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Parameterisation of the CKM Matrix

� Wolfenstein parameterisation with Jarlskog like phase invariants as in Charles et al. EPJ 
C41,1-131 (2005). 4 free parameters, taken as:

� Phase invariant parameterisation conserving the CKM matrix unitarity at any order in O�
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� O is measured from |Vud| and |Vus| in superallowed nuclear E-decays and (semi)leptonic K decays, resp.
� A is determined from |Vcb| and O.
� U�iK is to be determined from angles and sides measurements of the Bd unitarity triangle.

� Bd Unitarity Triangle (UT)
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CKM theory is highly predictive 
large range of phenomena (particularly in B-physics), predicted by only 4 
independent parameters relating the 9 CKM elements + GF + mq +QCD

CKM matrix is hierarchical
flavour sector of SM not necessarily replicated in any extended theories

CKM mechanism introduces CP violation
Only source of CPV in SM (mν=0)
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Jarlskog	
  Invariant
•In	
  the	
  SM,	
  CP	
  violaIon	
  expressed	
  as	
  the	
  Jarlskog	
  invariant	
  	
  (Δ~2%)

3
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The possibility to predict J from CP conserving observables only is a
peculiar feature of the SM, related to the three generation KM mechanism.

JC (CPT, Marseille) 5 May 2016 4 / 29

•3	
  gen.	
  mixing	
  and	
  CPV	
  phase	
  (δ)	
  
necessary	
  for	
  CP	
  violaIon.	
    

•Feature	
  of	
  SM:	
  J	
  can	
  be	
  predicted	
  
from	
  CP	
  conserving	
  quanIIes
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Unitarity	
  Triangle	
  Test

4

B	
  →	
  ππ,	
  ρρ	
   α/Φ2	
   B→D	
  l	
  ν	
  /	
  b	
  →	
  c	
  l	
  ν	
   |Vcb|	
  via	
  Form	
  factor	
  	
  /	
  OPE

B	
  →	
  D(*)	
  K(*) γ/Φ3	
  	
   B→π	
  l	
  ν	
  /	
  b	
  →	
  u	
  l	
  ν	
   |Vub|	
  via	
  Form	
  factor	
  	
  /	
  OPE

B	
  →	
  J/ψ	
  Ks β/Φ1	
   M	
  →	
  l	
  ν	
  (γ) |VUD|	
  via	
  Decay	
  constant	
  fM

Bs	
  →	
  J/ψ	
  Φ	
   βs/Φs	
   εK	
   (ρ,	
  η	
  )	
  via	
  BK

K	
  →	
  π	
  ν	
  anti-­‐ν	
   ρ,	
  η	
   Δmd,	
  Δms	
   |Vtb	
  Vt{d,s}|	
  via	
  Bag	
  factor	
  BB
B(s)	
  →	
  µ+	
  µ-­‐ |Vt{d,s}|	
  via	
  Decay	
  constant	
  fB

Some decays worth combining

Exp. uncertainties Th. uncertainties
B ! ⇡⇡, ⇢⇢ ↵ B(b)! D(c)`⌫ |Vcb| vs form factor (OPE)
B ! DK � B(b)! D(c)`⌫ |Vcb| vs form factor (OPE)

M ! `⌫(�) |VUD| vs fM
B ! J/ Ks � ✏K (⇢̄, ⌘̄) vs BK
B ! J/ � �s �Md ,�Ms |VtbVtd ,s| vs BB
K ! ⇡⌫⌫̄ (⇢̄, ⌘̄) B ! `+`� |Vtd ,s| vs fB

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 6

A handle on these parameters

d ! u: Nuclear physics (superallowed � decays)
s ! u: Kaon physics (KLOE, KTeV, NA62)
c ! d , s: Charm physics (CLEO-c, BESIII)
b ! u, c and t ! d , s: B physics (Babar, Belle, CDF/DØ, LHCb)
t ! b: Top physics (CDF/DØ, ATLAS, CMS)

data = weak ⌦ QCD =) Need for hadronic inputs (lattice)
and deconvolution (statistics)

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 5
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ClassificaIon	
  of	
  CP-­‐violaIng	
  Effects

5

1. CP	
  violaIon	
  in	
  the	
  decay	
  
(direct	
  CP	
  viola)on)	
  

2. CP	
  violaIon	
  in	
  mixing	
  
(indirect	
  CP	
  viola)on)	
  

3. CP	
  violaIon	
  in	
  mixing/
decay	
  interference

• CondiIon	
  for	
  CP	
  conservaIon

|hfCP|H|P 0(t)i|2 = |hfCP|H|P̄ 0(t)i|2

This can be further simp lied if |Af | = |Āf | (or |�f | = 1, since |q/p| = 1)
Therefore:

Df = Re{�f}, Cf = 0, Sf = Im{�f} (3.28)

and,

ACP (t) =
�Im{�f} sin(�mt)

cosh(1
2
�t) + Re{�f} sinh(12��t)

(3.29)

CPV implies

Im{�f} = Im

⇢
q

p

Āf

Af

�
6= 0 (3.30)

CPV can even occur if |q/p| = 1, (i.e. if there is no CPV in mixing), and if
|Āf/Af | = 1 (no CPV in decay). This CPV purely due to the interference term!

Classification of CPV: direct versus indirect

• direct CPV: |Af | 6= |Āf |, appears in decay (also leads to Cf 6= 0. Only class of
CPV possible for charged mesons as they cannot oscillate.

• indirect CPV: Involves mixing in any way, i.e. |q/p| = 1 or through Sf , Df .

There are 3 classes of CP violating e↵ects (already looked at this in Kaon decay).

1. CPV in decay:

�(P ! f) 6= �(P̄ ! f̄) ,
����
Āf̄

Af

���� 6= 1 (3.31)

2. CPV in mixing:

�(P 0 ! P̄ 0) 6= �(P̄ 0 ! P 0) ,
����
q

p

���� 6= 1 (3.32)

3. CPV in interference with and without mixing: It is observed in decays to a
final state that is common to P 0 and P̄ 0.

�(P 0( P̄ 0) ! f)(t) 6= �(P̄ 0( P 0) ! f)(t) (3.33)

A particularly interesting case is f = f̄ = fCP, (CP eigenstate)
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36

CP formalism 
� Consider specifically |B0＞, but this can be for 

any P0: K0, B0, B0
s, or D0. 

� CP|B0＞=|B0＞. So these are not CP 
eigenstates, but  

�                              &                                are 
with  CP|B1

0＞=|B1
0＞ & CP|B2

0＞=−|B2
0＞ 

� To allow for CPV define  
 

where CP is violated if |p/q|≠1 
Fermilab Academic Lectures, May, 2014 53 
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Observing	
  CPV
Basic idea: two interfering amplitudes that involve the CKM parameter η.

For CPV A1 and A2 need to have different weak phases Φ and different 
CP invariant  (e.g. strong) phases δ

6
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TesIng	
  models	
  through	
  CP	
  violaIon

•Accuracy	
  of	
  predic'ons	
  of	
  CP	
  asymmetries	
  in	
  the	
  quark	
  sector	
  
depend	
  on	
  the	
  possibility	
  to	
  get	
  rid	
  of	
  hadronic	
  effects,	
  or	
  to	
  
compute	
  them.

7

*** Φ3	
   exact	
  at	
  LO	
  of	
  weak	
  int.

*** ASL(d,s),	
  A(b→s+d	
  γ) SM	
  vanishingly	
  small

** Φ1,	
  Φs	
   Penguins	
  contribute

* εK,	
  B	
  direct	
  CP,	
  Φ2 Non-­‐trivial	
  had	
  input

*/? ε’/ε,	
  rare	
  B,	
  D	
  system Requires	
  more	
  progress
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e+e- (PEPII, 
KEKB)

e+e- (Super 
KEKB)

pp→b anti-bX (√s=13TeV) LHC

Prod. σbb 1 nb ~500µb

typ. bb rate 10 Hz 400Hz ~500kHz

Total yield of B anti-B pairs  450 106 Babar 
770 106 Belle

50 109 Belle II 1013 ( 3 fb-1 @ LHCb )

purity ~25% ~0.6%

pile-up 0 0.5→25

B content B+(50%),B0(50%) B+(40%),B0(40%),Bs(10%),Bc(<1%),b-baryon(10%)

B boost small, βγ~0.5 large, decay vertices are displaced

event structure BB pair alone, hermetic detector Many particles not associated to b, non hermetic detector

B0 anti-B0 mixing coherent incoherent→flavour tagging dilution

B	
  ProducIon	
  (See	
  C.	
  Kiesling’s	
  talk	
  on	
  Belle	
  II)

8

CLEO, 
1985

,,

fraction that hadronize

Production$of$B$in$Belle(II)

11
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LHCb	
  Vs	
  Belle	
  II

9
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  Lumi.	
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  Lumi	
  [cm-­‐2s-­‐1]
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FIG. 2: SuperKEKB and LHCb integrated luminosity projections in fb�1 and ab�1

respectively.

Systematic uncertainties are taken into account in these projections. We base most pro-
jected systematic uncertainties on values presented in BELLE2-NOTE-21/BELLE2-NOTE-
PH-2015-002, and LHCb EPJC 73, 2373. If projections are not provided in that report, the
assumptions will be provided here.
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FIG. 3: Expected yield enhancement for selected analysis types in Belle II and LHCb
(left), and expected statistical error reduction factors (right). It assumes that Belle II will
spend 70% of the time at ⌥(4S), which is a realistic, but conservative operating scenario.

4

Belle (1999-2010)
Babar (1999-2008)
Analyses ongoing



MIAPP	
  Workshop Phillip	
  URQUIJO

LHCb	
  Vs	
  Belle	
  II

9

Int.	
  Lumi.	
  [ab-­‐1]

Inst.	
  Lumi	
  [cm-­‐2s-­‐1]

Year
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

In
te

gr
at

ed
 L

um
in

os
ity

1

10

210

]-1LHCb [fb
]-1Belle (II) [ab

Belle II Projection (July 2015)

FIG. 2: SuperKEKB and LHCb integrated luminosity projections in fb�1 and ab�1

respectively.

Systematic uncertainties are taken into account in these projections. We base most pro-
jected systematic uncertainties on values presented in BELLE2-NOTE-21/BELLE2-NOTE-
PH-2015-002, and LHCb EPJC 73, 2373. If projections are not provided in that report, the
assumptions will be provided here.

Year
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

 Y
ie

ld
(Y

ea
r)/

Yi
el

d(
20

15
)

1

10

210
Belle (II) Baseline

 
S

Belle (II) K
Belle (II) Btag 

S
Belle (II) 100% Y(4S), K
LHCb Hadronic
LHCb Leptonic

Belle II Projection (July 2015)

Year
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

(Y
ea

r)
st

at
.

σ
(2

01
5)

/
st

at
.

σ 

0

2

4

6

8

10

12

Belle (II) Baseline
 

S
Belle (II) K
Belle (II) Btag

S
Belle (II) 100% Y(4S), K
LHCb Hadronic
LHCb Leptonic

Belle II Projection (July 2015)

FIG. 3: Expected yield enhancement for selected analysis types in Belle II and LHCb
(left), and expected statistical error reduction factors (right). It assumes that Belle II will
spend 70% of the time at ⌥(4S), which is a realistic, but conservative operating scenario.

4

Year
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

In
te

gr
at

ed
 L

um
in

os
ity

1

10

210

]-1LHCb [fb
]-1Belle (II) [ab

Belle II Projection (July 2015)

FIG. 2: SuperKEKB and LHCb integrated luminosity projections in fb�1 and ab�1

respectively.

Systematic uncertainties are taken into account in these projections. We base most pro-
jected systematic uncertainties on values presented in BELLE2-NOTE-21/BELLE2-NOTE-
PH-2015-002, and LHCb EPJC 73, 2373. If projections are not provided in that report, the
assumptions will be provided here.

Year
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

 Y
ie

ld
(Y

ea
r)/

Yi
el

d(
20

15
)

1

10

210
Belle (II) Baseline

 
S

Belle (II) K
Belle (II) Btag 

S
Belle (II) 100% Y(4S), K
LHCb Hadronic
LHCb Leptonic

Belle II Projection (July 2015)

Year
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

(Y
ea

r)
st

at
.

σ
(2

01
5)

/
st

at
.

σ 

0

2

4

6

8

10

12

Belle (II) Baseline
 

S
Belle (II) K
Belle (II) Btag

S
Belle (II) 100% Y(4S), K
LHCb Hadronic
LHCb Leptonic

Belle II Projection (July 2015)

FIG. 3: Expected yield enhancement for selected analysis types in Belle II and LHCb
(left), and expected statistical error reduction factors (right). It assumes that Belle II will
spend 70% of the time at ⌥(4S), which is a realistic, but conservative operating scenario.

4

Belle (1999-2010)
Babar (1999-2008)
Analyses ongoing



MIAPP	
  Workshop Phillip	
  URQUIJO

LHCb	
  Vs	
  Belle	
  II

9

Int.	
  Lumi.	
  [ab-­‐1]

Inst.	
  Lumi	
  [cm-­‐2s-­‐1]

Year
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

In
te

gr
at

ed
 L

um
in

os
ity

1

10

210

]-1LHCb [fb
]-1Belle (II) [ab

Belle II Projection (July 2015)

FIG. 2: SuperKEKB and LHCb integrated luminosity projections in fb�1 and ab�1

respectively.

Systematic uncertainties are taken into account in these projections. We base most pro-
jected systematic uncertainties on values presented in BELLE2-NOTE-21/BELLE2-NOTE-
PH-2015-002, and LHCb EPJC 73, 2373. If projections are not provided in that report, the
assumptions will be provided here.

Year
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

 Y
ie

ld
(Y

ea
r)/

Yi
el

d(
20

15
)

1

10

210
Belle (II) Baseline

 
S

Belle (II) K
Belle (II) Btag 

S
Belle (II) 100% Y(4S), K
LHCb Hadronic
LHCb Leptonic

Belle II Projection (July 2015)

Year
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

(Y
ea

r)
st

at
.

σ
(2

01
5)

/
st

at
.

