second) column.

ζ 1.67 GeV/c2 2.50 GeV/c2

f 1.010 ± 0.005 0.998 ± 0.002

Nu 120 ± 17 135 ± 45

εu 0.231 ± 0.005 0.231 ± 0.004

δRu × 103 1.43 ± 0.21 1.59 ± 0.53

]
2

 [GeV/c
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FIG. 2: |Vub| as a function of ζ with the LLR method (left)
and for the determination with the full rate measurement
(right). The error bars indicate the statistical uncertainty.
They are correlated between the points and get larger for
larger ζ due to larger background from B → Xc$ν̄. The total
shaded area illustrates the theoretical uncertainty; the inner
light shaded (yellow) area indicates the perturbative share of
the uncertainty. The arrow indicates ζ = 1.67 GeV/c2.

simulation. We assign 0.5% (0.5%, 0.8%) for the particle
identification of electrons (µ, K±), 0.7% for the recon-
struction efficiency of charged particles, and 0.8% for the
resolution and reconstruction efficiency of neutral parti-
cles. An additional 0.9% uncertainty is due to imperfect
simulation of K0

L
interactions. By changing the func-

tion describing the signal shape in mES to a Gaussian
function and switching from an unbinned to a binned
fit method we derive an uncertainty of 2.2%. An uncer-
tainty of 0.8% is determined by letting the contribution
from other sources (see above) to the mX spectrum float
freely in the minimum-χ2 fit. The uncertainties on the
inclusive B → Xsγ photon energy spectrum are propa-
gated including the full correlation matrix between the
individual bins.

The second category of systematic uncertainties arises
from imperfections in the composition and dynamics
of decays in the simulation, both in signal and back-
ground. The uncertainties in the branching fractions of
B → D(∗,∗∗)lν̄X decays [16] contribute 0.7%. The un-
certainties in the form factors in B → D∗lν̄ decays [14]
introduce a 0.3% uncertainty. Branching fractions of D-
meson decay channels [16] contribute 0.2%. The relative
contribution of the non-resonant final states has been var-
ied by 20% resulting in an uncertainty of 0.5%. The

TABLE II: Summary of results and uncertainties on |Vub| for
both approaches. The LLR (full rate) technique is given in
the first (second) column.

ζ [ GeV/c2 ] 1.67 2.5

|Vub|× 103 4.43 3.84

B → Xu$ν̄ stat. 7.7% 18.2%

experimental syst. 3.3% 3.6%

background model 1.0% 3.8%

signal model 3.9% 5.6%

theoretical 6.2% 2.6%

B→Xsγ (stat., syst.) 3.5%, 2.0% —

|Vcb| (exp., theo.) 1.0%, 1.7% —

branching fractions of the resonant final states have been
varied by ±30% (π, ρ), ±40% (ω), and ±100% (η and
η′ simultaneously) resulting in an uncertainties of 1.0%.
An uncertainty of 0.7% due to imperfect description of
hadronization is determined from the change observed
when we saturate the spectrum with the non-resonant
component alone. We derive a 1.3% uncertainty due to
the imperfect modeling of the KK content in the Xu

system by varying the fraction of decays to ss̄-pairs by
30% for the non-resonant contribution [21]. Even though
the extraction of |Vub| does not explicitly depend on a
model for Fermi motion, there is still a residual depen-
dency via the simulation of signal events. By varying the
Fermi motion parameters mb and λ1 within their respec-
tive uncertainties, taking correlations into account [13],
we derive an uncertainty of 3.5%.

We calculate theoretical uncertainties in the weighting
technique by varying the input parameters and repeating
the weighting procedure including the calculation of all
variables: Hγ

mix, αS , and Wilson-coefficients. We vary
α between α(mb) and α(mW ) with a central value of
1/130.3 and find an uncertainty of less than 1%. For
perturbative effects, an uncertainty of 2.9% is derived by
varying the renormalization scale µ between mb/2 and
2mb. Non-perturbative effects are expected to be of the
order (ΛmB/(ζ mb))2, where Λ = 500 MeV/c2 [22], re-
sulting in an uncertainty of 5.4%. Theoretical uncer-
tainties in the measurement via the full rate are taken
from Ref. [23] to be 1.2% (QCD) and 2.2% (HQE).
Table II provides a summary of the uncertainties for
ζ = 1.67 GeV/c2 and for ζ = 2.5 GeV/c2.

