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Overview

• Introduction to CKM Matrix & Unitarity Triangle (UT)

• Measuring the sides of the UT @ BaBar

• Interesting and recent measurements @ BaBar (& Belle… & CDF…)
Due to limited time: I will highlight the most recent analyses… And give you the general status…

S
yl
vi
e
 B
ru
ne
t,
 U
ni
ve
rs
it
é
d
e
 M
on
tr
é
al
, 
PH
E
N
O
 0
6



3

Introduction to CKM Matrix & UT
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ULTIMATE GOAL:ULTIMATE GOAL:
we want to measure the 
sides & angles of the 
unitarity triangle to 
constrain & test the 
Standard Model

One of the unitarity conditions:

Representation:
Unitarity Triangle
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In this talk: measurements of the sides of the UT

Info on the angles: see Francesco Polci’s talk

Relates the quark mass eigenstates
and the weak eigenstates. 

In other words:

CKM matrix element |Vxy|~ 
probability of a quark of flavor “x” to 
become a quark of flavor “y”

Cabbibo-Kobayashi-Maskawa
(CKM) quark mixing matrix
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Measuring the sides of the

unitarity triangle @ BaBar

BaBar: 
Let’s use our 
B mesons!!!!
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Common feature: Need help from theory to describe the QCD part

and decays

ubV and cbV from
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{B
b

,c u

W

du , ucX ,}

ν

−−−−
l

du ,

cbub VV or   

νlucXB ,→

QCD

νlub → νlcb →

νl*DB→

3 new BaBar measurements:
-|Vub| from lepton endpoint
-|Vub| with reduced model dependence
- Form Factors  hep-ex/0602023

PRD73, 012006 (2006)

hep-ex/0601046
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ubV
PRD73, 012006 (2006)

• measure partial 
branching fraction ∆B

• get predicted partial 
rate ∆ζ from theory

From Lepton Endpoint (1)
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theoretical input

2

2

( ) 1

( ) 5 0

u b

c b

Vb u

b c V

ν
ν

Γ → ≈ ≈
Γ →

l

l

p
ℓ

b c→

b u→

d
ec

ay
 r

at
e

Idea
(not to scale!)

reality
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From Lepton Endpoint (2)ubV

PRD73, 012006 (2006)

Best result: electrons with 2.0< pl < 2.6 GeV
Compared to previous measurement:

Use larger part of the electron spectrum: 10% → 25% 

→ smaller theoretical error

→ Accurate subtraction of background is needed!
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new!

( ) 333.0

26.0exp 1017.0      26.0    .272)(ΒR −×±±±=→ theoSFueXB υ

(Bosch-Lange-Neubert-Paz Nucl. Phys. B 699, 335, 2004)

( ) 342.0

38.0exp 1022.0      25.0    44.4 −×±±±= theoSFubV

Extract |Vub| from BNLP calculations:

Measure BF:

Uses inputs from other b → q analyses to 
describe the motion of the b-quark in the B 
meson (“shape function (SF)”)

pairs1088 6
BB×

data

MC signal
υlub →

Measured electron spectrum
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FrommX, reduced

model dependence (1)
ubV

hep-ex/0601046

b c→
b u→

X
m

• mx = mass of the hadronic system

• Fully reconstruct one B in hadronic decay mode (clean sample)

• Seach for Xℓν in the other B 
• Subtract Xcℓν background 

lepton

v

X

reconstructed B

++++
e

−−−−
e
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Idea
(not to scale!)

b

−
l

ν

W

du ,

du ,

QCD{B
uX}

u

ubV

Before and after background subtraction
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FrommX, reduced

model dependence (2)
ubV

hep-ex/0601046

- Possible to combine b → uℓv and b→ sγ so that the SF cancels

2

2
( )

( )
( )

ub s
u

ts

W E
V d B X

B X dE
dEV

γ γ
γ

γν Γ →Γ → = ∫l

Weight function
(Following LLR : Leibovich, Low, Rothstein - hep-ph/0005124,0105066)

MX < 1.67 GeV:   |Vub| = (4.43 ± 0.38stat ± 0.25syst ± 0.29theo) 10-3

MX < 2.50 GeV:   |Vub| = (3.84 ± 0.70stat ± 0.30syst ± 0.10theo) 10-3

Acceptance:

72%

98%

theory 
uncertainties

mX cut (GeV)

Theory error

Expt. error

Optimal choice as today: 1.67

pairs1089 6 BB×
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new!