σ 

0

2

4

6

8

10

12

Belle (II) Baseline
 

S
Belle (II) K
Belle (II) Btag

S
Belle (II) 100% Y(4S), K
LHCb Hadronic
LHCb Leptonic

Belle II Projection (July 2015)

FIG. 3: Expected yield enhancement for selected analysis types in Belle II and LHCb
(left), and expected statistical error reduction factors (right). It assumes that Belle II will
spend 70% of the time at ⌥(4S), which is a realistic, but conservative operating scenario.
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Topics

•Time	
  Dependent	
  CP	
  ViolaIon	
  

•Direct	
  CP	
  ViolaIon	
  

•CP	
  ViolaIon	
  in	
  mixing	
  

•UT	
  Precision	
  Tests	
  

•Areas	
  to	
  watch

10



Time 
Dependent CP 

Violation
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Measurement	
  of	
  angle	
  Φ1	
  using	
  CP	
  eigenstates
CP	
  violaIon	
  in	
  interference	
  between	
  decay	
  w/	
  and	
  w/o	
  mixing

The “Golden Decay”: B0→J/Ψ K0

Vtb*

Vtd Vtb*

Vtd Vcb*

Vcs*

Ks

Ψ Vcs*

Vcd Vcs*

Vcd

arg(VcsVcb*) - arg(Vtd2Vtb2VcbVcs*Vcs2Vcd*2)=-2Φ1 
decay decay + mixing 
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Example	
  of	
  a	
  Fully-­‐reconstructed	
  Event

13
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Belle	
  (II)	
  /	
  Babar	
  TDCPV

14

e / µ

ν

slow π
K

π

J/ψ
(e+e− / µ+µ−)

KS  (π+π−)

e+ (3.5 GeV)e− (8 GeV)

∆z measurement
∆t = ∆z / c β γ

flavor
tagged

B or B

CP
eigenstate

asymmetric energy

Time-dependent CPV of
Golden mode:

B0 → J/ψKS
flavor tag
ϵeffective ∼ 30%
σ(∆z) ∼ 100 µm
⇔ ⟨∆z⟩ ∼200µm

t (ps)∆
-6 -4 -2 0 2 4 6

En
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 / 

0.
5 

ps

0
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100
150
200
250
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t (ps)∆
-6 -4 -2 0 2 4 6
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m
et

ry
-1

-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

S sin(∆m∆t)− C cos(∆m∆t)

Sccs = sin 2φ1 = +0.667± 0.023± 0.013 PRL 108, 171802 (2012)

Sccs = sin 2β = +0.687± 0.028± 0.012 PRD 79, 072009 (2009)

(Cccs ∼ 0, consistent with SM)C
P
V
o
f
B
a
t
B
e
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e

—
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o
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p
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•B0	
  →	
  J/ψ	
  KS	
  

• flavour	
  tag	
  ε~30%	
  

• σ(Δz)~100µm	
  in	
  Belle	
  

• σ(Δz)~60µm	
  in	
  Belle	
  II

e / µ

ν

slow π
K

π

J/ψ
(e+e− / µ+µ−)

KS  (π+π−)

e+ (3.5 GeV)e− (8 GeV)

∆z measurement
∆t = ∆z / c β γ

flavor
tagged

B or B

CP
eigenstate

asymmetric energy

Time-dependent CPV of
Golden mode:

B0 → J/ψKS
flavor tag
ϵeffective ∼ 30%
σ(∆z) ∼ 100 µm
⇔ ⟨∆z⟩ ∼200µm

t (ps)∆
-6 -4 -2 0 2 4 6

En
tr

ie
s 

/ 0
.5

 p
s

0
50

100
150
200
250
300
350

t (ps)∆
-6 -4 -2 0 2 4 6

A
sy

m
m

et
ry

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

S sin(∆m∆t)− C cos(∆m∆t)

Sccs = sin 2φ1 = +0.667± 0.023± 0.013 PRL 108, 171802 (2012)

Sccs = sin 2β = +0.687± 0.028± 0.012 PRD 79, 072009 (2009)

(Cccs ∼ 0, consistent with SM)C
P
V
o
f
B
a
t
B
e
ll
e

—
M
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ih
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o
N
a
k
a
o
—

p
.2

Belle	
  PRL	
  108,	
  171802	
  (2012)	
  	
  
Babar	
  PRD	
  79,	
  072009	
  (2009)
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sin	
  2Φ1

15

• Penguin	
  contaminaIon	
  
enters	
  at	
  ~1%	
  -­‐	
  can	
  be	
  
controlled	
  with	
  data.

]-1Integrated Luminosity [ab
1 10

β
 s

in
 2

δ

0

0.01

0.02

0.03

0.04

0.05

Total

Statistics

Systematics

-1= 6 absysExp. L

Belle II Projection
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Looking	
  for	
  new	
  physics	
  in	
  Time	
  Dep.	
  CPV
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Penguin	
  sin	
  2Φ1

17

sin(2βeff) ≡ sin(2φe
1
ff)
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b→ccs

φ 
K0

η
′ K

0

K S 
K S 

K S

π0  K
0

ρ0  K
S

ω
 K

S

f 0 K
S

f 2 K
S

f X 
K S

π0  π
0  K

S
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π0  K

S

π+  π
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0
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.
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1
4 ± 0.06

Belle 0.30 ± 0.32 ± 0.08
Average 0.72 ± 0.19
BaBar 0.55 ± 0.20 ± 0.03
Belle 0.67 ± 0.31 ± 0.08
Average 0.57 ± 0.17
BaBar 0.35 +-0
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H F A GH F A G
Moriond 2014
PRELIMINARY

Belle, B → η‘ K0, JHEP 10 (2014) 165 
Belle, B → ω Ks0, PRD 90 012002 (2014)

  

increasing tree diagram amplitude

1 with bs penguins

Δ S= Ssqq −Sccs
increasing NP sensitivity

Δ S≠ Δ SSM

NP in the loop may introduce
new source(s) of CPV

sin2ϕ1 = 0.667± 0.023± 0.012

A = 0.006± 0.016 ± 0.012

∘ World 's most precise measurement
∘ anchor point of the SM
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Penguin	
  Φ1	
  :	
  Future
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]-1Integrated Luminosity [ab
1 10

 q
sq

 Sδ

0.005

0.01

0.02

0.1

0.2

0.3
0.4
0.5

)0
SK0

SK0
S

S(K
)0

S
 KφS(

)0
S K'

ηS(
βsin 2

Belle II Projection

Prospect:	
  δS(b→	
  s)~	
  0.012	
  @	
  50	
  ab-­‐1

Belle	
  II	
  should	
  do	
  better	
  on	
  penguin	
  Φ1.	
  
Systematics dominated by vertex resolution: 
σ(z) on Vertex: Belle~61µm ⇣ Belle II~18µm 

J/ψK0

φK0

MC

b→s

b→c



MIAPP	
  Workshop Phillip	
  URQUIJO

Penguin	
  Φ1	
  :	
  Future

18

]-1Integrated Luminosity [ab
1 10

 q
sq

 Sδ
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0.1
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)0
SK0

SK0
S

S(K
)0

S
 KφS(

)0
S K'

ηS(
βsin 2

Belle II Projection

Prospect:	
  δS(b→	
  s)~	
  0.012	
  @	
  50	
  ab-­‐1

Belle	
  II	
  should	
  do	
  better	
  on	
  penguin	
  Φ1.	
  
Systematics dominated by vertex resolution: 
σ(z) on Vertex: Belle~61µm ⇣ Belle II~18µm 

J/ψK0

φK0

MC

b→s

b→c

  

Sin(2β): b → qqs

These modes will remain dominated by the statistical error

Initial sensitivity study on B0 → F Ks at Belle II

A. Gaz@B2TIP

KEK-FF 2015 Luigi Li Gioi 12
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Φ1	
  from	
  RadiaIve	
  Penguin	
  Modes	
  

19

•SM	
  EW	
  purely	
  L-­‐handed.	
  	
  	
  

•Right-­‐handed	
  current	
  is	
  a	
  signature	
  of	
  NP	
  
S=−2(ms/mb)sin(2φ1)∼−0.03

22

Any right-handed currents from NP?
TCPV: P(∆t) = e−|∆t|/τ

4τ [1 ± S sin(∆m∆t) ∓ C cos(∆m∆t)]
(∆t: vertex displacement between extrapoated K0

S
vertex and tag-B vertex)

γL

bR

sL

helicity flip
∝ mb ~ 4.8 GeV

γR

bL

sR

helicity flip∝ m
s ~ 0.1 GeV

γR γL

sR

bL bR

sL

Do not interfere
for CPV

Interfere
for CPV

SM favored SM disfavored,
enhanced with RH current TCPV suppressed by (ms/2mb)

(otherwise ∼ sin 2φ1)

Sensitive to right-handed
non-SM current, relaxes
suppression⇒ non-zero S

[BaBar PRD78,071102(2008), 467M]M(Kπ) in [0.8,1.0] GeV
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M(Kπ) in [1.1,1.8] GeV
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SK∗γ = −0.03 ± 0.29 ± 0.03
CK∗γ = −0.14 ± 0.16 ± 0.03
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$$Driving$questions$for$Belle$II$(2)

can be probed by t-dep. CP asymmetry with B0 ! K0
S⇡

0�

In SM, one naively expects:

SK0
S⇡0� = �2

ms

mb
sin 2�1 ⇠ �0.03

In SM, one naively expects: In a L-R symmetric model,
SK0

S⇡0� ⇠ 0.5

can be probed by t-dep. CP asymmetry with B0 ! K0
S⇡

0�

Precision	
  tested	
  at	
  Belle	
  II
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Φ2	
  &	
  Isospin	
  analysis	
  (also	
  applies	
  to	
  direct	
  CPV)

• In	
  B	
  →	
  ππ	
  and	
  B	
  →	
  ρρ,	
  a	
  triangle	
  construcIon	
  allows	
  a	
  clean	
  extracIon	
  of	
  Φ2	
  ,	
  up	
  
to	
  an	
  8-­‐fold	
  discrete	
  ambiguity

20

sin 2φ2 can e extracted from B → π+π− and B → ρ+ρ−,
S = sin 2φ2, if there is no “penguin pollution”

Unfortunately this is not the case, S =
√
1−A2 sin 2(φ2+∆φ2),

but fortunately size of penguin contribution can be resolved

Solution using isospin relations:
3 branching fractions and 2 direct CPV are needed

A+−: B0 → h+h−

A+−: B0 → h+h−
A00: B0 → h0h0
A00: B0 → h0h0
A+0: B+ → h+h0
(h = π, ρ)

C
P
V
o
f
B
a
t
B
e
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—
M
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o
N
a
k
a
o
—

p
.2
7

V ∗ubVud + V
∗
cbVcb + V

∗
tbVtd = 0

Unitarity Triangle
2φ1 =φ

⎛

⎜

⎜

⎝

V ∗
tb Vtd

B 0 B 0

Vtd V ∗
tb

⎞

⎟

⎟

⎠

2φ2 =φ

( )

+φ

(

Vub

/

V ∗
ub

)

φ3 =φ

(

Vub

)

φ3 = γ

φ2 =α

φ1 =β

Golden Mode (B → J/ψKS): phase in B0-B0 mixing

Very clean, only tiny SM penguin pollution so far neglected

NP phase in mixing if any cannot be distinguished

Small SM pollution should eventually be problem (O(1–2%))

Overconstraint of UT triangle

All angles and sides can be measured

CPV parameters from other means: Vub, φ3 (tree, SM)C
P
V
o
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Study of B0 → ρ+ρ− decays 

​"↓$  

9 

q  Proceeds dominantly via the b → uud transition and is thus sensitive to 

q  If tree only, then SCP is directly related sin(2ϕ2) and ACP = 0 

q  However, the penguin pollution can shift ϕ2: 

q  Δϕ2 can be extracted from an isospin analysis or SU(3) flavour symmetry 
Gronau and London, PRL 65, 3381 (1990) Beneke et al., PLB 638, 68 (2006) 

• b	
  →	
  u	
  anI-­‐u	
  d	
  in	
  strict	
  isospin	
  
limit,	
  penguin	
  contracIons	
  
transform	
  differently



MIAPP	
  Workshop Phillip	
  URQUIJO

B0	
  →	
  ρ+	
  ρ-­‐	
  analysis
• Vector-­‐vector	
  final	
  state	
  is	
  mixture	
  of	
  CP-­‐even	
  &-­‐odd	
  	
  

• Predicted	
  to	
  be	
  almost	
  fully	
  longitudinally	
  polarized=CP-­‐even	
  	
  

• Time-­‐dependent	
  9-­‐parameter	
  ML	
  fit	
  

21

Polarization has to be resolved as vector-vector final state is
mixture of CP-even and CP-odd

Predicted to be almost fully longitudinally polarized, and
hence almost CP-even

Decomposed by helicity angle

ρ+ → π+π0 to be separated
from other π+π0 contributions

Standard time-dependent fit

9-parameter ML fit

∆E,Mbc, F , m+0, m−0,
cos θ+

H
, cos θ−

H
, ∆t , q
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o
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p
.2
8

Better precision than
previous world average

[Belle preliminary]

B(B0 → ρ+ρ−) = (28.3± 1.5± 1.4)× 10−6
fL = 0.988± 0.012± 0.023
S = −0.13± 0.15± 0.05, A = 0.00± 0.10± 0.06
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Better precision than
previous world average

[Belle preliminary]

B(B0 → ρ+ρ−) = (28.3± 1.5± 1.4)× 10−6
fL = 0.988± 0.012± 0.023
S = −0.13± 0.15± 0.05, A = 0.00± 0.10± 0.06
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Belle	
  PRD	
  93,	
  032010	
  (2016)	
  
Belle	
  PRD89,	
  072009	
  (2014)
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Φ2	
  Grand	
  combinaIon

•Φ2	
  [WA,all]=(87.6+3.5-­‐3.3)°,	
  Φ2[fit]=	
  (90.6+3.9-­‐1.1)°

22
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LHCb	
  Ime	
  dependent	
  CPV

23

A few words on LHCb flavor tagging

PV

x ̅

b ̅

b

q

TV

Y

SV

X

Y
B0

same side

opposite side

SV

b ⟶ c  
b ⟶ X l–

c ⟶ s 
K– OS kaon (+NN)

l– OS muon 
OS electron

OS vertex charge 
OS charm

qu

X+
SS pion (+BDT) 
SS proton 
SS kaon (+NN)

OS (opposite-side) tagger: [LHCb, EPJC 72 (2012) 022]

Focus on the complementary b-quark: b! cW (OS-electron/muon), and b! c! s (OS-kaon);

Calibration modes: B+! J/ K+, B+! D0⇡+, B0! J/ K⇤0, B0

s

! D�
s

⇡+, and B0! D⇤�
s

µ+X;
Typical tagging power of LHCb OS tagger algorithms ⇠ 2.5%.

New OS-charm tagger developed: [LHCb, JINST 10 (2015) P10005]

Focus on b! c transitions of the complementary b-quark (D±, ⇤±
c

, D0),
Calibrated using B+! J/ K+ and B0! J/ K⇤0 modes (3.0 fb�1).

Including the OS-charm tagger leads to an absolute net gain in tagging power of ⇠ 0.11%.