Finally, we present two different determinations of
|Vub|. First, using the weighting technique with the pho-
ton energy spectrum in B →Xsγ decays from Ref. [13],
the hadronic mass spectrum up to a value of ζ =
1.67 GeV/c2, we find |Vub|/|Vts| = 0.107 ± 0.009stat ±
0.006syst ± 0.007theo. If we assume the CKM matrix is
unitary then |Vts| = |Vcb|× (1±O(1%)) and, taking |Vcb|
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Vub inclusive summary
Representative theory example (BLNP)

BLNP: Bosch, Lange, Neubert, Paz (2005)
DGE: Anderson, Gardi (2006)
LLR: Leibovich, Low, Rothstein (2006)

Room for some experimental statistical improvement
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How well can we measure the q2 dist. for B→Xu l ν ?

Exclusive B → Xu!ν

low middle high

poor

mod.

good

S/N

Eff.

trad.
ν recon.

Full recon.

advanced
ν recon.

D(*) l ν tag

Lum.



is estimated by MC simulation.

We then impose a constraint based on the kinematics of the double semilep-
tonic decay in the Υ(4S) rest frame. In the semileptonic decay on each side,
B1(2) → Y1(2)ν (Y1 = D(∗)" and Y2 = Xu"), the angle between the B1(2)

meson and the detected Y1(2) system θB1(2)
is calculated from the relation,

P ∗
ν

2 = (P ∗
B − P ∗

Y )2 = 0 (P ∗: 4-momentum vector) and the known p∗B (the
absolute momentum of the mother B meson). This means that the B1(2) di-
rection is constrained on the surface of a cone defined with the angle θ∗B1(2)

around the direction of the Y1(2) system, as shown graphically in Fig. 1. The
back-to-back relation of the two B meson directions then implies that the
real B direction is on the intersection of the two cones when one of the B
systems is spatially inverted. Denoting θ∗12 the angle between the p∗Y 1 and
−p∗Y 2, the B directional vector $nB = (xB, yB, zB) is given by, zB = cosθ∗B1

,
yB = (cosθ∗B2

− cosθ∗B2
cosθ∗12)/sinθ∗12, and

xB
2 = 1 −

1

sin2θ∗12
(cos2θ∗B1

+ cos2θ∗B2
− 2cosθ∗B1

cosθ∗B2
cosθ∗12) (1)

with the coordinate definition in Fig. 1, where the p∗Y 1 and p∗Y 2 are aligned
along the z-axis and in the y − z plane, respectively. If the hypothesis of the
double semileptonic decay is correct and all the decay products are detected
except for the two neutrinos, x2

B must range from 0 to 1. Events passing a
rather loose cut x2

B > −2.0 are used for signal extraction at a later stage of
the analysis.

x

y

z

nB=(xB,yB,zB)

!B1

!B2

!12-pY2

pY2

pY1
*

*

*

*

*

*

Fig. 1. Kinematics of the double semileptonic decay.

Since the direction of the B meson is not uniquely determined, we calculate,
q2 as q2 = (E∗

beam − E∗
Xu

)2 − p∗Xu

2, using the beam energy (E∗
beam), energy

7
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Vub by D∗!ν tagging

for true signal, 0 < x2
B < 1
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Fig. 5. Extracted q2 distribution. Data points are shown for different FF models
used to estimate the detection efficiency. Lines are for the best fit of the FF shapes
to the obtained q2 distribution.

region above 16 GeV2/c2, where the LQCD calculations are most reliable. The
table provides also the results in the region below 16 GeV2/c2, so that one can
deduce |Vub| based on other approaches such as LCSR calculations [15,16].