Loose mx cut:
Trade SF error → Stat. error
(you don’t have to extrapolate to 
full decay rate; however, you 
have more background)



10

Form Factors (1)νl*DB →
hep-ex/0602023

Interests of the measurement: 
1) FF themselves (previous measurement 10 years ago!)
2) Reduce |Vcb| error
3) Reduce |Vub| error (important background)

• Hadronic current described by 3 FF.
• Can be parameterized by
• Uses constraints from theory
(Caprini-Lellouch-Neubert Nucl. Phys. B 530, 153, 1998)

2ρ1R 2R

l
θ Vθ χ w

( ) ( )21

22
*

,,,,,,
coscos

RRwfV
dddwd

DBd
Vcb

V

ρχθθ
χθθ

ν
l

l

l =→Γ

Extract R1, R2 and ρ2 from multi-dimensional fit to differential decay rate

where W = D* boost in B rest frame

•Decay can be experimentally
characterized by 4 kinematic variables:

hadronic
current
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New BaBar FF

Form Factors (2)
hep-ex/0602023

- Factor 5 improvement on FF 
uncertainties wrt. previous CLEO 
measurement (PRL 76 (1996) 3898)!  

-Updated a BaBar |Vcb| measurement 
(PRD-RC 051502 (2005)) : syst. error is reduced 
by 25% ! 

-BaBar lepton endpoint measurement 
(PRD73, 012006 (2006)) :syst. error is reduced 
by 20% on the partial BF! 

R1 = 1.396 ± 0.060 ± 0.035 ± 0.027

R2 = 0.885 ± 0.040 ± 0.022 ± 0.013

ρ2 = 1.145 ± 0.059 ± 0.030 ± 0.035

stat data  stat MC   theo

pairs1086 6
BB×

S
yl
vi
e
 B
ru
ne
t,
 U
ni
ve
rs
it
é
d
e
 M
on
tr
é
al
, 
PH
E
N
O
 0
6

Results: new!

νl*DB →
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%7≈≈≈≈σσσσ
ubV

cbV %2≈≈≈≈σσσσ

Best result: Global fit on

many inclusive measurements.
Buchmüller, Flächer: hep-ph/0507253

Uses inputs from 
BaBar, Belle, CLEO, 
CDF & DELPHI.

BLNP:  Shape Function, PRD72:073006(2005)
(4.45 ± 0.20exp ± 0.18SF ± 0.19theo)x 10-3

Andersen-Gardi: DGE, JHEP0601:097(2006)
(4.41 ± 0.20exp ± 0.20theo )x 10-3

→NEW THEORETICAL SCHEME!

LEPTON 
ENDPOINT

Mx, REDUCED MODEL
DEPENDENCE

AVERAGE 

BABAR

&        Status (HFAG Winter 2006)ubV
cbV



13

τν→B

fB < 0.34 GeV, 90% CL

Reconstruct one B in semileptonic or hadronic modes

( ) pairs1088/232 6
BB×

No evidence of signal seen @ BaBar Phys.Rev.D73:057101 (2006)

( ) ( ) ( ),90%CL102.6 1028.1 BBF 4495.0

90.0

−−+
−

++ ×<×=→ τντ

Belle @ FPCP06 : First evidence ! hep-ex/0604024

Reconstruct one B in hadronic modes

pairs10447 6
BB×

(4.2σ significance)

GeV   176.0f 020.0   028.0

018.0   023.0B

++
−−=

418.0   34.0

16.0   28.0 10  06.1)(BF −++
−−

++ ×=→ τντB
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new!

new!

τν→B
ubV

{B

2

td

2

ub constrains /)( VVmBBR
dB∆→τν

Interests:

- fB , |Vub|, Physics Beyond the SM,
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τν→B
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&     :Constraints on the UTd
m∆∆∆∆

EPS 2005 FPCP 2006
τν→B

new
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∆md= oscillation 
frequency

Asymmetry

 pairs1088 6
BB×

oscillationsdm∆ and
00

BB

B factories: Bd only

( ) 2

0

22

2
ˆ

6
tdtwBBdBdBd

F
d VxSmFBm

G
m η

π
=∆

dominant theoretical
uncertainties (σ~20%)
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( )tmeBBBBBBBB d

t ∆∆Γ=→ ∆Γ−
cos1

4
),or  (Prob 00000000

m

Phys. Rev. D 73, 012004 (2006)

-Fit the number of mixed/unmixed events in many ∆t bins

Can compare to HFAG Average Winter 2006

%8.0     004.0507.0 1 ≈→±=∆ − σpsmd

( ) %9.1)()(007.0511.0 1007.0

006.0 ≈→±=∆ −+
− σpssyststatmd

d

d

0
B

*

tbV

tdV

b

b

0
B

t

t

*

tdV

tbV
dm∆
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sm∆Adding the

∆∆∆∆m
s

~ (lots of QCD) x |V
ts
|2

∆∆∆∆m
d

~ (lots of QCD) x |V
td

|2

∆∆∆∆m
s
/∆∆∆∆m

d
~ (much less QCD) x |V

ts
|2 /|V

td
|2
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new!
from CDF

ingredient

Copied from  Guillelmo Gomez-Ceballos’s talk, FPCP 2006

%4≈→ σ

%4≈→ σ
%1≈→ σ
%3≈→ σ
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PRL 94 011801 (2005)

6
10~

−
BR

pairs10211 6
BB×No evidence of signal seen @ BaBar PRL 94 011801 (2005)

( )CLVV tstd %90   19.0/ <
( ) ( ) ( )σωρ  2.1 100.10.30.6 γ),(B 6−×±±=→B

Belle @ LP 2005: hep-ex/0506079 : First observation!