Carlos Vázquez Sierra Beauty 2016, Marseille (France) May 2, 2016 6 / 21

•Bs0	
  →Φ	
  J/ψ	
  	
  

• flavour	
  tag	
  ε~3%	
  

• σ(Δt)	
  ~	
  50	
  ps

LHCb,	
  JINST	
  11	
  (2016)	
  P05010,	
  
JINST	
  10	
  P10005	
  (2015)
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Φs	
  =	
  ΦM-­‐2	
  ΦD

24

Introduction

�s is an interference phase which appears due to mixing-induced CP violation:
We are mainly interested in the �s phase measured in b! cc̄s processes, �cc̄s

s :

B0

s B0

sW W

b

s

s

b

t

t

Vtb Vts⇤

V ⇤
ts Vtb

Mixing: �M = 2arg(VtbV
⇤
ts)

B0

s

J/ 

�

W

b

s

s

c

c

s

V ⇤
cb

Vcs

Decay: �D = arg(VcbV
⇤
cs)

�s = �M � 2�D ! �cc̄s

s = �2 arg
⇣
�VcbV

⇤
cs

VtbV
⇤
ts

⌘
= �2�s

Do not confuse �cc̄s

s with other �s phases measured in di↵erent processes, like �ss̄s

s !
�cc̄s

s is experimentally accessed via the following time-dependent asymmetry (final state f ):
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�
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s
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B
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B

s

0

= Sf sin(�mt)�Cf cos(�mt)
cosh(��t/2)+A�� sinh(��t/2)

�f =
q

p

Af

Āf

, �s = � arg(�f ), Cf =
1� |�f |2
1 + |�f |2

, Sf =
2I(�f )

1 + |�f |2
, A�� = � 2R(�f )

1 + |�f |2

I(�f ) 6= 0 ! If there is no complex phase in CKM matrix ! No CP violation!
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CP violation in B0
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Prospects:
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s = �0.033 ± 0.033 rad

��s = 0.083 ± 0.006 ps�1
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Φ3/γ	
  	
  DeterminaIon

•Theory	
  is	
  “prisIne”	
  in	
  these	
  approaches,	
  <<	
  1%	
  on	
  Φ3	
  

•Accessed	
  via	
  interference	
  between	
  B–→D0K–	
  and	
  B–→anI-­‐D0K–

27
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| ⇡ VubV ⇤
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VcbV ⇤
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⇥ [colour supp.] = 0.1� 0.2
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A∝λ3 ρ2 +η2eiφ3
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A∝λ3 Favoured

Relative weak phase is Φ3, Relative strong phase is δR

3	
  D0	
  mode	
  categories:	
  
•DCP,	
  CP	
  eigenstates	
  [GLW]	
  
•Dsup,	
  Doubly	
  cabibbo	
  suppressed	
  [ADS]	
  
•3-­‐Body	
  [GGSZ]	
   3	
  B	
  modes:	
  D*K,	
  DK,	
  DK*
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γ	
  from	
  B+→DK+,	
  D→KK,ππ,	
  Kπ	
  

• small	
  asymmetries	
  due	
  to	
  
producIon	
  and	
  detecIon	
  effects	
  	
  

• B→Dπ	
  control	
  mode	
  helps	
  to	
  
separate	
  effects	
  

28

  15

γ from B+→DK+, D→KK,ππ, Kπ 

Tim Gershon
Precision measurements

LHCb-PAPER-2016-003

D→Kπ (favoured) D→πK (“ADS” suppressed)

large CP violating asymmetries – 
first 5σ observation in a single 

B→DK channel

effects also possible in B→Dπ

small asymmetries due to 
production and detection effects

B→Dπ control mode helps to 
separate effects

LHCb-­‐paper-­‐2016-­‐003

• large	
  CP	
  violaIng	
  asymmetries	
  –	
  	
  

• first	
  5σ	
  observa)on	
  in	
  a	
  single	
  
B→DK	
  channel	
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Impact of LHCb is striking, with massive 
improvements since 2010.

Belle	
  PTEP	
  043C01	
  (2016)	
  
LHCb-­‐Paper-­‐2015-­‐059	
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LHCb-­‐Conf-­‐2016-­‐001

•2016	
  global	
  combinaIon	
  update	
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  come.
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FIG. 5: Projected precision for various measurements of direct CP violation.
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γ combination

Tim Gershon
Precision measurements

LHCb-CONF-2016-001

Many observables with sensitivity to γ

γ = (70.9 
+7.1

–8.5
)◦ 

World average including BaBar, Belle, CDF 

results will give marginally better precision

Not yet at desired precision, but great progress

LHCb 
combination 2016
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Direct	
  CP	
  ViolaIon	
  in	
  charmless	
  hadronic	
  	
  	
  decays	
  

•First	
  evidence	
  2008	
  

•Unexpected	
  difference	
  in	
  Acp	
  between	
  B+	
  and	
  B0	
  →	
  K	
  π	
  

30

Belle,	
  PRD87,	
  031103(R)(2013)	
  
Belle,	
  Nature	
  452,	
  332	
  (2008)	
  

Acp(K0π0) = 0.006± 0.06 
Acp(K0π+) = -0.015± 0.019 
Acp(K+π0) = 0.040± 0.021 
Acp(K+π-)  = -0.082± 0.006

6

TABLE II: Systematic uncertainties (%) on the measured branching fractions of B → hh.

Source K+π− π+π− K+π0 π+π0 K0K+ K0π+ K0K0 K0π0 K+K−

Tracking 0.70 0.70 0.35 0.35 0.35 0.35 - - 0.70
RK/π 1.65 1.72 0.78 0.86 0.80 0.86 - - 1.58
R > 0.2 0.55 0.24 0.59 0.92 0.91 0.80 0.84 1.04 0.28
MC statistics 0.16 0.15 0.18 0.17 0.20 0.19 0.24 0.23 0.16
NBB 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37 1.37
π0 - - 4.0 4.0 - - - 4.0 -
K0

S - - - - 1.68 1.68 3.36 1.68 -
Signal PDF 0.28 +0.49

−0.51 0.43 +0.89
−0.66

+0.64
−0.63 0.18 +1.02

−1.00 1.80 +6.76
−5.16

Feed-across 0.49 +1.30
−1.80 0.42 1.19 +2.28

−2.25 0.18 - - 42.17
Fitting bias 0.45 - - - - - - - -
PHOTOS 1.2 0.8 - - 0.8 1.2 - - 5.0
Charmless B 1.25 1.77 0.35 4.53 2.01 0.97 - 0.51 1.75
Total 2.99 +3.33

−3.56 4.41 +6.51
−6.48

+4.08
−4.06 2.95 +3.87

−3.86 5.03 +43.09
−42.87
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FIG. 3: The Mbc distributions for B
0/B0

→ K±π∓ (top) and
B± → K±π0 (bottom). The selections for fit projections and
PDF component descriptions are identical to those described
in Fig. 1.

for B+ → π+π0 and 0.63× 10−2 for B+ → K0π+. With
regard to the detector bias for h0K+ modes, a sizable
number of protons are included due to p-K misidentifi-
cation in continuum events. Therefore, the possible bias
is more reliably estimated using D+

s → φ(K+K−)π+

and D0 → K−π+ samples [28] and is found to be
(+0.33 ± 0.19) × 10−2; we correct the ACP values for
the bias and assign 0.19× 10−2 as the systematic uncer-
tainty on ACP . For the bias of the charged kaon and pion
identification in the K+π− mode, we shift the ACP value
by −0.33 × 10−2 and quote 0.67 × 10−2 as the system-
atic uncertainty for the residual bias. For K0K+ and
K0π+ modes, we shift ACP further for the measured
CP asymmetry induced by the SM K0 − K0 mixing:

ACP (K0) = (+0.332± 0.006)% [19]. The quadratic sum
of the fitting and bias uncertainties gives the total ACP

systematic error, which ranges from 0.002 to 0.007. Com-
pared to our previous measurement of ACP (K+π−) [1],
the current result, ACP (K+π−) = −0.069±0.014±0.007,
differs by 0.025 due to a smaller measured central value
in the newest data set of 237 × 106BB pairs. Aside
from this difference, the measurement is consistent with
our previous publication and other experimental results
[2, 29, 30]. Furthermore, the updated difference of CP
asymmetries ∆AKπ = ACP (K+π0) − ACP (K+π−) is
given by +0.112±0.027±0.007 with significance of 4.0σ;
this confirms our earlier result, as evident in Fig. 3.
The ratios of partial widths for B → Kπ and B → ππ

can be used to search for NP [10–12]. These ratios are
obtained from the measurements listed in Table I. The
ratio of charged to neutral B meson lifetime, τB+/τB0

= 1.079 ± 0.007 [19], is used to convert branching frac-
tion ratios into partial width ratios (see Table III). The
total uncertainties are reduced because of the cancella-
tion of common systematic uncertainties. These ratios
are compatible with SM expectations [9–12] and super-
sede our previous results [6]. The partial widths and
CP asymmetries are used to test the violation of a sum

rule [31] given by ACP (K+π−)+ACP (K0π+) Γ(K0π+)
Γ(K+π−) −

ACP (K+π0)2Γ(K
+π0)

Γ(K+π−) − ACP (K0π0)2Γ(K
0π0)

Γ(K+π−) = 0; the

sum is found to be −0.270± 0.132± 0.060 (1.9σ signifi-
cance), using the results in Table I, III andACP (K0π0) =
+0.14 ± 0.13 ± 0.06 [16]; this is still compatible with
the SM prediction. All of these results provide useful
constraints to NP models and our uncertainties are now
comparable with those of the corresponding theoretical
calculations.
In conclusion, we have measured the branching frac-

tions and direct CP asymmetries for B → Kπ,ππ and
KK decays using 772 × 106 BB pairs, which is the fi-
nal data set at Belle. We confirm a large ∆AKπ value

LETTERS

Difference in direct charge-parity violation between
charged and neutral B meson decays
The Belle Collaboration*

Equal amounts of matter and antimatter are predicted to have
been produced in the Big Bang, but our observable Universe is
clearly matter-dominated. One of the prerequisites1 for under-
standing this elimination of antimatter is the nonconservation
of charge-parity (CP) symmetry. So far, two types of CP violation
have been observed in the neutral K meson (K0) and B meson (B0)
systems: CP violation involving the mixing2 between K0 and its
antiparticle !KK 0 (and likewise3,4 for B0 and !BB0), and direct CP viola-
tion in the decay of each meson5–8. The observed effects for both
types of CP violation are substantially larger for the B0 meson
system. However, they are still consistent with the standard
model of particle physics, which has a unique source9 of CP viola-
tion that is known to be too small10 to account for the matter-
dominated Universe. Here we report that the direct CP violation
in charged B6RK6p0 decay is different from that in the neutral B0

counterpart. The direct CP-violating decay rate asymmetry,AK+p0

(that is, the difference between the number of observed B2RK2p0

event versus B1RK1 p0 events, normalized to the sum of these
events) is measured to be about 17%, with an uncertainty that is
reduced by a factor of 1.7 from a previous measurement7. How-
ever, the asymmetryAK+p+ for !BB0?K {pz versus B0RK1p2 is at
the 210% level7,8. Although it is susceptible to strong interaction
effects that need further clarification, this large deviation in direct
CP violation between charged and neutral B meson decays could
be an indication of new sources of CP violation—which would
help to explain the dominance of matter in the Universe.

Existing measurements of CP asymmetries in K and B meson
decays can be explained using a single source of CP violation from
the mechanism of the Kobayashi–Maskawa model. Proposed9 in
1973, this mechanism anticipated the third family of quarks before
they were discovered. Together with a quantum field theory that
describes the electromagnetic, weak and strong interactions, it is a
key part of the standard model of particle physics. The present
Kobayashi–Maskawa source of CP violation, however, is itself too
small (see ref. 10 for example) to account for the dominance of
matter in the Universe. A search for other sources of CP violation,
in the neutrino sector or in new physics beyond the standard model,
is needed.

The decay BRKp proceeds through two major processes, illu-
strated in Fig. 1a and b. Figure 1a is called the colour-allowed tree
diagram, and the Kobayashi–Maskawa source of CP violation enters
via the so-called Vub (where ub represents the transition between u
and b quarks) matrix element that governs the !bb!uuW interaction
vertex. On the other hand, while all charge 2/3 quarks contribute
to the quantum ‘loop’, it is the virtual top quark that dominates
the amplitude of the process shown in Fig. 1b, which is usually called
the (strong) penguin diagram. The controlling matrix element pro-
duct VtbV !ts (where tb and ts represent the transitions between t and b
quarks and t and s quarks) is insensitive to the Kobayashi–Maskawa

source of CP violation. CP violation may arise from the interference
between these two amplitudes, similar to two waves interfering with
each other to produce a combined wave. However, this still depends
on the detailed dynamics of each process. It is a theoretical challenge
to describe how the quark level decay evolves into the observed
mesons. One of the advantages of studying a direct CP-violating
asymmetry, which is a ratio of decay rates, is that many of the experi-
mental systematic uncertainties cancel. Consequently, CP-violating
asymmetries provide information about the dynamics of B meson
decay, test different theoretical approaches, and probe new physics
beyond the standard model.

Compared to the dominant bRc decay amplitudes, the amplitude
of Fig. 1a is suppressed by the smallness of jVub/Vcbj, while Fig. 1b is
suppressed by the quantum loop amplitude. However, the two
amplitudes are of similar magnitude, allowing for large interference
(and hence appreciable CP violation) to occur. The price to pay is the
small branching fractions or decay rates to be measured. For instance,
out of a million neutral B0 mesons, only about 20 will decay into
K1p2, while for B1 mesons, only about 13 in a million will decay to
K1p0. Therefore, to search for CP violation, we must produce many B
mesons and detect them with high efficiency. The Belle detector at the
KEKB11 asymmetric-energy (3.5 on 8.0 GeV) e1e2 collider, operating
on the U(4S) resonance (which decays exclusively to a B!BB meson
pair) energy, was designed for such a purpose. The KEKB accelerator
is currently the brightest collider in the world, in which the record
instantaneous luminosity is equivalent to bombarding a 1 cm2 area
with 1.7 3 1034 particles per second. A detailed description of the
Belle detector (see Supplementary Information 1) can be found
elsewhere12. Here we report our measurements of CP-violating asym-
metries for the BRK6p7, K6p0 and p6p0 modes, using 535 million
B!BB meson pairs collected with the Belle detector.

*A list of authors and their affiliations appears at the end of the paper.
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TABLE VIII: Projections for the B ! K⇡ isospin sum rule parameter, I

K⇡

, at the Belle
measured central value.