In this paper we calculate |Vub| based on the B → π"+ν data in the high q2

region and the form factor predicted by recent unquenched LQCD calcula-
tions. Their predictions (Γ̃thy) for the q2 ≥ 16GeV2/c2 region are Γ̃thy(B0 →
π−"+ν) = 1.83 ± 0.50 ps−1 (FNAL) [2] and Γ̃thy(B0 → π−"+ν) = 1.46 ± 0.35
ps−1 (HPQCD) [3]. We use τB0 = 1.532±0.009 ps and τB+ = 1.638±0.011 ps
[21], and we use isospin symmetry to relate Γ̃thy for B0 → π− and B+ → π0

transitions. The results for B0 → π−"+ν and B+ → π0"+ν are then averaged,
weighted by their respective statistical errors.
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region above 16 GeV2/c2, where the LQCD calculations are most reliable. The
table provides also the results in the region below 16 GeV2/c2, so that one can
deduce |Vub| based on other approaches such as LCSR calculations [15,16].

In this paper we calculate |Vub| based on the B → π"+ν data in the high q2

region and the form factor predicted by recent unquenched LQCD calcula-
tions. Their predictions (Γ̃thy) for the q2 ≥ 16GeV2/c2 region are Γ̃thy(B0 →
π−"+ν) = 1.83 ± 0.50 ps−1 (FNAL) [2] and Γ̃thy(B0 → π−"+ν) = 1.46 ± 0.35
ps−1 (HPQCD) [3]. We use τB0 = 1.532±0.009 ps and τB+ = 1.638±0.011 ps
[21], and we use isospin symmetry to relate Γ̃thy for B0 → π− and B+ → π0

transitions. The results for B0 → π−"+ν and B+ → π0"+ν are then averaged,
weighted by their respective statistical errors.
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Table 6
Summary of |Vub| obtained from the B → π"+ν data in the q2 ≥ 16 GeV2/c2

region. The first and second errors are experimental statistical and systematic errors,
respectively. The third error stems from the error on Γ̃thy quoted by the LQCD
authors.

Theory Γ̃thy(ps−1) Mode |Vub|(×10−3)

FNAL 1.83 ± 0.50 π−"+ν 3.59 ± 0.51 ± 0.20+0.62
−0.41

π0"+ν 3.63 ± 0.70 ± 0.20+0.63
−0.41

π−"+ν + π0"+ν 3.60 ± 0.41 ± 0.20+0.62
−0.41

HPQCD 1.46 ± 0.35 π−"+ν 4.02 ± 0.57 ± 0.22+0.59
−0.41

π0"+ν 4.06 ± 0.78 ± 0.22+0.60
−0.41

π−"+ν + π0"+ν 4.03 ± 0.46 ± 0.22+0.59
−0.41

Table 6 summarizes the results, where the first and second errors are the
experimental statistical and systematic errors, respectively. The third error is
based on the error on Γ̃thy quoted by the LQCD authors. These theoretical
errors are asymmetric because we assign them by taking the variation in |Vub|
when Γ̃thy is varied by the quoted errors. The values are in agreement with
those from inclusive B → Xu!ν decays [24].

To summarize, we have measured the branching fractions of the decays B →
π!ν and B → ρ!ν in 2.75×108 BB̄ events using a method which tags one B in
the mode B → D(∗)!ν. Our results are consistent with previous measurements,
and their precision is comparable to that of results from other experiments.
The ratios of results for neutral and charged B meson modes are found to be
consistent with isospin. The partial rates are measured in three bins of q2 and
compared with distributions predicted by several theories. From the rate in
the region q2 ≥ 16 GeV2/c2 and recent results from LQCD calculations, we
extract |Vub|:

|Vub|
π−"+ν+π0"+ν
(q2≥16 GeV2/c2)

= (3.60 ± 0.41 ± 0.20+0.62
−0.41) × 10−3(FNAL LQCD), (5)

|Vub|
π−"+ν+π0"+ν
(q2≥16 GeV2/c2)

= (4.03 ± 0.46 ± 0.22+0.59
−0.41) × 10−3(HPQCD LQCD).(6)

The experimental precision on these values is 13%, currently dominated by the
statistical error of 11%. By accumulating more integrated luminosity, a mea-
surement with errors below 10% is feasible. With improvements to unquenched
LQCD calculations, the present method may provide a precise determination
of |Vub|.