( ) ( ) )(5.1  10  32.1γ),(B 610.0

09.0

34.0

31.0 σωρ −+
−

+
− ×=→B

pairs10386 6
BB×

{{
theo.

018.0

015.0

exp.

026.0

025.0   199.0/ +
−

+
−=tstd VV

Independent of ∆ms  CDF:  Bs- Mixing (FPCP06):

( )
( ) [ ]R

mm

mm

V

V

KB

B

BK

B

ts

td ∆+













−
−

=
→
→Β

1
1

1

B

2

3

22

*

222

*
ζ

γ
ργ ρ

Theoretical inputs

UT fit to all modes 02.016.0/ ±=tstd VV

γωρ  /→BSearch for
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%13≈≈≈≈→→→→ σσσσ
%4≈→ σ

  / γsdb→

tbV ** or  tstd VV

sd,

Idea
(not to scale!)
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Summary

•B factories: Can use B mesons to 
measure the sides of the UT
|Vub|, |Vcb|, |Vtd|, |Vtb|…

Great improvements
since last few years, let’s
continue the good work!

Apex fit with all constraints

•|Vub|:  σ ~ 7%, 2 new BaBar results 

•|Vcb|:  σ ~ 2% , new BaBar B→D*lnu FF result

•B→→→→τντντντν: (|Vub|, |Vub|/|Vtd|) new BaBar result, Belle’s 
first observation, UT constraints improved!

•∆∆∆∆md:  σ ~ 0.8%, combined with ∆ms ( σ ~ 3%) new 
results from CDF and D0: |Vtd|/|Vts|,  σ ~ 4%

•B →ρ→ρ→ρ→ρ/ωγωγωγωγ: BaBar & Belle “state of the 
art”.Combined with B →K*γ : |Vtd|/|Vts|,  σ ~ 12%

Apex fit with the “sides” constraints only
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DIRC ((((PID)

144 quartz bars

11000 PMs

1.5 T solenoid
EMC

6580 CsI(Tl) crystals

Drift Chamber

40 stereo layers

Instrumented Flux Return

iron / RPCs (muon / neutral hadrons)

2/6 replaced by LST in 2004

Rest of replacement in 2006

Silicon Vertex Tracker

5 layers, double sided strips

e+ (3.1 GeV)

e- (9 GeV)

The BABAR Detector
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γγ sbdb →→ /

( )
( ) [ ]R

mm

mm

V

V

KB

B

BK

B

ts

td ∆+













−
−

=
→
→Β

1
1

1

B

2

3

22

*

222

*
ζ

γ
ργ ρ

%10≈∆ ζζ R∆ Annihilation correction

~ 0, small impact

Flavor-SU(3) breaking between       andρ *Kζ

Theoretical inputs
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( ) 2

0

22

2
ˆ

6
tdtwBBdBd

F
d VxSmFBm

G
m

Bd
η

π
=∆

Bag Factor & meson decay constant taken from LQCD, dominates theoretical error (~20%)
2

2

td

ts

Bd

Bs

d

s

V

V

m

m

m

m ξ=
∆
∆

sm∆Using        , many uncertainties cancel... theoretical error on (~5%)

td

ts

V

V

sd mm ∆∆ &

Theoretical inputs

Theoretical inputs… more details (I)
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Theoretical inputs… more details (II)

FFνl*DB →

• Shape of F(w) unknown
• Parametrized with ρ2 (slope at w = 1) and form factor ratios 

R1, R2 ~ independent on w
hA1 expansion a-la Caprini-Lellouch-Neubert

G(w) known phase space factor
F(w) Form Factor (FF)
w = D* boost in B rest frame

• F(1)=1 in heavy quark limit; lattice QCD says: F(1) = 0.919 Hashimoto et al, PRD 66 (2002) 014503

Nucl. Phys. B 530, 153 (1998)
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%30≈≈≈≈σσσσ

Status (HFAG Winter 2006)

%10≈≈≈≈σσσσ

γγγγ
γγγγ

sb

db

→→→→
→→→→

%13

02.016.0/

≈≈≈≈
±±±±====

σσσσ
tstd

VV

x 1/10
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(CDF)
sm∆

Copied from  Guillelmo Gomez-Ceballos’s talk, FPCP 2006
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Statusd
m∆∆∆∆ and

s
m∆∆∆∆

%8.0: ≈≈≈≈∆∆∆∆ σσσσ
d

m
D∅∅∅∅ CDF

%32: −−−−≈≈≈≈∆∆∆∆ σσσσ
S

m

%4

208.0/ 008.0

007.0

≈≈≈≈
==== ++++

−−−−

σσσσ
tstd

VV

∆md from BaBar
shown in this talk