Scenario A

K

0
⇡

0
I

K⇡

Value Stat. (Red., Irred.)
Belle 0.14 0.13 (0.06, 0.02) 0.27 ± 0.14
Belle + B ! K

0

⇡

0 at Belle II 5 ab�1 0.05 (0.02, 0.02) 0.27 ± 0.07
Belle II 50 ab�1 0.01 (0.01, 0.02) 0.27 ± 0.03

F. Direct CP Violation in Hadronic B decays

Charmless 2-body B meson decays are a good example of rare SM processes in which the
possible contribution of NP could be observed in the future. The decays B ! K⇡ proceed
through a tree diagram but are suppressed by the small CKM matrix element |V

ub

|. Thus,
the contribution of the loop penguin diagram is of similar magnitude. The interference of
the two leads to a direct CP asymmetry. Neglecting additional diagrams contributing to B

+

decays only, the asymmetries A

K

+
⇡

0

CP

in B

± ! K

±
⇡

0 decays and A

K

+
⇡

�
CP

in B

0(B̄0)! K

±
⇡

⌥

decays are expected to be the same. However, a precise CP measurement by Belle showed
a significant di↵erence between the two, �A = A

K

+
⇡

0

CP

�A

K

+
⇡�

CP

= 0.164±0.035±0.013 [27].
The di↵erence could be due to the neglected diagrams contributing to charged B meson
decays, for which the theoretical uncertainty is large, and to some unknown NP e↵ect that
violates isospin. To resolve this issue, a sum rule has been proposed demanding precision
measurements of all isospin states.

I
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Belle has found the value of the identity parameter, I

K⇡

, to be �0.270 ± 0.132 ± 0.060,
consistent with the theoretical expectation of 0.

The most demanding of these measurements is to the all-neutral final state K

0

⇡

0. It
requires vertex reconstruction of the charged pions from the neutral kaon decays and depends
crucially on a vertex detector with a large radial acceptance. Belle measures A

K

0
⇡

0

CP

=
+0.14±0.13±0.06 with a data sample of approximately 600 fb�1 [32]. The main systematic
uncertainty contributions are mostly multiplicative and ordered from largest to smallest as
follows: tag side interference (±0.054), vertex reconstruction (±0.022), background fraction
(±0.022), and potential fit biases (±0.020). These are expected to improve with the larger
data set, particularly since similar systematic uncertainties in the analyses of the other K⇡

modes, which all have more signal events, are all substantially smaller.
The projection for the precision on I

K⇡

are given in Table VIII assuming the current
central values for the branching fraction and CP asymmetries. The table includes the pro-
jection if only the all neutral mode is improved, and the full Belle II improvement. Clearly
the precision is limited by the all neutral mode, demonstrated by a simplistic 2D comparison
in Fig. ??. There is a lot of room for discovery in this mode, demonstrated by the

Prospects for 3-body final states are also very encouraging, and will be covered in Belle
II projections for B2TiP.
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FIG. 3: The photon energy spectrum in the CM system af-
ter subtracting all the background, with vertical dashed lines
showing the signal region. The positive tagged events are
shown as circles and the negative as squares. Statistical and
systematic uncertainties are included.

negatively charged electrons and muons are determined
by performing fits to the invariant dilepton mass mℓℓ

for singly- and doubly-identified lepton candidates. The

asymmetry is calculated as: ALID =
ε+ − ε−

ε+ + ε−
. This

measurement is performed in the full kinematic region,
in eleven laboratory-frame momentum bins and eight
polar-angle bins. The asymmetries for electrons and
muons are measured to be ALID(e) = (0.26 ± 0.14)%
and ALID(µ) = (−0.03± 0.03)%, and average to ALID =
(0.11± 0.07)%. The asymmetry Atrack is measured with
partially and fully reconstructed D∗ with D∗ → πD0,
D0 → ππK0

S , K0
S → π+π− decays, to be Atrack =

(−0.01± 0.21)%. The total detector-related asymmetry
is Adet = (0.10± 0.22)%.

We measure Abkg in the low-energy sideband E∗

γ ≤
1.7 GeV. The asymmetries measured in data and MC
are Abkg(data) = (−0.14 ± 0.78)% and Abkg(MC) =
(−0.26 ± 0.21)%, which are consistent with zero within
uncertainties. The asymmetry in the BB̄ data is taken as
a correction to ACP . Since this is an asymmetry in the
BB̄ background, the correction is proportional to the ra-
tio of BB̄ to signal events in the signal region, the ratios
are taken from MC simulation.

The wrong-tag probability has contributions from
B0B̄0 oscillations (ωosc), secondary leptons (ωsec) and
misidentified hadrons (ωmisID) and is given by ω =
ωosc + ωsec + ωmisID. The oscillation term is equal to
the product of the mixing probability in the B0B̄0 sys-
tem χd = 0.1875± 0.0020 [18], the fraction of neutral B
mesons from the Υ(4S) decay, f00 = 0.487 ± 0.006 [18],
and the fraction of leptons coming directly from a B de-
cay, which is estimated to be 91.1% from MC, result-
ing in ωosc = 0.0832 ± 0.0015. Secondary leptons are
true leptons that do not come directly from a B me-

son but rather from one of its decay daughters. We
find ωsec = 0.0431 ± 0.0036; this value is estimated
from MC and the error based on the precision with
which the B → DX and D → Xlν branching fractions
are measured. Misidentified hadrons give the smallest
contribution and consist of π and K mesons faking a
muon and, to a lesser extent, an electron. The corre-
sponding wrong-tag probability is estimated from MC,
where the fraction of misidentified hadrons is determined
by studying D∗+ → D0(K−π+)π+ decays. After ap-
plying the same selection criteria for π and K candi-
dates as for tag leptons, the fraction of hadrons pass-
ing the selection in the MC is corrected and we obtain
ωmisID = 0.0069± 0.0034. The total wrong-tag probabil-
ity value is ω = 0.1332± 0.0052.
The asymmetries Adet and Abkg are the dominant

uncertainties on ACP and are additive. An additional
multiplicative systematic uncertainty arises from the
wrong-tag probability, leading to a relative uncertainty
∆ACP /ACP = 0.01, much less than the additive uncer-
tainties.
Finally, as some background events remain in the low

energy range after subtraction, we scale the BB̄ compo-
nent to match the data yield below 1.7 GeV and recal-
culate ACP . The difference between this value and the
nominal is taken as an additional systematic uncertainty.
In Table I, the measured and corrected values of ACP

are summarized for 0.1 GeV steps in the E∗

γ threshold
from 1.7 to 2.2 GeV, with a E∗

γ upper bound of 2.8 GeV.
The statistical and systematic uncertainties are summa-
rized in Table II. The statistical precision is improved in
comparison to previous measurements [5, 6]; it is, how-
ever, the limiting factor in the measurement and is af-
fected by the size of the continuum sample. As an exam-
ple, for the 1.7 GeV threshold, the total 4.4% statistical
uncertainty incorporates a 3.0% contribution from Υ(4S)
data and 3.1% from off-resonance data. The dominant
systematic uncertainty arises from the asymmetry in the
BB̄ background. The asymmetry is consistent with zero
across the different photon energy thresholds.
In conclusion, we have measured the direct CP asym-

metry ACP (B̄ → Xs+dγ). The measurement is per-
formed using (772±11)×106 BB̄ pairs for photon energy
thresholds between 1.7 and 2.2 GeV. As a nominal re-
sult we choose the 2.1 GeV threshold since it has a low
uncertainty and keeps a large fraction of signal events:
ACP (B̄ → Xs+dγ) = (2.2± 3.9± 0.9)%, consistent with
the SM prediction. This is the first Belle measurement
of this asymmetry and the most precise to date.
We thank the KEKB group for excellent operation

of the accelerator; the KEK cryogenics group for effi-
cient solenoid operations; and the KEK computer group,
the NII, and PNNL/EMSL for valuable computing and
SINET4 network support. We acknowledge support
from MEXT, JSPS and Nagoya’s TLPRC (Japan); ARC
(Australia); FWF (Austria); NSFC (China); MSMT
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uum and BB̄ contributions. The BB̄ background com-
ponents are calibrated using data, as described below.
All corrections and calibrations applied to MC and off-
resonance data are determined and performed indepen-
dently of the tag charge. The subtraction of background
is done for each charge individually.

The rejection of events containing π0 or η will fail in
cases where the decay is very asymmetric and the second
photon has an energy below the threshold, making the
reconstruction of the π0 or η impossible. To properly
normalize these components, the veto is removed and,
for each combination of the prompt photon with another
photon in the event, the diphoton massmγγ is calculated.
A fit to the π0 and η masses is performed to estimate
the number of these mesons in data and MC. The fit is
performed in eleven meson momentum bins between 1.4
and 2.6 GeV and the ratio of data to MC yields is used

as a correction factor.
Some background components have a non-vanishing di-

rect CP asymmetry that could impact our measurement.
Most have negligible contributions to the decay rate ex-
cept for B → Xsη decays, which comprises 1.2% of the
rate according to the MC prediction, with a branching
fraction B(B → Xsη) =

(

26.1± 3.0+1.9
−2.1

+4.0
−7.1

)

× 10−5 and
a CP asymmetry ACP (B → Xsη) = (−13 ± 5)% mea-
sured by Belle [17]. The MC is corrected to model this
effect properly.
The B̄ → Xs+dγ photon energy spectrum for positive

and negative tagged events after subtracting all the back-
ground is shown in Fig. 3. The measured asymmetry,
Ameas

CP , is calculated using Eq. (1) expressed in terms of

the charge-flavor correlation: Ameas
CP =

N+ −N−

N+ +N−
. Here,

N+ and N− represent the total number of events tagged
by a positive or negative lepton for a given photon en-
ergy threshold. The energy thresholds range from 1.7 to
2.2 GeV.
The measured values must be corrected due to pos-

sible asymmetries in the BB̄ background that is sub-
tracted (Abkg) and possible asymmetries in the detection
of leptons Adet. An additional correction arises from the
probability that the reconstructed lepton has a wrong
charge-flavor correlation, the so-called wrong-tag proba-
bility (ω). The corrected asymmetry is given by:

ACP =
1

1− 2ω
(Ameas

CP −Abkg −Adet). (2)

The correctionAdet accounts for a possible asymmetry in
the identification efficiency between positive and negative
charged leptons (ALID) and a possible asymmetry be-
tween the reconstruction of positive and negative tracks
(Atrack). ALID is determined using a B → XJ/ψ(ℓ+ℓ−)
sample, where the selection efficiencies of positively and
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Abstract
We report the measurement of the direct CP asymmetry in the radiative B̄ → Xs+dγ decay using a data sample of

(772 ± 11) × 106 BB̄ pairs collected at the Υ(4S) resonance with the Belle detector at the KEKB asymmetric-energy e+e−

collider. The CP asymmetry is measured as a function of the photon energy threshold. For E∗

γ ≥ 2.1 GeV, where E∗

γ is the
photon energy in the center-of-mass frame, we obtain ACP (B̄ → Xs+dγ) = (2.2 ± 3.9 ± 0.9)%, consistent with the Standard
Model prediction.

PACS numbers: 11.30.Er, 13.25.Hw

The radiative electroweak transitions b → sγ and
b → dγ proceed via flavor-changing neutral currents in-
volving loop diagrams. These decays are sensitive to pos-
sible contributions from new heavy particles occurring in
the loop, which modify the branching fractions and CP -
violating effects predicted in the Standard Model (SM).
The decay rates, including QCD corrections, can be ex-
pressed by an effective Hamiltonian and calculated using
the Operator Product Expansion approach. In the lead-
ing and next-to-leading order logarithmic approximation,
the branching fractions and CP asymmetries are pro-
portional to the dipole operators P7 and P8 [1]. New
physics effects would modify the corresponding Wilson
coefficients C7 and C8.
The CP asymmetry (ACP ) in B̄ → Xs+dγ decays is

defined as:

ACP (B̄ → Xs+dγ) ≡
Γ(B̄ → Xs+dγ)− Γ(B → Xs̄+d̄γ)

Γ(B̄ → Xs+dγ) + Γ(B → Xs̄+d̄γ)
,

(1)
where Γ(B̄ → Xs+dγ) represents the decay rate of the
B0 or B− meson into the radiative final state. In the
following, charge-conjugate states are included implic-
itly. The Xs+d states represent all possible hadronic
final states derived from b → sγ or b → dγ transi-
tions. The SM predicts ACP for the these two transitions
in the ranges −0.6% ≤ ACP (B̄ → Xsγ) ≤ 2.8% and
−62% ≤ ACP (B̄ → Xdγ) ≤ 14% [2]. Even though the
individual CP -violating effects could be large, the CP -
violating contributions cancel when both are considered
inclusively due to CKM unitarity, and the theory errors
cancel almost perfectly except for small U -spin breaking
corrections [3], additionally, the inclusive asymmetry is
insensitive to the choice of photon energy cutoff [4]. This
precise SM prediction of ACP (B̄ → Xs+dγ)=0, serves
as a clean test for new CP -violating phases acting in the
decays. New physics (NP) scenarios such as supersym-
metric models with minimal flavor violation predict ACP

(B̄ → Xs+dγ) up to a level of +2 %. In more generic NP
scenarios, the asymmetries ACP (B̄ → Xsγ) and ACP

(B̄ → Xdγ) do not cancel and ACP (B̄ → Xs+dγ) is the
most sensitive observable, with values as large as 10% [3].
Previous measurements of ACP (B̄ → Xs+dγ) have

been performed by CLEO [5] and BaBar [6] and are sta-
tistically limited. Belle has performed a measurement
of the inclusive branching fraction [7]. The asymmetry
ACP (B̄ → Xsγ) has been measured separately as the
sum of exclusive decays [8, 9]. In this letter, we present

the first Belle measurement of ACP (B̄ → Xs+dγ). We
profit from the large data sample available at Belle to
achieve a higher statistical precision.

The states Xs+d include resonant contributions such
as K∗(892), ρ and ω, and non-resonant contributions. In
order to be sensitive to all Xs+d states, the selection is
based on the high-energy-photon signature of the transi-
tion, i.e. the radiated photon is the only reconstructed
particle from the B̄ → Xs+dγ decay. While this ap-
proach does not exclude explicitly possible contributions
from B̄ → Xcγ or B̄ → Xuγ decays, such contributions
are very small in the SM [10] and will be neglected in
this analysis. To tag the signal B flavor, we use the fact
that B mesons are produced in pairs from the reaction
e+e− → Υ(4S) → BB̄. The flavor of the signal B me-
son is determined by tagging the flavor of the other B in
the event, using a charged lepton (e, µ) consistent with
the semileptonic decay of the other B. The B flavor and
lepton charge in semileptonic decays are directly related.

Since the expected CP violation is very small and pre-
cisely calculable, all effects that could bias the measure-
ment must be carefully quantified. A measurement bias
is introduced if the selection procedure, track reconstruc-
tion, or particle identification favors a particular charge.
These effects are quantified in different control samples.
In this analysis, we also test the independence of ACP

with respect to the choice of cutoff energy, by measuring
it as a function of the photon energy threshold.

