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The Players: Experiments

(4S)e e BB

pp bbX
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> ⋅

mostly BABAR,                                     Belle, 

and recently LHCb
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B  Decays and CPV…

… help determine precise parameters of the 
Standard Model (SM)
(in particular CKM matrix

 
elements)

… may show New Physics

… test low-q2

 
QCD

 
(form factors…)
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The Unitary CKM Matrix
standard phase convention:

alternative phase convention:

two (of 6) unitarity
 

triangles:

Cabibbo, 
Kobayashi, 
Maskawa
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The Unitary CKM Matrix
Cabibbo, 
Kobayashi, 
Maskawa

β: CPV in B0

 
→ J/ψK0

S

 

(K0
S

 

→ ππ as CP+ state), D+D−

 
etc.

β′: CPV in B0

 
→ ϕK0

S etc.  (penguins)

βs

 

: see next talk (Bs

 

)
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sin 2β  (bd  → ccsd  → ccdd)

CPV established
by BFactories
in 2001

new 
Belle 2012

mostly J/ψ
 

K0
S
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( ), ,1 sin cost
tag signal tag signalN e S m t C m t−Γ Δ∝ + Δ Δ + Δ Δ�

sin 2β  (bd  → ccsd  → ccdd)

CP=−1 (J/ψ

 

KS

 

…)  CP=+1   (J/ψ

 

KL

 

)

, ,

, ,

sin 2 0.667 0.023 0.012
0 0.006 0.016 0.012

B KS B KL

B KS B KL

S S
C C

β= − = = ± ±

= ≈ = ± ±

diluted asymmetry

dilution-corrected asymmetry:

lifetime difference
t(Bsignal

 

) −
 

t(Btag

 

) , ,

( ) ( )( )
( ) ( )

sin cosB signal B signal

N B f N B fa t
N B f N B f
S m t C m t

+ − +
Δ =

+ + +
= Δ Δ + Δ Δ

±
 

(convention!)

Btag

 

=B0

 

/ Btag

 

=B 0

(4S) ( )e e BB BB+ − → ϒ → −

Belle, PRL 108, 171802 (2012)
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sin 2β  (bd  → ccdd)
SM:
S = −sin 2β, C = 0
for tree

but:
beware of penguins!
they modify S

 
and C
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sin 2β  (bd  → ccdd)
disentangle CP=+1 / −1  (L=even / odd)

SM:
S = −sin 2β, C = 0
for tree

compatible!
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sin 2β′  (b → s penguins w/K0
S

 
)

β′
 

= β
 

+ βs

 

≈ β

other diagrams contribute 
(different phases)

theoretical corrections 
tend to increase sin 2βeff

no (more) discrepancy 
with SM

if other diagrams 
contribute direct CPV
but no significant C ≠

 
0

 seen. 

sin cosf fA S m t C m t∝ Δ Δ − Δ Δ

f2

 

KS

fX

 

KS

π0π0KS

π0φKS

π+π−KS NR

K+K−KS
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B±
 (b → s penguins)

if other diagrams contribute direct CPV 

New: LHCb
 

direct CPV
in charged B

 
decay:

calibration channel

B− B+

(2.8 and 3.7σ)

LHCb-CONF-2012-018
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More measurements…

…on 

α
 

(CPV),

γ
 

(CPV),

|Vub

 

| (semilept.),
fB

 

|Vub

 

| (B→τν)
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T Violation (Time Reversal)
0 0 0 0

0 0

(4S) [ ] [ ]

                             tag 1=       2=
tag 1=       2=

e e B B B B B B B B

B B
B B

+ −
+ − − +

+ −

→ ϒ → − = −

⇒
⇒

what are B±

 

?
 

two orthogonal states decaying to J/ψ
 

KL

 

(KS

 

)
i.e. to CP=+1

 
and −1

 
final states

use sin 2β analysis

example
time t1

 

:  observe 1=B0

 

→ Xc

 

l+ particle 2=B 0

time t2
 

>t1
 

:
 

observe 2=B−

 