We thank the KEKB group for the excellent operation of the accelerator,
the KEK cryogenics group for the efficient operation of the solenoid, and the
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>> Finds Finds 1919 scaling factors to be applied to MC histograms to fit datascaling factors to be applied to MC histograms to fit data

> Continuum fixed, corrected to match the
off-resonance data control sample (27fb-1)

> Signal Yields: 367 to 523 depending on q2

Total = 5072 

"2 = 423 for 389 d.o.f

Fit the background normalization as a function of q2

-> Reduce syst. error from BF & FF

12
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-0.16<!E <0.20 GeV

mES >5.272 GeV

binned max. lik’d fit to (mES, ΔE, q2)

5

kinematically compatible with a real B0 → π−"+ν de-
cay. This requires that a geometrical vertex fit of the two
charged tracks gives a χ2 probability greater than 0.01
and that the angle between the Y and B momenta in the
Υ (4S) frame takes a physical value: | cos θBY | < 1, where
the pseudo-particle Y is defined by its four-momentum
PY ≡ (Pπ+P"). Most backgrounds are efficiently rejected
by q2-dependent cuts on the helicity angle θ" of the W
boson [12], on the angle between the thrust axes of the Y
and of the rest of the event, on the polar angle associated
with 'pmiss, and on the squared invariant mass of Pmiss.
We reject B0 → π−µ+ν candidates with Y mass close to
the J/ψ mass to avoid J/ψ → µ+µ− decays. Non-BB
events are suppressed by requiring the ratio of second
to zeroth Fox-Wolfram moments to be smaller than 0.5,
and by cuts [16] on the number of tracks and clusters.
Radiative Bhabha and two-photon processes are rejected
by vetoing events containing a photon conversion and
by requiring ('ptot · ẑ)/Etot < 0.64 and ('ptot · ẑ)/Etot >
0.35 for candidates in the electron and positron chan-
nels, respectively, where the z axis is given by the elec-
tron beam direction. We reduce the remaining back-
grounds with the variables ∆E = ('pB · 'pbeams − s/2)/

√
s

and mES =
√

(s/2 + 'pB · 'pbeams)2/E2
beams − 'p 2

B, where
'pB = 'pπ + 'p" + 'pmiss and

√
s is the total energy

in the Υ (4S) frame. Only candidates with |∆E| <
1.0 GeV and mES > 5.19 GeV are retained. When sev-
eral candidates remain in an event after these cuts, the
candidate with cos θ" closest to zero is selected. This re-
jects 30% of the combinatorial signal candidates while
keeping 97% of the correct ones. The signal event recon-
struction efficiency varies between 6.7% and 9.8%, de-
pending on the q2 bin.

The B0 → π−"+ν signal yield is obtained as a func-
tion of q2 by performing a two-dimensional extended
maximum-likelihood fit [17] on mES, and ∆E in each
bin of q2. The data samples in each q2 bin are divided
into four categories: B0 → π−"+ν signal, other b → u"ν,
other BB, and continuum backgrounds. These four types
of events have distinct structures in the two-dimensional
mES–∆E plane. We use the mES–∆E histograms ob-
tained from the MC simulation as two-dimensional prob-
ability density functions (PDFs). The yields of the signal,
b → u"ν background and other BB background, subdi-
vided in twelve, three and four q2 bins, respectively, are
extracted from a nineteen-parameter fit of the MC PDFs
to the experimental data. The continuum background is
corrected to match the off-resonance data control sample
and is fixed in the fit. The number and type of fit pa-
rameters were chosen to provide a good balance between
reliance on simulation predictions, complexity of the fit
and total error size. mES and ∆E fit projections for the
experimental data are shown in Fig. 1 in two ranges of
q2 corresponding to the sum of eight bins below and four
bins above q2 = 16 GeV2. We obtain 5072±251 events for
the total signal yield, 9867 ± 564 events for the b → u"ν
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FIG. 1: Yield fit projections for (a,b) mES with −0.16 <
∆E < 0.20 GeV; and (c,d) ∆E with mES > 5.272 GeV. The
distributions (a,c) are for q2 < 16 GeV2; and (b,d) are for q2

> 16 GeV2.

background, 33341 ± 409 events for the other BB back-
grounds, and 9299± 450 events for the continuum yield.
The fit has a χ2 value of 423 for 389 degrees of freedom.