This analysis uses the 711 fb−1 sample recorded at the
Υ(4S) resonance by the Belle experiment at the KEKB
storage ring [11], containing (772 ± 11)× 106 BB̄ pairs.
An 89 fb−1 sample recorded at a center-of-mass (CM) en-
ergy 60 MeV below the resonance is used to study con-
tinuum background (e+e− → qq̄, where q = u, d, s, c);
the former sample is denoted on-resonance and the lat-
ter off-resonance. The Belle detector is a large-solid-
angle magnetic spectrometer that consists of a silicon
vertex detector (SVD), a 50-layer central drift chamber
(CDC), an array of aerogel threshold Cerenkov counters
(ACC), a barrel-like arrangement of time-of-flight scintil-
lation counters (TOF), and an electromagnetic calorime-
ter comprised of CsI(Tl) crystals (ECL) located inside
a super-conducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux-return located outside of the
coil is instrumented to detect K0

L mesons and to identify
muons (KLM). The detector is described in detail else-
where [12].
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  mixing	
  (CP-­‐conserving)

• Δms	
  precisely	
  known	
  

• Δms	
  =	
  17.768	
  ±	
  0.023	
  ±	
  0.006	
  ps−1	
  	
  

• limitaIon	
  on	
  |Vtd/Vts|	
  from	
  la�ce	
  

• new	
  prelim.	
  measurement	
  of	
  Δmd
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LHCb	
  NJP	
  15	
  (2013)	
  053021	
  
LHCb-­‐PAPER-­‐2015-­‐031	
  	
  

ETM	
  1603.04306	
  
Fermilab/MILC	
  1602.03560

  13

|V
td
/V

ts
| from Δm

d
/Δm

s

Tim Gershon
Precision measurements

LHCb-PAPER-2015-031

● Δm
s
 now precisely known

● limitation on knowledge of UT side from 
lattice (improving fast) and Δm

d
 

● new measurement uses B0→D(*)–μν decays

only 2012 B0→D–μν 
data shown

 38

R
t
 side from B0–B0 mixing

P(Δt) = (1±cos(ΔmΔt))e-|Δt|/2τ

PRD 71, 072003 (2005)

Δm
d
 = (0.511 ± 0.005 ± 0.006) ps-1 Δm

s
 = (17.768 ± 0.023 ± 0.006) ps-1

NJP 15 (2013) 053021

World average based on 
many measurements

∣V td /V ts∣ = 0.211±0.001±0.005

experimental 
uncertainty

theoretical 
uncertainty

Rt = ∣V td V tb

∗

V cdV cb

∗ ∣ &

Tim Gershon
Flavour & CPV
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ETM	
  1603.04306	
  
Fermilab/MILC	
  1602.03560

|Vtd |  × 10
3

|Vts |  × 10
3

7 8 9 35 39 43

∆Mq:

this work

PDG

B→K(π)µ
+
µ

−

CKM unitarity:

full

tree

   

   |Vtd  / Vts |  

0.18 0.19 0.20 0.21 0.22 0.23      

FIG. 16. (left) Recent determinations |Vtd| and |Vts|, and (right) their ratio. The filled circles
and vertical bands show our new results in Eqs. (9.17)–(9.19), while the open circles show the
previous values from Bq-mixing [102]. The squares show the determinations from semileptonic
B ! ⇡µ+µ� and B ! Kµ+µ� decays [183], while the plus symbols show the values inferred
from CKM unitarity [158]. The error bars on our results do not include the estimated charm-sea
uncertainties, which are too small to be visible.

where the errors are from the lattice mixing matrix elements, the measured �Mq, the re-
maining parametric inputs to Eq. (2.9), and the omission of charm sea quarks, respectively.
The uncertainty on |Vtd/Vts| is 2–3 times smaller than those on |Vtd| and |Vts| individually
because the hadronic uncertainties are suppressed in the ratio. The theoretical uncertainties
from the Bq-mixing matrix elements are still, however, the dominant sources of error in all
three results in Eqs. (9.17)–(9.19).

Figure 16 compares our results for |Vtd|, |Vts|, and their ratio in Eqs. (9.17)–(9.19) with
other determinations. Our results are consistent with the values from Bq-meson mixing in the
PDG review [102], which are obtained using approximately the same experimental inputs,

and lattice-QCD calculations of the f 2
B

q

B̂
(1)
B

q

and ⇠ from Refs. [13] and [15], respectively.
Our errors on |Vtd|, |Vts| are about two times smaller, however, and on |Vtd/Vts| they are
more than three times smaller, due to the reduced theoretical errors on the hadronic matrix
elements.

The CKM matrix elements |Vtd| and |Vts| can be obtained independently from rare
semileptonic B-meson decays because the Standard-Model rates for B(B ! ⇡(K)µ+µ�)
are proportional to the same combination |V ⇤

td(s)Vtb|. Until recently, these determinations
were not competitive with those from Bq-meson mixing due to both large experimental and
theoretical uncertainties. In the past year, however, the LHCb collaboration published new
measurements of B(B ! ⇡µ+µ�) and B(B ! Kµ+µ�) [184, 185], and we calculated the
full set of B ! ⇡ and B ! K form factors in three-flavor lattice QCD [131, 186]. Using
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Production asymmetry:   

‘Raw’ untagged asymmetry:   

Detection asymmetry:   

MEASURING asl

5

AP =
N(B)�N(B̄)

N(B) +N(B̄) AD =
✏(D�µ+)� ✏(D+µ�)

✏(D�µ+) + ✏(D+µ�)

Araw =
N(D�µ+)�N(D+µ�)

N(D�µ+) +N(D+µ�)
=

asl
2

+ ...

J.A. de Vries - CPV in mixing at LHCb - BEAUTY 2016

TIME DEPENDENCE

6

AmplitudeOffset

Mixing 
oscillation

For asld: measure offset and amplitude 
  to disentangle AP and asld

Araw(t) =
N(f, t)�N(

¯f, t)

N(f, t) +N(

¯f, t)
⇡ AD +

adsl
2

+

✓
AP � adsl

2

◆
cos(�mdt)

Offset Amplitude Mixing
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but with roughly 30% fewer signal candidates in the �⇡ region. As a cross check, the190

approach of the previous analysis is repeated on the full 3.0 fb�1 data sample and the191

result, as
sl

= (�0.09± 0.42)%, is compatible with that of the baseline analysis given here.192

The twelve values of as
sl

for each Dalitz region, polarity and data taking period are193

consistent with each other. The combined result is194
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= (0.43± 0.26± 0.20)% ,

where the first uncertainty is statistical, originating from the size of the signal and195

calibration samples, and the second systematic. There is a small correlation of +0.13196

between this measurement and the LHCb measurement of ad
sl

[17]. The correlation mainly197

originates from the muon detection asymmetry and from the e↵ect of ad
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, due to B0
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measurements of ad
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found to be ad
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is marginally compatible with the D0 dimuon result, however, a large, non-SM value of203
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due to CP violation in the interference between mixing and decay, might still explain204

the D0 result [5]. In summary, the determination of as
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CPV IN MIXING
• CP Violation in mixing:  

• Semileptonic inclusive final state  (flavour specific)

• 2 neutral B mesons: 

4

1 Introduction23

CP violation in B mixing means that the probability that a B mixes into a B is di↵erent24

from the probability that a B mixes into a B. The flavour specific or “semileptonic”25

asymmetry is defined as26

aq
sl

=
P (B

q

! B
q

) � P (B
q

! B
q

)

P (B
q

! B
q

) + P (B
q

! B
q

)
, (1)

where the subscript q distinguishing the two species of neutral B mesons, namely the27

B0
s

and B0
d

. The Standard Model predictions [1, 2] are tiny compared to the current28

experimental sensitivity: adsl = (�4.1 ± 0.6) ⇥ 10�4 and assl = (1.9 ± 0.3) ⇥ 10�5. This29

makes the measurement of these asymmetries an excellent null test of the Standard Model.30

Experimentally, the dimuon asymmetry measured by D0 [3] is sensitive adsl and assl31

and shows a 3.6 standard deviation discrepancy with the Standard Model. Dedicated32

measurements of assl have been performed by LHCb [4] and D0 [5]. An overview of past33

measurements and a world average is provided by the Heavy Flavor Averaging Group34

(HFAG) [6]. The world averages of pure asl measurements as of Summer 2015 (excluding35

the D0 di-muon asymmetry) are36

adsl = (+0.01 ± 0.20)% (2)

assl = (�0.48 ± 0.48)% , (3)

This analysis is aimed to measure assl at LHCb using the semileptonic decay B0
s

!37

D�
s

µ+⌫
µ

X with the subsequent decay D�
s

! K+K�⇡�.38

• Need to account for all possible detection and reconstruction asymmetries: 
nuclear interaction, particle identification, tracking, trigger 

B
μ

K

+

PV D

π

νμ
0

+
-

- K-
s

s

Detection asymmetries

• Novel tag-and-probe method using  using                          decays combined 
with the method using partially reconstructed                                         decays

J/ ! µ+µ�

as
sl

AD = Aµ⇡
(track) + A⇡

(PID|track) + AKK
(track+PID) + Aµ

(PID+L0|track)

µ+

⇡�

D⇤ ! (D0 ! K⇡⇡⇡)⇡

expected uncertainty on Aµ⇡
(track) < 0.1% in 3 fb�1 analysis

22

Figure 1: Decay topology of the signal.

2

P(Bq ! B̄q) 6= P(B̄q ! Bq)

B0
d ! D�µ+⌫µ

B0
s ! D�

s µ
+⌫µ assl

adsl

Lenz, Nierste [JHEP 0706:072 (2007)]

X

X

(q = d, s)

assl = (2.22± 0.27)⇥ 10�5
adsl = (�4.7± 0.6)⇥ 10�4

Artuso, Borissov, Lenz [arXiv:1511.09466]

=
1� |q/p|4

1 + |q/p|4 ⇡ ��q

�mq
tan(�12

q )

2016

2015
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• Inclusive	
  versus	
  exclusive	
  determinaIons	
  (form	
  factor	
  -­‐	
  exclusive	
  vs	
  heavy	
  quark	
  
symmetry	
  -­‐	
  inclusive)	
  3	
  σ	
  anomaly.

M.Rotondo KK-FF2015

Why semileptonics B decays ?

|V
ub

| and |V
cb

| discrepancies 

between different determinations

@ ~3σ

Difference with expectation

@ 3.4σ 

|V
xb

| Provide crucial inputs to indirect search of New Physics

●   B → D(*)
 τν

PRL109,101802(2012)
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Theory prediction used in fit

Theory prediction not used in fit

): FNAL/MILC2LQCD (high q

): Bharucha2LCSR (low q

Fitted BCL param. (3+1 par.)

HFAG
PDG 2014

q2(B→	
  π	
  l	
  ν)	
  

HFAG,	
  arXiv:1412.7515	
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  HFAG	
  =	
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  ±	
  0.29)	
  ×	
  10-­‐3	
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34M.Rotondo KK-FF2015

Results Nature Phys.11(2015)743
Λb decays

Bottom baryons provide another 
exclusive decay channel: Λb→plν!
LHCb: branching fraction ratio measured  
 
 
 
 
[1504.01568=Nature Phys. 11 (2015)]!

Extraction of |Vub/Vcb| requires  
hadronic matrix elements 
 
 
 
from LQCD

• At LHCb, pµ⌫̄ final state easier to identify than ⇡µ⌫̄

• Complementary constraints on right-handed coupling

LHCb result [arXiv:1504.01568 (to appear in Nature Physics)]:

Z
q

2
max

15 GeV2

d�(⇤
b

! p µ�⌫̄µ)

dq2
dq2

Z
q

2
max

7 GeV2

d�(⇤
b

! ⇤
c

µ�⌫̄µ)

dq2
dq2

= (1.00 ± 0.04 ± 0.08) ⇥ 10�2

(q = p � p0).

To extract |V
ub

/V
cb

| from this, need

hp | ū�µb |⇤
b

i, hp | ū�µ�5b |⇤
b

i,
h⇤

c

| c̄�µb |⇤
b

i, h⇤
c

| c̄�µ�5b |⇤
b

i

from lattice QCD.

3. Selection 7/17

The corrected mass

Fit the corrected mass:

Mcorr =
√

p2
⊥
+M2

pµ + p⊥

Determine its uncertainty.

Reject candidates if:

σMcorr > 100MeV/c2

Λb
PV SV

pµ

p

µ

ν

p⊥

p⊥

Compare simulated signal and

background shapes for low and

high σMcorr

Truncation at mΛb
due to q2

cut.

All curves normalised to unit

area. ]2Corrected mass [MeV/c
3000 4000 5000
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

mcorrσ low νµp

mcorrσ high νµp

mcorrσ low νµc
+Λ

mcorrσ high νµc
+Λ

LHCb simulation

Moriond Electroweak 2015 William Sutcliffe Vub from Λb → pµ−νµ
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[LHCb Collaboration,

arXiv:1504.01568

(to appear in

Nature Physics)]

LHCb result [arXiv:1504.01568 (to appear in Nature Physics)]:
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i

from lattice QCD.

See more in talk of  !
Mike Williams, Th 08:30

Determining |Vub|
• Use ratio of differential rates from lattice calculations [1] to 

calculate the ratio of CKM elements squared:
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VI. PREDICTIONS FOR THE ⇤b ! p `�⌫̄` AND ⇤b ! ⇤c `�⌫̄` DECAY RATES

In this section, we present predictions for the ⇤b ! p `�⌫̄` and ⇤b ! ⇤c `�⌫̄` di↵erential and integrated decay rates
using our form factor results. Including possible right-handed currents with real-valued ✏Rq , the e↵ective Hamiltonian
in Eq. (2) leads to the following expression for the di↵erential decay rate in terms of the helicity form factors,

d�

dq2
=

G2
F |V L

qb|2
p

s+s�

768⇡3m3
⇤b

✓
1 � m2

`

q2

◆2

⇥
(

4
�
m2

` + 2q2
� ⇣

s+
⇥
(1 � ✏Rq )g?

⇤2
+ s�

⇥
(1 + ✏Rq )f?

⇤2⌘

+2
m2

` + 2q2

q2

⇣
s+

⇥
(m⇤b � mX) (1 � ✏Rq )g+

⇤2
+ s�

⇥
(m⇤b + mX) (1 + ✏Rq )f+

⇤2⌘

+
6m2

`

q2

⇣
s+

⇥
(m⇤b � mX) (1 + ✏Rq )f0

⇤2
+ s�

⇥
(m⇤b + mX) (1 � ✏Rq )g0

⇤2⌘
)

, (84)

where, as before, X = p, ⇤c denotes the final-state baryon, and

s± = (m⇤b ± mX)2 � q2. (85)

Expressions for the individual helicity amplitudes and the angular distributions can be found in Refs. [27, 28, 65]. By
combining experimental data with our form factor results, novel constraints in the (V L

qb, ✏Rq ) plane can be obtained.