→ J/ψ
 

KS
transition B 0 → B−

1: odd 1 2 wave function
entangled state

L = ↔

test CP:        B0

 

→ B−

test T:           B−

 

→ B 0
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T Violation

sin cos

sin 2
0

A S m t C m t

S S
C C

β

± ±

+ −

+ −

∝ Δ Δ + Δ Δ

= = ±

= ≈

use sin 2β
 

analysis

J/ψ
 

KL

 

J/ψ
 

KS

 

J/ψ
 

KL  
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T Violation
sin cos

sin 2
0

A S m t C m t

S S
C C

β

± ±

+ −

+ −

∝ Δ Δ + Δ Δ

= = ±

= ≈

C
P

C
P

C
P

C
P

J/ψ
 

KL

 

J/ψ
 

KS

 

J/ψ
 

KL  
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T Violation
sin cos

sin 2
0

A S m t C m t

S S
C C

β

± ±

+ −

+ −

∝ Δ Δ + Δ Δ

= = ±

= ≈

T TTT

J/ψ
 

KL

 

J/ψ
 

KS

 

J/ψ
 

KL  
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T Violation
sin cos

sin 2
0

A S m t C m t

S S
C C

β

± ±

+ −

+ −

∝ Δ Δ + Δ Δ

= = ±

= ≈

T

C
P

C
P

CPT CPT

T

J/ψ
 

KL

 

J/ψ
 

KS

 

J/ψ
 

KL  
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T Violation Results

T-Viol.

=

CP-Viol.

no CPT Viol.

= −2 sin 2β
= 2 sin 2β

= −2 sin 2β
= 2 sin 2β

BABAR, arXiv:1207.5832
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B  → K(*)
 l+  l−

B0,B+

 

isospin
 

symmetry

isospin
 

breaking
in SM small

+ New Physics?

γ,Z

b                                s

ʉ,d

W

l+

l−

b

ʉ

W
W

γ,Z

s

ʉ
l+

l−
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B  → K(*)
 l+  l−

BFs
 

in q2

 

bins:

normalisation

LHCb, arXiv:1205.3422
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Isospin  asymmetry

K*ll
 

: AI

 

~ 0

Kll
 

: 
AI

 

< 0  (more B+

 

than
 

B0

 

decays!)

previous measurements
by BABAR, Belle, CDF 
compatible but less sensitive

New Physics?

4.4
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B  → D(*)τν  vs. D(*)lν  Decays

1 fully reco’ed
 

Btag

 

+ D(*)ℓ,  missing = 1 or 3 neutrinos

( )
222 2 2 2 2

2 2 2 2
02 3 2 2 2 2

3d 1 1
d 96 2 2

F cb D
t

B

G V q m m mH H H H
q m q q q

τ τ τ

π + −

⎡ ⎤⎛ ⎞ ⎛ ⎞Γ
= − + + + +⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎣ ⎦

p

νν→τ
=

ν→Γ
τν→Γ

=
ν→Γ
τν→Γ

=

A
A

AA
μe

DB
DBDR

DB
DBDR

or
)(
)()(

)(
)()( *

*
* differ only in #ν

semileptonic
 

decay (tree!)

τ
 

sensitive to additional helicity
 

amplitude Ht

BABAR, PRL 109, 101802 (2012)
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B  → D(*)τν  vs. D(*)lν

M2
miss

 

(GeV2)                                   pl

 

* (GeV)

Free yields

Fixed yield

yields from 
ML fit to 2D distr:

projections
shown

(*)
tag

2 2
miss (4S)( )B D

p

M P P P Pϒ= − − −
A

A
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B  → D(*)τν  vs. D(*)lν

SM SMprevious average previous average

3.4σ
 

from SM

R(D) R(D*)
BABAR 0.440 ±

 
0.071 0.332 ±

 
0.029

SM 0.293 ±
 

0.017 0.252 ±
 

0.003
Diff: 2.0σ 2.7σ

)(
)()( (*)

(*)
(*)