Numerous sources of systematic uncertainties and their
correlations among the q2 bins have been investigated.
The uncertainties due to the detector simulation are es-
tablished by varying within bounds given by control sam-
ples the tracking efficiency of all charged tracks, the par-
ticle identification efficiencies of signal candidate tracks,
the calorimeter efficiency (varied separately for pho-
tons, K0

L
and neutrons) and the energy deposited in the

calorimeter by K0
L

mesons. The reconstruction of these
neutral particles affects the analysis via the neutrino re-
construction. The uncertainties due to the generator-
level inputs to the simulation are established by varying,
within errors [18], the BFs of the background processes
b → u"ν, b → c"ν, D → X"ν and D → K0

LX as well as
the BF of the Υ (4S) → B0B0 decay. The B0 → π−"+ν,
B → ρ"ν, B → D"ν and B → D∗"ν form factors are
varied within bounds given by recent calculations [19] or
measurements [14, 18, 20]. The heavy quark parameters
used in the simulation of non-resonant b → u"ν events are
varied according to Ref. [21]. We assign an uncertainty
of 20% to the final state radiation (FSR) corrections cal-
culated by PHOTOS [22, 23]. Finally, the uncertainties
due to the modeling of the continuum are established
by varying its q2, mES, and ∆E shapes and total yield
within their errors given by comparisons with the off-
resonance data control sample. The high statistics pro-
vided by our technique allow us to show that there is good
agreement between data and simulation for the critical

6

TABLE I: Values of ∆B(q2) and their relative errors (%).

q2 bins (GeV2) 4–6 16–18 q2<16 q2>16 full q2 range

BF (10−4) 0.16 0.13 1.09 0.38 1.46

Fit error 12.8 17.6 5.3 10.3 4.8

Detector effects 3.7 5.0 4.4 4.5 3.7

Continuum bkg 1.2 1.7 2.8 3.5 2.5

B → Xu!ν bkg 3.0 3.1 2.3 4.7 2.5

B → Xc!ν bkg 1.7 1.8 1.2 1.2 1.0

Other effects 3.4 3.0 2.3 2.3 2.3

Total error 14.2 19.0 8.2 12.9 7.5

variables in signal depleted, signal enhanced, b → u!ν
enhanced and continuum control samples. Consistent re-
sults are obtained either by dividing the final dataset into
sub-samples or using modified binnings or modified event
selections.

The partial BFs are calculated using the observed sig-
nal yields, the unfolding algorithm and the signal effi-
ciencies given by the simulation. The total BF is given
by the sum of the partial BFs, thereby reducing the sen-
sitivity of the signal efficiency to the uncertainties of the
f+(q2) form factor. We compute the covariance matrix
for each source of uncertainty and use these matrices to
calculate the errors on the total BF. The fit and sys-
tematic errors are given in Table I for five ranges of q2.
The complete set of fit and systematic uncertainties of
the partial and total BFs as well as their correlation
matrices are given in Ref. [24]. Our value of the total
BF, (1.46 ± 0.07stat ± 0.08syst) × 10−4, is comparable in
precision to the world average prior to our result [18]:
(1.35± 0.08stat ± 0.08syst)× 10−4. The systematic error
is due in large part to the detector efficiency. The sys-
tematic errors arising from the BFs and form factors of
the backgrounds have been reduced with respect to pre-
vious untagged measurements by the many-parameter fit
to the background yields in the 12 bins of q2.