In the following, we consider the Standard Model with V L
qb = Vqb and ✏Rq = 0. Our predictions of the ⇤b ! p `�⌫̄`

and ⇤b ! ⇤c `�⌫̄` di↵erential decay rates for ` = e, µ, ⌧ are shown in Figs. 14 and 15. The central values, statistical
uncertainties, and systematic uncertainties have been calculated using Eq. (83); all baryon and lepton masses were
taken from Ref. [1]. Our results are most precise in the high-q2 region, where the form factor shapes are most tightly
constrained by the lattice QCD data. We obtain the following partially integrated decay rates

1

|Vub|2
Z q2

max

15 GeV2

d�(⇤b ! p µ�⌫̄µ)

dq2
dq2 = (12.32 ± 0.93 ± 0.80) ps�1, (86)

1

|Vcb|2
Z q2

max

7 GeV2

d�(⇤b ! ⇤c µ�⌫̄µ)

dq2
dq2 = (8.39 ± 0.18 ± 0.32) ps�1, (87)

and their ratio

|Vcb|2
|Vub|2

R q2
max

15 GeV2

d�(⇤b!p µ�⌫̄µ)
dq2 dq2

R q2
max

7 GeV2

d�(⇤b!⇤c µ�⌫̄µ)
dq2 dq2

= 1.470 ± 0.115 ± 0.104, (88)

where the first uncertainty is statistical and the second uncertainty is systematic. Together with experimental data,
Eqs. (86), (87), and (88) will allow determinations of |Vub|, |Vcb|, and |Vub/Vcb| with theory uncertainties of 5.0%,
2.2%, and 5.3%, respectively. The predicted total decay rates for all possible lepton flavors are

�(⇤b ! p e�⌫̄e)/|Vub|2 = (24.8 ± 2.8 ± 4.2) ps�1 (89)

�(⇤b ! p µ�⌫̄µ)/|Vub|2 = (24.8 ± 2.8 ± 4.2) ps�1, (90)

�(⇤b ! p ⌧�⌫̄µ)/|Vub|2 = (17.5 ± 1.5 ± 1.9) ps�1, (91)

�(⇤b ! ⇤c e�⌫̄e)/|Vcb|2 = (21.1 ± 0.9 ± 1.4) ps�1, (92)

�(⇤b ! ⇤c µ�⌫̄µ)/|Vcb|2 = (21.1 ± 0.9 ± 1.4) ps�1, (93)

�(⇤b ! ⇤c ⌧�⌫̄µ)/|Vcb|2 = (7.13 ± 0.17 ± 0.29) ps�1. (94)

Motivated by the R(D(⇤)) puzzle [14], we also provide predictions for the following ratios:

�(⇤b ! ⇤c ⌧�⌫̄µ)

�(⇤b ! ⇤c e�⌫̄µ)
= 0.3378 ± 0.0081 ± 0.0088, (95)

�(⇤b ! ⇤c ⌧�⌫̄µ)

�(⇤b ! ⇤c µ�⌫̄µ)
= 0.3388 ± 0.0081 ± 0.0087. (96)

QED corrections to the decay rates, which may be relevant at this level of precision, have been neglected here.
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due to the uncertainty in the LQCD prediction.
Finally, using the world average |V

cb

| = (39.5±
0.8)⇥10�3 measured using exclusive decays [14],
|V

ub

| is measured as

|V
ub

| = (3.27± 0.15± 0.16± 0.06)⇥ 10�3 ,

where the first uncertainty is due to the exper-
imental measurement, the second arises from
the uncertainty in the LQCD prediction and
the third from the normalisation to |V

cb

|. As
the measurement of |V

ub

|/|V
cb

| already depends
on LQCD calculations of the form factors it
makes sense to normalise to the |V

cb

| exclusive
world average and not include the inclusive |V

cb

|
measurements. The experimental uncertainty is
dominated by systematic e↵ects, most of which
will be improved with additional data by a reduc-
tion of the statistical uncertainty of the control
samples.

The measured ratio of branching frac-
tions can be extrapolated to the full q2 re-
gion using |V

cb

| and the form factor pre-
dictions [20], resulting in a measurement of
B(⇤0

b

! pµ�⌫
µ

) = (4.1± 1.0)⇥ 10�4, where the
uncertainty is dominated by knowledge of the
form factors at low q2.

The determination of |V
ub

| from the mea-
sured ratio of branching fractions depends on
the size of a possible right-handed coupling [36].
This can clearly be seen in Fig. 4, which shows
the experimental constraints on the left-handed
coupling, |V L

ub

| and the fractional right-handed
coupling added to the SM, ✏

R

, for di↵erent mea-
surements. The LHCb result presented here is
compared to the world averages of the inclusive
and exclusive measurements. Unlike the case for
the pion in B0 ! ⇡+`�⌫ and B� ! ⇡0`�⌫ de-
cays, the spin of the proton is non-zero, allowing
an axial-vector current, which gives a di↵erent
sensitivity to ✏

R

. The overlap of the bands from
the previous measurements suggested a signifi-
cant right-handed coupling but the inclusion of
the LHCb |V

ub

| measurement does not support

Rε

3
 1

0
×

|  
L ub

|V

0.4− 0.2− 0 0.2 0.42

3

4

5

6

7

8
inclusive

νlπ→B
 (LHCb)νµp→bΛ

combined

Figure 4: Experimental constraints on the

left-handed coupling, |V L
ub| and the fractional

right-handed coupling, ✏R. While the overlap
of the 68% confidence level bands for the inclu-
sive [14] and exclusive [7] world averages of past
measurements suggested a right handed coupling
of significant magnitude, the inclusion of the LHCb
|V

ub

| measurement does not support this.

that.
In summary, a measurement of the ratio of

|V
ub

| to |V
cb

| is performed using the exclusive
decay modes ⇤0

b

! pµ�⌫
µ

and ⇤0

b

! ⇤+

c

µ�⌫
µ

.
Using a previously measured value of |V

cb

|, |V
ub

|
is determined precisely. The |V

ub

| measurement
is in agreement with the exclusively measured
world average from Ref. [7], but disagrees with
the inclusive measurement [14] at a significance
level of 3.5 standard deviations. The measure-
ment will have a significant impact on the global
fits to the parameters of the CKM matrix.

7
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Belle BaBar Global	
  Fit	
  
CKMfitter

LHCb	
  
Run-­‐2

Belle	
  II	
   
50	
  ab-­‐1	
  
(2024)

LHCb	
  
Upgrade	
  50	
  
fb-­‐1	
  (2030)

Theory

φ1:	
  ccs 0.9o 0.9o 0.6o 0.3o 0.3o small

φ2:	
  uud 4o	
  (WA) 2.1o 1o ~1-­‐2o

φ3:	
  DK 14o 2.5o 4o 1.5o 1o tiny

|Vcb|	
  inclusive 1.7% 2.4% 1.2%

|Vcb|	
  exclusive 2.2% 1.4%

|Vub|	
  inclusive 7% 4.5% 2.2%

|Vub|	
  exclusive 5% 7%** 2.0% 4%**

No result
Moderate 
precisionPrecise
Very Precise

Moderate 
precisionClean / LQCD
Clean

Experiment Theory
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|Vud| β decays PRC 055502 (2009)

|Vus| Kl3 (Flavianet) f+(0)=0.9645 ±0.0015±0.0045

K → l ν , τ → K ν fK= (155.2±0.2±0.6) MeV

|Vus/Vud| K→lν / π→lν , τ→Kν / τ→πν fK/fπ = 1.1942±0.0009±0.0030

|Vub| Inclusive & Exclusive (4.01±0.08±0.22) 10-3

B → τ ν (1.08 ± 0.21) 10-4 fBs/fBd = 1.205 ± 0.003 ± 0.006  
fBs = (224.0±1.0±2.0) MeV

|Vcb| Inclusive & Exclusive (41.00±0.33±0.74) 10-3

|Vub|/|Vcb| Br(Λb→pµν)/Br(Λb→Λcµν) (1.00 ± 0.09) 10−2

Δ md Bd mixing BBs/BBd = 1.023 ± 0.013 ± 0.014

Δ ms Bs mixing BBs = 1.320±0.017±0.030

εK PDG BK = 0.7615±0.0027±0.0137

β / Φ1 J/ψ K(*) WA 0.691±0.017

α / Φ2 π π , ρ π, ρ ρ WA Isospin, ~4o

γ / Φ3 B → D(*) K(*) GLW/ADS/GGSZ, ~7o

Data = weak ⊗ QCD → need hadronic inputs; often LQCD with our own 
Rfit-based averaging scheme.
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6

q = d, s. B(Bs ! µµ) have been observed and mea-
sured both by CMS and LHCb (at 4.3� and 4.0� respec-
tively), leading to a rather accurate combination [18].
There are also interesting information already available
on B(Bd ! µµ), even though the threshold for evidence
has not been reached yet by either of the two experi-
ments. On the theoretical side, new computations have
been performed including NLO electroweak corrections
and NNLO strong corrections [28–30], settling down is-
sues met by earlier calculations concerning the stability
with respect to higher-order corrections. In our predic-
tions, we include the residual uncertainty of 1.5% dis-
cussed in ref. [28]. We will predict the value of the dilep-
tonic branching ratios without time integration, which
would induce a further increase of O(��s/�s), more pre-
cisely (1 + ys) = 1.07 discussed in refs. [31–33].

III. RESULTS OF THE SM GLOBAL FIT

A. CKM parameters and Unitarity Triangles

The current situation of the global fit in the (⇢̄, ⌘̄) plane
is indicated in Fig. 4. Some comments are in order be-
fore discussing the metrology of the parameters. There
exists a unique preferred region defined by the entire set
of observables under consideration in the global fit. This
region is represented by the yellow surface inscribed by
the red contour line for which the values of ⇢̄ and ⌘̄ with
a p-value such that 1�p < 95.45 %. The goodness of the
fit can be addressed in the simplified case where all the
inputs uncertainties are taken as Gaussian, with a p-value
found to be 66% (i.e., 0.4 �; a more rigorous derivation
of the p-value in the general case is beyond the scope of
this article [34]). One obtains the following values (at
1�) for the 4 parameters describing the CKM matrix:

A = 0.810+0.018
�0.024 , � = 0.22548+0.00068

�0.00034 , (6)

⇢̄ = 0.145+0.013
�0.007 , ⌘̄ = 0.343+0.011

�0.012 . (7)

The various constraints can be expressed in the unitarity
triangles associated with the di↵erent mesons of interest,
with angles defined independently of phase conventions:

↵d1d2 = arg

"
�

Vtd1V
⇤
td2

Vud1V
⇤
ud2

#
, �d1d2 = arg

"
�
Vcd1V

⇤
cd2

Vtd1V
⇤
td2

#
,

�d1d2 = arg

"
�
Vud1V

⇤
ud2

Vcd1V
⇤
cd2

#
, (8)

and similarly for the angles in the up sector:

↵u1u2 = arg

"
�
Vu1bV

⇤
u2b

Vu1dV
⇤
u2d

#
, �u1u2 = arg

"
�
Vu1sV

⇤
u2s

Vu1bV
⇤
u2b

#
,

�u1u2 = arg


�
Vu1dV

⇤
u2d

Vu1sV
⇤
u2s

�
, (9)

One recovers the usual �1, �2, �3 and ↵, �, � (without
subscripts) for the Bd Unitarity Triangle (d1 = d, d2 = b).

)σPull (
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FIG. 5. Pulls for the SM global fit obtained by comparing the
value of �2

min

with and without including the measurement of
the quantity. Notice that the di↵erent pulls are not necessarily
independent.

In the same general way the relative coordinates of the
upper appex of each triangle are defined as

⇢̄d1d2 + i⌘̄d1d2 = �
Vud1V

⇤
ud2

Vcd1V
⇤
cd2

,

⇢̄u1u2 + i⌘̄u1u2 = �
Vu1dV

⇤
u2d

Vu1sV
⇤
u2s

, (10)

where again ⇢̄+ i⌘̄ ⌘ ⇢̄db+ i⌘̄db refer to the Bd system. In
theBs case, �s can be defined as 2�sb. The corresponding
triangles are shown in Fig. 4, in particular the (sb) where
the constraint from �s is shown (but the corresponding
label is not indicated).

B. Comments and predictions

As underlined above, the overall consistency seen
among the constraints allows us to perform the metrol-
ogy of the CKM parameters and to give predictions for
any CKM-related observable within the SM. Let us add
that the existence of a 1�p < 95.45 % region in the (⇢̄, ⌘̄)
plane is not equivalent to the statement that each individ-
ual constraint lies in the global range of 1�p < 95.45 %.
Each comparison between the prediction issued from the
fit and the corresponding measurement constitutes a null
test of the SM hypothesis.
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• SM: CSM/mW2

• NP: CNP/Λ2 

•What	
  is	
  the	
  scale	
  Λ	
  ?	
  How	
  different	
  is	
  CNP	
  from	
  CSM	
  ?	
  
• If	
  deviation	
  from	
  SM	
  seen	
  →	
  upper	
  bound	
  on	
  Λ	
  

•Meson	
  mixing,

M12 = MSM
12 ⇥

�
1 + he2i�

�

Neutral-B mixing

i
d
dt

⇣ |Bq(t)i
|B̄q(t)i

⌘
=

⇣
Mq � i

2
�q

⌘⇣ |Bq(t)i
|B̄q(t)i

⌘

M and � hermitian: mixing due to off-diagonal terms Mq
12 � i�q

12/2

=)Diagonalisation: physical |Bq
H,Li of masses Mq

H,L, widths �q
H,L

In terms of Mq
12, |�q

12| and �q = arg
⇣
�Mq

12
�q

12

⌘
[small in SM]

Mass difference �Mq = Mq
H �Mq

L = 2|Mq
12|

Width difference ��q = �q
H � �q

L = 2|�q
12| cos(�q)

Asymmetry aSL = �(B̄q(t)!`+⌫X)��(Bq(t)!`�⌫X)
�(B̄q(t)!`+⌫X)+�(Bq(t)!`�⌫X)

=
|�q

12|
|Mq

12| sin �q

p/q from mixing in time-dependent analysis of B decays
”phase” �Mq ' arg(Mq⇤

12 ) + O
⇣ |�q

12|
|Mq

12|
⌘
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Mixing observables in SM

b

s

s

b

u,c,t

u,c,t

b

s

s

b
[Beneke et al 96-98,

Nierste and Lenz 06]

Effective Hamiltonian approach
Mq

12 dominated by dispersive part of top boxes
involve one operator at LO: Q = q̄�µ(1� �5)bq̄�µ(1� �5)b

�q
12 dominated by absorptive part of charm boxes

non local contribution, expressed as expansion in 1/mb

involve two operators at LO: Q and Q̃S = q̄↵(1 + �5)b� q̄�(1 + �5)b↵

right set for �12, depending mainly on Q, taming 1/mb-corrections

��s = f [fBs, B, B̃S;µ, mpow
b , B1/mb . . .]

��s/�Ms = f [B̃S/B; B1/mb , mpow
b , µ, m̄c . . .]

as
SL = f [B̃S/B; |Vub/Vcb|, �, µ, m̄c , B1/mb . . .]