ν
τν
ADB

DBDR
→Γ
→Γ

=
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B  → D(*)τν  vs. D(*)lν

3.4σ
 

from SM

New Physics: 
2 Higgs Doublets, type II

inconsistent @ >99.8% CL

2 Higgs Doublets, type III with u/c/t
 

flavour-violation
is possible [Crivellin, Greub, Kokulu

 

arXiv:1206:2634]

fit to data

fit to data

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−=

+
b

c
m
m

H
tt

q
m

βHH
∓1

tan1
2

2

2
SM2HDM
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B  Decays  to Baryons

inclusive: (6.8±0.6)%
 

(avg. B0,B+)    [ARGUS, ZP C56, 1 (1992)]
exclusive: many channels, but 

sum only (0.53±0.06)% B0, (0.85±0.15)% B+

features: 
•

 
2-body BFs

 
≪ 3-body < 4-body

•
 

baryon-antibaryon-mass threshold enhancement
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Threshold  Enhancement
ppD0ppK−

 

J/ψ
Λc

 

pπ+

2 d
d PS

A Γ
=

W

W

W

W

example
diagrams:



33

Threshold  Enhancement

)BM(BMM* →→→ ))(( qqqqB

pole model: meson pole
QCD: soft gluons, αS

 

(q2)

ppD0ppK−

 

J/ψ
Λc

 

pπ+

2 d
d PS

A Γ
=

W

W

W

W



34

No Threshold  Enhancement

B(BM)BB

)BB(MBB
*

*

→→→

→→→

))((

))((

qqqqB

qqqqB

pole model: baryon pole
QCD: hard gluons (2-body)

or extra mesons

Σc
0pπ+

example
diagram:

W
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Summary & Conclusions
sorry for the subjective selection –

 
there are just too many analyses

•
 

CKM parameters:  precision increasing, SM ok

•
 

T violation observed in B0,B 0

 

quantum state transitions

New Physics: no smoking gun, but some “tensions”:
•

 
isospin

 
asymmetry in ll-penguins (pointing to no specific direction) 

•
 

semileptonic
 

decays to τ
 

(exotic charged Higgs?)

•
 

Baryonic B
 

decays:  many data, threshold enhancement 
qualitatively understood, no quantitative theory



36

Additional Info
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Another Isospin  Asymmetry

Branching fractions (old data, <2008):

B
 

→ ppK+

 

(5.9±0.5)·10−6

B
 

→ ppK*+

 

(3.69±0.8)·10−6

B
 

→ ppK0

 

(2.7±0.3)·10−6

B
 

→ ppK*0

 

(1.2±0.3)·10−6

0 0 0

0 0

( ) ( ) ( ) ( 4 )
( ) ( ) ( ) ( 4 )
B B B S B B
B B B S B B

τ
τ

+ +

+ + −

Γ ⋅ ⋅ ϒ →
=

Γ ⋅ ⋅ ϒ →
B B
B B

ratios 1.91±0.27, 2.7±0.3
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The Unitary CKM Matrix
standard phase convention:

Wolfenstein-like:

two (of 6) unitarity
 

triangles:

Cabibbo, 
Kobayashi, 
Maskawa
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CPV Phenomenology
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CP-Asymmetry Example:  Bs

x = Δm/Γ
y

 

= ΔΓ/2Γ

T=t/τ

physics dilution
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sin 2β′  (b → s penguins)

if other diagrams 
contribute direct CPV

no significant C ≠
 

0
 

seen. 

sin cosf fA S m t C m t∝ Δ Δ − Δ Δ

f2

 

KS

fX

 

KS

π0π0KS

π0φKS

π+π−KS NR

K+K−K0
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Raw CP Asymmetry



43

B  → K(*)
 l+  l−



44

R(D) and R(D*) Measurement

significance
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B  → D(*)τν  vs. D(*)lν

μe

DB
DBDR

DB
DBDR

or

)(
)()(

)(
)()( *

*
*

=

→Γ
→Γ

=
→Γ
→Γ

=

A

AA ν
τν

ν
τν



46

B  Decays  to Baryons

O1

 

, “external” O2

 

, “internal”

example: 3-body spectator decays
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