The ∆B(q2) distribution is displayed in Fig. 2 together
with theoretical predictions. We modify the measured q2

distribution to remove FSR effects, in order to allow a
direct comparison with the theoretical predictions which
do not include such effects (this procedure is referred to
as “No FSR” in Ref. [24]). We obtain the f+(q2) shape
from a fit to this distribution. The χ2 function mini-
mized in the f+(q2) fit uses a PDF based on the two-
parameter BK parametrization. It is defined in terms of
the ∆B(q2) covariance matrix to take into account the
correlations among the measurements in the various q2

bins. The fit gives α = 0.52±0.05stat±0.03syst, compared
to our previous untagged measurement α = 0.61±0.09 [8]
(statistical error only) as well as a value of |Vubf+(0)| =
(9.6 ± 0.3stat ± 0.2syst) × 10−4 from the fit extrapolated
to q2 = 0, with P (χ2)=65%. This value includes a 67%
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FIG. 2: Partial ∆B(q2) spectrum in 12 bins of q2. The smaller
error bars are statistical only while the larger ones also include
systematic uncertainties. The solid black curve shows the
result of the fit of the BK parametrization to the data. The
data are also compared to unquenched LQCD calculations [3,
4], LCSR calculations [5], and the ISGW2 quark model [6].

TABLE II: Values of |Vub| derived from form-factor calcu-
lations. The first two errors arise from the statistical and
systematic uncertainties of the partial BFs, respectively. The
third error comes from the uncertainty on ∆ζ.

q2 (GeV2) ∆ζ (ps−1) |Vub| (10−3)

HPQCD [3] > 16 1.46 ± 0.35 4.1 ± 0.2 ± 0.2 +0.6
−0.4

FNAL [4] > 16 1.83 ± 0.50 3.7 ± 0.2 ± 0.2 +0.6
−0.4

LCSR [5] < 16 5.44 ± 1.43 3.6 ± 0.1 ± 0.1 +0.6
−0.4

ISGW2 [6] 0–26.4 9.6 ± 4.8 3.2 ± 0.1 ± 0.1 +1.3
−0.6

anti-correlation between the shape and normalization pa-
rameters, α and cB, and can be used to predict [25] rates
of other decays such as B → ππ.

The χ2 probabilities have been calculated relative to
the binned data result for various theoretical predic-
tions, considering only experimental errors. We ob-
tain P (χ2)=67% for HPQCD [3], 45% for FNAL [4]
and 41% for LCSR [5]. The ISGW2 quark model [6],
P (χ2)=0.06%, is clearly incompatible with our data.

We extract |Vub| from the partial BFs ∆B(q2) us-
ing the relation: |Vub| =

√

∆B(q2)/(τB0∆ζ), where
τB0 = 1.530 ± 0.009 ps [18] is the B0 lifetime and
∆ζ = Γ/|Vub|2 is the normalized partial decay rate pre-
dicted by the form-factor calculations [3, 4, 5, 6]. Ex-
cluding the ISGW2 model, the values of |Vub| given in
Table II range from (3.6 − 4.1) × 10−3.

In summary, we have measured the partial B0 →
π−!+ν branching fractions in 12 bins of q2 using a loose

|Vub| =
(
4.1 ± 0.2 ± 0.2+0.6

−0.4

)
× 10−3

on q2 > 16; by HPQCD
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Vub exclusive summary
Measured branching fractions (all 2006) Using theoretical form factors

Experiments starting to measure form factor shape 
from data; allows elimination of some theory models

Theoretical errors dominate
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Model independent NP in B mixing
Add new amplitude to SM

Direct:   sin 2φ1 = 0.67±0.03
Indirect: sin 2φ1 = 0.76±0.04
Difference:        = 0.09±0.05
Not statistically significant, but…

→ modifies φ1 to φ1 + φd
NP

Vub vs. sin 2φ1
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If ∃(new physics @ TeV), deviation might be ~[(Mtop/MNP)2 , (Mtop/MNP)],
Good overall agreement. O(1) new physics unlikely. 

Summary
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Prospects
• e+e− B-factories are only half-way

– each aiming at ∼ 1ab−1

• Many measurements are statistics-limited

– sin 2φ1: b→ cc̄s vs. b→ ss̄s

– CKM test: all-angles vs. all-sides

• Vub is largely theory-limited; but

– HQE parameters can be better determined experimentally by mea-
suring moments of B → Xc"ν, B → Xsγ

• More data also brings new decay modes & improved analysis

– resulting in better than 1/
√

N

• LHC, Super-B, ...
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All-angles  vs.  All-sides
Angles

Sides