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 32
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2003 2013 LHCb Upg.+ Belle II

• Qualitative change after 2003: first Φ3 and Φ2 constraints

•Observables	
  not	
  affected	
  by	
  NP	
  first	
  used	
  to	
  constrain	
  CKM:	
   
|Vud|,|Vus|,	
  |Vcb|,	
  |Vub|,	
  Φ3	
  and	
  Φ2=π−Φ3−Φ1eff((c	
  anti-­‐c)K)	
  

•NP	
  impact	
  estimated	
  from 
Meson	
  mixing	
  Δms,	
  Δmd,	
  |εK|,	
    
Lifetime	
  difference	
  ΔΓs,	
  &	
  semileptonic	
  asymmetry	
  ASL,	
    
Time	
  dep.	
  CP	
  asymmetries	
  βs,	
  Φ1,	
  and	
  Φ2	
  (decay-­‐mixing	
  interference)
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World	
  Average	
  
p-­‐value=10-­‐5

Belle	
  II

Phase J [10-5] Δ

2016 3.140 [+0.069 -0.084] 2%

Belle II + LHCb 
upgrade - SM-like 3.125 ± 0.033 1%

CKMfi"er	
  preliminary
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• at 95% NP≲(many × SM)   ⟹   NP≲(0.3 × SM)   ⟹   NP≲(0.05 × SM)

h ' 1.5
|Cij |2

|�t
ij |2

(4⇡)2

GF⇤2
' |Cij |2

|�t
ij |2

✓
4.5 TeV

⇤

◆2

� = arg(Cij�
t⇤
ij )

CKMfi"er	
  PRD	
  91,	
  073007	
  (2015),	
  	
  
PRD	
  89,	
  033016	
  (2014)

• Stage II: similar sensitivity to gluino masses explored at LHC 14TeV

Table 3: The scale of the operator in Eq. (53) probed by B0
d and B0

s mixings with 50 ab�1 Belle II and 50 fb�1

LHCb data. The differences due to CKM-like hierarchy of couplings and/or loop suppression is indicated. (From
Ref. [39].)

Couplings NP loop Scales (TeV) probed by
order Bd mixing Bs mixing

|Cq| = |VtbV ⇤
tq| tree level 17 19

(CKM-like) one loop 1.4 1.5
|Cq| = 1 tree level 2⇥ 10

3
5⇥ 10

2

(no hierarchy) one loop 2⇥ 10

2 40

sensitivities are shown in Table 3. The sensitivities, even with SM-like loop- and CKM-suppressed
coefficients, are comparable to the scales probed by the LHC.

3 Some Implications of the Heavy Quark Limit
We have not directly discussed so far that most quark flavor physics processes (other than top quark
decays) involve strong interactions in a regime where perturbation theory is not (or not necessarily)
reliable. The running of the QCD coupling at lowest order is

↵s(µ) =
↵s(⇤)

1 +

↵s

2⇡
�0 ln

µ

⇤

, (55)

where �0 = 11�2nf/3 and nf is the number of light quark flavors. Even in B decays, the typical energy
scale of certain processes can be a fraction of mb, possibly around or below a GeV. The ways I know how
to deal with this in a tractable way are (i) symmetries of QCD, exact, or approximate in some limits (CP
invariance, heavy quark symmetry, chiral symmetry); (ii) the operator product expansion (for inclusive
decays); (iii) lattice QCD (for certain hadronic matrix elements). An example of (i) is the determination
of sin 2� from B !  KS , see Eq. (46). So is the determination of |Vcb| from B ! D⇤`⌫̄, see Eq. (73)
below. An example of (ii) is the analysis of inclusive B ! Xs� decay rates discussed below, which
provides some of the strongest constraints on many TeV-scale BSM scenarios.

The role of (strong interaction) model-independent measurements cannot be overstated. To es-
tablish that a discrepancy between experiment and theory is a sign of new physics, model-independent
predictions are crucial. Results that rely on modeling nonperturbative strong interaction effects will not
disprove the SM. Most model-independent predictions are of the form,

Observable = (calculable terms)⇥
⇢

1 +

X

i,k

⇥

(small parameters)i
⇤k
�

, (56)

where the small parameters can be ⇤QCD/mb, ms/⇤�SB, ↵s(mb), etc. For the purpose of these lectures,
strong-interaction model-independent means that the theoretical uncertainty is suppressed by small pa-
rameters, so that theorists argue about O(1)⇥(small numbers) instead of O(1) effects. There are always
theoretical uncertainties suppressed by some (small parameter)n, which cannot be calculated from first
principles. If the goal is to test the SM, one must assign O(1) uncertainties in such terms.

In addition, besides formal suppressions of certain corrections in some limits, experimental guid-
ance is always needed to establish how well an expansion works; for example, f⇡, m⇢, and m2

K/ms are
all of order ⇤QCD, but their numerical values span an order of magnitude.

3.1 Heavy quark symmetry (HQS)
In hadrons composed of heavy quarks the dynamics of QCD simplifies. Mesons containing a heavy
quark – heavy antiquark pair, QQ, form positronium-type bound states, which become perturbative in

18
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Vub

τ 

ν 

b 

u 

H+,W+ 

_ 

Helicity	
  suppressed	
  -­‐	
  very	
  small	
  in	
  SM.	
  
NP	
  could	
  interfere	
  e.g.	
  charged	
  Higgs.

and the Gegenbauer momenta [43]:

g(a)
⊥ (u) = 6uū

[

1 + a∥1ξ +

{

1

4
a∥2 +

5

3
ζA
3

(

1 −
3

16
ωA

1,0

)

+
35

4
ζV
3

}

(5ξ2 − 1)

]

+6 δ̃+ (3uū + ū ln ū + u ln u) + 6 δ̃− (ū ln ū − u ln u) , (169)

g(v)
⊥ (u) =

3

4
(1 + ξ2) + a∥1

3

2
ξ3 +

(

3

7
a∥2 + 5ζA

3

)

(

3ξ2 − 1
)

+

(

9

112
a∥2 +

105

16
ζV
3 −

15

64
ζA
3 ωA

1,0

)

(

3 − 30ξ2 + 35ξ4
)

+
3

2
δ̃+ (2 + ln u + ln ū) +

3

2
δ̃− (2ξ + ln ū − ln u) . (170)

To compute X⊥, the parameter X = ln(mB/Λh) (1+ϱ eiϕ) is introduced to parametrize the
logarithmically divergent integral

∫ 1
0 dx/(1 − x). ϱ ≤ 1 and the phase ϕ are arbitrary, and

Λh ≈ 0.5 GeV is a typical hadronic scale. The remaining parameters are given in Appendix I.

SuperIso first computes numerically all the integrals and the Wilson coefficients, and then
calculates the isospin asymmetry of B → K∗γ using all the above equations.

E.3 Branching ratio of Bu → τντ

The purely leptonic decay Bu → τντ occurs via W+ and H+ mediated annihilation pro-
cesses. This decay is helicity suppressed in the SM, but there is no such suppression for
the charged Higgs exchange at high tan β, and the two contributions can therefore be of
similar magnitudes. This decay is thus very sensitive to charged Higgs boson and provide
important constraints.

The branching ratio of Bu → τντ in supersymmetry is given by [44]

BR(Bu → τντ ) =
G2

F f2
B|Vub|2

8π
τBmBm2

τ

(

1 −
m2

τ

m2
B

)2 [

1 −
(

m2
B

m2
H+

)

tan2 β

1 + ϵ0 tan β

]2

, (171)

where ϵ0 is given in Eq. (66), and τB is the B± meson lifetime which is given in Appendix I
together with the other constants in this equation.

The following ratio is usually considered to express the new physics contributions:

RMSSM
τντ

=
BR(Bu → τντ )MSSM

BR(Bu → τντ )SM
=

[

1 −
(

m2
B

m2
H+

)

tan2 β

1 + ϵ0 tan β

]2

, (172)

which is also implemented in SuperIso.

In the 2HDM, Eq. (171) takes the form

BR(Bu → τντ ) =
G2

F f2
B|Vub|2

8π
τBmBm2

τ

(

1 −
m2

τ

m2
B

)2 [

1 −
(

m2
B

m2
H+

)

λbbλττ

]2

, (173)

where the Yukawa couplings λbb,λττ can be found in Table 1 for the four types of 2HDM
Yukawa sectors.

58

BFSM rH
Type λUU λDD λLL

I cot β cot β cot β
II cot β − tan β − tan β
III cot β − tan β cot β
IV cot β cot β − tan β

Table 1: Yukawa couplings for the four types of 2HDM. U , D and L stand respectively for
the up-type quarks, the down-type quarks and the leptons.

C.2 Charged Higgs contributions

At the Leading Order, the relevant charged Higgs contributions to the Wilson coefficients
are given by [26]:

δCH(0)
7,8 (µW ) =

λ2
tt

3
F (1)

7,8 (xtH±) − λttλbbF
(2)
7,8 (xtH±) , (48)

where

xtH± =
m2

t (µW )

M2
H±

, (49)

and

F (1)
7 (x) =

x(7 − 5x − 8x2)

24(x − 1)3
+

x2(3x − 2)

4(x − 1)4
ln x ,

F (1)
8 (x) =

x(2 + 5x − x2)

8(x − 1)3
−

3x2

4(x − 1)4
ln x , (50)

F (2)
7 (x) =

x(3 − 5x)

12(x − 1)2
+

x(3x − 2)

6(x − 1)3
ln x ,

F (2)
8 (x) =

x(3 − x)

4(x − 1)2
−

x

2(x − 1)3
ln x .

λtt,λbb are the Yukawa couplings. In supersymmetry, they read:

λtt = −
1

λbb
=

1

tan β
. (51)

For the different types of 2HDM, the Yukawa couplings are summarized in Table 1.

At the NLO, the charged Higgs contributions can be written in the form [26]:

δC(1)
7 (µW ) = GH

7 (xtH±) + ∆H
7 (xtH±) ln

µ2
W

M2
H±

−
4

9
EH(xtH±) , (52)

δC(1)
8 (µW ) = GH

8 (xtH±) + ∆H
8 (xtH±) ln

µ2
W

M2
H±

−
1

6
EH(xtH±) , (53)

34

Type λUU λDD λLL

I cot β cot β cot β
II cot β − tan β − tan β
III cot β − tan β cot β
IV cot β cot β − tan β

Table 1: Yukawa couplings for the four types of 2HDM. U , D and L stand respectively for
the up-type quarks, the down-type quarks and the leptons.

C.2 Charged Higgs contributions

At the Leading Order, the relevant charged Higgs contributions to the Wilson coefficients
are given by [26]:

δCH(0)
7,8 (µW ) =

λ2
tt

3
F (1)

7,8 (xtH±) − λttλbbF
(2)
7,8 (xtH±) , (48)

where

xtH± =
m2

t (µW )

M2
H±

, (49)

and

F (1)
7 (x) =

x(7 − 5x − 8x2)

24(x − 1)3
+

x2(3x − 2)

4(x − 1)4
ln x ,

F (1)
8 (x) =

x(2 + 5x − x2)

8(x − 1)3
−

3x2

4(x − 1)4
ln x , (50)

F (2)
7 (x) =

x(3 − 5x)

12(x − 1)2
+

x(3x − 2)

6(x − 1)3
ln x ,

F (2)
8 (x) =

x(3 − x)

4(x − 1)2
−

x

2(x − 1)3
ln x .

λtt,λbb are the Yukawa couplings. In supersymmetry, they read:

λtt = −
1

λbb
=

1

tan β
. (51)

For the different types of 2HDM, the Yukawa couplings are summarized in Table 1.

At the NLO, the charged Higgs contributions can be written in the form [26]:

δC(1)
7 (µW ) = GH

7 (xtH±) + ∆H
7 (xtH±) ln

µ2
W

M2
H±

−
4

9
EH(xtH±) , (52)

δC(1)
8 (µW ) = GH

8 (xtH±) + ∆H
8 (xtH±) ln

µ2
W

M2
H±

−
1

6
EH(xtH±) , (53)

34

The	
  B	
  meson	
  decay	
  constant

|Vub|	
  :	
  from	
  indep.	
  measurements.
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B→τν	
  Measurements

The	
  clean	
  e+e-­‐	
  environment	
  makes	
  this	
  possible

53

Belle, B→ τ ν (Had) PRL110 131801 (2013) 
Belle, B→ τ ν (SL) PRD 92, 5, 051102 (2015)

6

(a) (a)

(b) (b)

(c) (c)

(d) (d)

(e) (e)

FIG. 2. Distributions for (a) ⌧+ ! µ+⌫̄⌧⌫µ, (b) ⌧
+ ! e+⌫̄⌧⌫e,

(c) ⌧+ ! ⇡+⌫̄⌧ , (d) ⌧+ ! ⇢+⌫̄⌧ , and (e) the sum of them.
The left and right columns show the distributions of EECL

and p⇤sig projected in the region EECL < 0.2 GeV, respec-
tively. The markers show the data distribution, the solid line
the total fitted distribution, and the dashed line the signal
component. The orange (red) filled distribution represents
the BB̄ (continuum) background.

originates from the error on the slope; the signal recon-
struction e�ciency; the branching fractions of the dom-
inant background decays peaking in the EECL signal re-
gion, e.g., B+ ! D̄

0
`

+
⌫` followed by D

0 ! KLKL or
D

0 ! KLKLKL; the correction of the tagging e�ciency,
obtained from the double-tagged samples and assumed to
be 100% correlated among the four ⌧ decay modes; and
the branching fractions of the ⌧ lepton. For branching
fractions of D mesons with multiple KL mesons in the

TABLE II. Signal yields and branching fractions, obtained
from fits for the ⌧ decay modes separately and combined.
Errors are statistical only.

Decay mode Nsig B(10�4)

⌧+ ! µ+⌫̄⌧⌫µ 13±21 0.34±0.55
⌧+ ! e+⌫̄⌧⌫e 47±25 0.90±0.47
⌧+ ! ⇡+⌫̄⌧ 57±21 1.82±0.68
⌧+ ! ⇢+⌫̄⌧ 119±33 2.16±0.60
Combined 222±50 1.25±0.28

TABLE III. List of systematic uncertainties.

Source Relative uncertainty (%)

Continuum description 14.1
Signal reconstruction e�ciency 0.6
Background branching fractions 3.1
E�ciency calibration 12.6
⌧ decay branching fractions 0.2
Histogram PDF shapes 8.5
Best candidate selection 0.4
Charged track reconstruction 0.4
⇡0 reconstruction 1.1
Particle identification 0.5
Charged track veto 1.9
Number of BB̄ pairs 1.4
Total 21.2

final state, we use the values for corresponding decays
with KS and take 50% of the value as the uncertainty.
To estimate the e↵ect of the uncertainty on the shape

of the histogram PDFs due to the statistical uncertainty
in the MC, the content of each bin is varied following a
Poisson distribution with the initial value as the mean.
This is repeated 1000 times and the standard deviation
of the distribution of branching fractions is taken as sys-
tematic uncertainty. For the systematic uncertainty re-
lated to the best-candidate selection, we repeat the fit
without applying this selection. The result is divided
by the average multiplicity of 1.07 and compared to the
nominal fit result. The uncertainties on the e�ciency
of the reconstruction of charged tracks and neutral pi-
ons and on the e�ciency of the particle identification
have been estimated using high-statistics control sam-
ples. The charged-track veto is tested using the D

0
⇡

+

double-tagged sample by comparing the number of addi-
tional charged tracks in MC and data events. We find
that it agrees well and so take the relative statistical un-
certainty on the control sample as the systematic un-
certainty. We also test an alternative description of the
continuum background in EECL by using a polynomial of
second order but the deviation is well covered by the re-
lated systematic uncertainty so we do not include it sep-
arately. The quadratic sum of all contributions is 21.2%.
We find evidence for B+ ! ⌧

+
⌫⌧ decays with a signifi-

cance of 3.8�, by convolving the likelihood profile with a
Gaussian whose width is equal to the systematic uncer-

Results B ! ⌧⌫, semileptonic tag

Result of new semileptonic tag measurement

B
�
B+ ! ⌧+⌫⌧

�
= (1.25± 0.28± 0.27)⇥ 10�4 3.8�

New combined Belle result

B
�
B+ ! ⌧+⌫⌧

�
= (0.91± 0.19± 0.11)⇥ 10�4 4.6�

P. Hamer (Uni Göttingen) Tree-level NP in B ! ⌧ at Belle EPS 2015 17 / 18

B→ τ ν (SL)
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NP	
  Fits	
  with	
  CKMFi"er
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L.	
  Pesantez,	
  PU,	
  CKMFitter,	
  2015

mH+	
  [GeV]

The	
  current	
  flavour	
  results	
  place	
  
stronger	
  constraints	
  than	
  direct	
  
searches	
  from	
  LHC	
  exps.

Belle	
  Ave. Belle	
  II

5	
  ab-­‐1 50	
  ab-­‐1

B→τν	
  	
  96(1±22%) 10% 3%

B→µν	
  	
   <1.7 20% 7%
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Most	
  curious	
  hint	
  of	
  NP	
  in	
  heavy	
  flavour

55

B→D(*)τν%
!  Also, tree level – BaBar result 
!  Similar to B-→τ-ν analysis 
!  Fully reconstruct 
one B, keep events with  
an additional D(*) plus 
an e- or µ-. 
!  Signal is wide,  
background, especially  
D**l ν, needs careful estimation 

HPCSS14, August, 2014! 34 

mmiss
2 > 1GeV

b W , H  ?- e  or μ 

}c ν 
q q D, or D*

τ

-
 ν  ν τ 
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B→D(*)τν at Belle  

● Reconstruct one B in Υ(4S)→BB event
– Either hadronic (PR D92 (2015) 072014) or semileptonic 

(arXiv:1603.06711) decay mode 
● First application of semileptonic tagging for B →D(*)τν

– Look for signal in the recoil

 PR D92 (2015) 072014
&  arXiv:1603.06711

Tim Gershon
Precision measurements

NN > 0.8

R(D*) = 0.302 ± 0.030 ± 0.011MIAPP	
  Workshop Phillip	
  URQUIJO 56

R(D(*))	
  =	
  BR(B	
  →	
  D(*)	
  τ	
  ν)/BR	
  (B	
  →	
  D(*)	
  µ	
  ν)
Babar,	
  Phys.Rev.D	
  88,	
  072012	
  (2013)	
  
Belle,	
  Phys.Rev.D	
  92,	
  072014	
  (2015)	
  
Belle,	
  [arXiv:1603.06711]	
  
LHCb,	
  PRL.115,111803	
  (2015)

• Reconstruct	
  one	
  B	
  in	
  Υ(4S)→BB	
  event	
  	
  
• Either	
  hadronic	
  (PR	
  D92	
  (2015)	
  072014)	
  or	
  semileptonic	
  (arXiv:
1603.06711)	
  decay	
  mode	
  	
  

• First	
  applicaIon	
  of	
  semileptonic	
  tagging	
  for	
  B	
  →D(*)τν	
  	
  
• Look	
  for	
  signal	
  in	
  the	
  recoil,	
  B→D*τν,	
  D*	
  →	
  Dπ,	
  D→many,	
  τ→lνν,

  45

B→D(*)τν at Belle  

● Reconstruct one B in Υ(4S)→BB event
– Either hadronic (PR D92 (2015) 072014) or semileptonic 

(arXiv:1603.06711) decay mode 
● First application of semileptonic tagging for B →D(*)τν

– Look for signal in the recoil

 PR D92 (2015) 072014
&  arXiv:1603.06711

Tim Gershon
Precision measurements

NN > 0.8

R(D*) = 0.302 ± 0.030 ± 0.011
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•IdenIfy	
  B→D*τν,	
  D*	
  →	
  Dπ,	
  D→Kπ,	
  τ→μνν	
  

•Assume	
  pB,z	
  =	
  (pD*	
  +	
  pμ)z	
  to	
  calculate	
  Mmiss2	
  =	
  (pB	
  –	
  pD*	
  –	
  pμ)2	
  

•Require	
  significant	
  B,	
  D,	
  τ	
  flight	
  distances,	
  fit	
  in	
  Mmiss2,	
  q2	
  and	
  Eμ

57

Babar,	
  Phys.Rev.D	
  88,	
  072012	
  (2013)	
  
Belle,	
  Phys.Rev.D	
  92,	
  072014	
  (2015)	
  
Belle,	
  [arXiv:1603.06711]	
  
LHCb,	
  PRL.115,111803	
  (2015)

R(D(*))	
  @	
  LHCb

The binned m2
miss, E

!
μ, and q2 distributions in data are fit

using a maximum likelihood method with three dimensional
templates representing the signal, the normalization and the
background sources. To avoid bias, the procedure is devel-
oped and finalized without knowledge of the resulting value
of RðD!Þ. The templates extend over the kinematic region

−2 < m2
miss < 10 GeV2=c4 in 40 bins, 100 < E!

μ <
2500 MeV in 30 bins, and −0.4 < q2 < 12.6 GeV2=c4 in
4 bins. The fit extracts the relative contributions of signal and
normalization modes and their form factors; the relative
yields of each of the B̄ → D!!ð→ D!þπÞμν and their form
factors; the relative yields of B̄0

s → D!!
s

þð→ D!þK0
SÞμ−ν̄μ
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FIG. 1 (color online). Distributions of m2
miss (left) and E

!
μ (right) of the four q2 bins of the signal data, overlaid with projections of the

fit model with all normalization and shape parameters at their best-fit values. Below each panel differences between the data and fit are
shown, normalized by the Poisson uncertainty in the data. The bands give the 1σ template uncertainties.

PRL 115, 111803 (2015) P HY S I CA L R EV I EW LE T T ER S
week ending

11 SEPTEMBER 2015

111803-4
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B→D*τν at LHCb  
● Identify B→D*τν, D* → Dπ, D→Kπ, τ→μνν

– Similar kinematic reconstruction to Λb→pμν
● Assume pB,z = (pD* + pμ)z to calculate Mmiss

2 = (pB – pD* – pμ)2

– Require significant B, D, τ flight distances & use isolation MVA
● Separate signal from background by fitting in Mmiss

2, q2 and Eμ

– Shown below high q2 region only (best signal sensitivity)

PRL 115 (2015) 112001

R(D*) = 0.336 ± 0.027 ± 0.030
Tim Gershon

Precision measurements
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We	
  need	
  more	
  data!	
  (more	
  to	
  come	
  from	
  Belle)
HFAG	
  Winter	
  2016

4.0	
  σ	
  above	
  SM!	
  
Inconsistent	
  with	
  a	
  Type	
  II	
  
2-­‐Higgs	
  Doublet	
  Model…
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Belle II

We	
  need	
  more	
  data!	
  (more	
  to	
  come	
  from	
  Belle)
HFAG	
  Winter	
  2016

4.0	
  σ	
  above	
  SM!	
  
Inconsistent	
  with	
  a	
  Type	
  II	
  
2-­‐Higgs	
  Doublet	
  Model…
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Result for the angular observable P 0
5

S. Wehle | DESY | LHC Ski 2016, 14.04.2016 | Page 12/15
Intoduction Angular Analysis Result

• P5’	
  anomaly	
  >	
  3.5	
  σ	
  (Belle	
  +	
  LHCb)	
  

• Analysis	
  of	
  longitudinal	
  and	
  transverse	
  polarisaIon.	
  

Belle,	
  arXiv:1604.04042	
  
Babar,	
  JHEP	
  1602	
  (2016)	
  104Reconstruction of B0 ! K⇤0`+`�

Multivariate approach

I Neural networks for identifying all primary
particles and K⇤

I K⇤ is reconstructed in K⇤(892)0 ! K+⇡�

I Neural networks for signal selection (one for each
B decay channel)

I Signal is identified in the beam constrained mass

Mbc ⌘
q

E 2
Beam � |~pB |2

We find:
117.6 ± 12.4 signal candidates for B0 ! K⇤(892)0µ+µ�

69.4 ± 12.0 for B0 ! K⇤(892)0e+e�
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Electron mode

Muon mode
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Tension with SM in the P
5
' observable

● Dimuon pair is predominantly spin-1

– either vector (V) or axial-vector (A)

● There are 6 non-negligible amplitudes

– 3 for VV and 3 for VA (K*0μ+μ–)

– expressed as AL,R
0,┴,║ (transversity basis)

● P5' related to difference between relative phase of longitudinal (0) 
and perpendicularly (┴) polarised amplitudes for VV and VA

– constructed so as to minimise form-factor uncertainties

Sensitive to NP in V or A couplings (Wilson coefficients C
9

(') & C
10

('))

JHEP 02 (2016) 104

Tim Gershon
Precision measurements

Reconstruction of B0 ! K⇤0`+`�

Multivariate approach

I Neural networks for identifying all primary
particles and K⇤

I K⇤ is reconstructed in K⇤(892)0 ! K+⇡�

I Neural networks for signal selection (one for each
B decay channel)

I Signal is identified in the beam constrained mass

Mbc ⌘
q

E 2
Beam � |~pB |2

We find:
117.6 ± 12.4 signal candidates for B0 ! K⇤(892)0µ+µ�

69.4 ± 12.0 for B0 ! K⇤(892)0e+e�
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Electron mode

Muon mode

Belle

Belle

Need	
  Belle	
  II	
  to	
  test	
  it	
  in	
  inclusive	
  decays!
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Table 1.2: Expected errors on several selected flavour observables with an integrated luminosity of 5 ab�1 and
50 ab�1 of Belle II data. The current results from Belle, or from BaBar where relevant (denoted with a †) are also
given. Items marked with a ‡ are estimates based on similar measurements. Errors given in % represent relative
errors.

Observables Belle Belle II
(2014) 5 ab�1 50 ab�1

UT angles sin 2� 0.667 ± 0.023 ± 0.012 [64] 0.012 0.008
↵ [�] 85 ± 4 (Belle+BaBar) [24] 2 1
� [�] 68 ± 14 [13] 6 1.5

Gluonic penguins S(B ! �K

0) 0.90+0.09
�0.19 [19] 0.053 0.018

S(B ! ⌘

0
K

0) 0.68 ± 0.07 ± 0.03 [65] 0.028 0.011
S(B ! K

0

SK

0

SK

0

S) 0.30 ± 0.32 ± 0.08 [17] 0.100 0.033
A(B ! K

0

⇡

0) �0.05 ± 0.14 ± 0.05 [66] 0.07 0.04

UT sides |Vcb| incl. 41.6 · 10�3(1 ± 1.8%) [8] 1.2%
|Vcb| excl. 37.5 · 10�3(1 ± 3.0%

ex. ± 2.7%
th.) [10] 1.8% 1.4%

|Vub| incl. 4.47 · 10�3(1 ± 6.0%
ex. ± 2.5%

th.) [5] 3.4% 3.0%
|Vub| excl. (had. tag.) 3.52 · 10�3(1 ± 8.2%) [7] 4.7% 2.4%

Missing E decays B(B ! ⌧⌫) [10�6] 96(1 ± 27%) [26] 10% 5%
B(B ! µ⌫) [10�6] < 1.7 [67] 20% 7%
R(B ! D⌧⌫) 0.440(1 ± 16.5%) [29]† 5.6% 3.4%
R(B ! D

⇤
⌧⌫)† 0.332(1 ± 9.0%) [29]† 3.2% 2.1%

B(B ! K

⇤+
⌫⌫) [10�6] < 40 [30] < 15 30%

B(B ! K

+

⌫⌫) [10�6] < 55 [30] < 21 30%

Rad. & EW penguins B(B ! Xs�) 3.45 · 10�4(1 ± 4.3% ± 11.6%) 7% 6%
ACP (B ! Xs,d�) [10�2] 2.2 ± 4.0 ± 0.8 [68] 1 0.5
S(B ! K

0

S⇡

0

�) �0.10 ± 0.31 ± 0.07 [20] 0.11 0.035
S(B ! ⇢�) �0.83 ± 0.65 ± 0.18 [21] 0.23 0.07
C

7

/C

9

(B ! Xs``) ⇠20% [36] 10% 5%
B(Bs ! ��) [10�6] < 8.7 [42] 0.3 �
B(Bs ! ⌧⌧) [10�3] � < 2 [44]‡ �

13

PU, j.nuclphysbps 263–264 (2015) 15–23
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Golden	
  modes:	
  D	
  and	
  Tau	
  physics

61

Table 1.3: Continued from previous page
Observables Belle Belle II

(2014) 5 ab�1 50 ab�1

Charm Rare B(Ds ! µ⌫) 5.31 · 10�3(1 ± 5.3% ± 3.8%) [46] 2.9% 0.9%
B(Ds ! ⌧⌫) 5.70 · 10�3(1 ± 3.7% ± 5.4%) [46] 3.5% 2.3%
B(D0 ! ��) [10�6] < 1.5 [49] 30% 25%

Charm CP ACP (D0 ! K

+

K

�) [10�2] �0.32 ± 0.21 ± 0.09 [69] 0.11 0.06
ACP (D0 ! ⇡

0

⇡

0) [10�2] �0.03 ± 0.64 ± 0.10 [70] 0.29 0.09
ACP (D0 ! K

0

S⇡

0) [10�2] �0.21 ± 0.16 ± 0.09 [70] 0.08 0.03

Charm Mixing x(D0 ! K

0

S⇡

+

⇡

�) [10�2] 0.56 ± 0.19 ± 0.07
0.13 [52] 0.14 0.11

y(D0 ! K

0

S⇡

+

⇡

�) [10�2] 0.30 ± 0.15 ± 0.05
0.08 [52] 0.08 0.05

|q/p|(D0 ! K

0

S⇡

+

⇡

�) 0.90 ± 0.16
0.15 ± 0.08

0.06 [52] 0.10 0.07
�(D0 ! K

0

S⇡

+

⇡

�) [�] �6 ± 11 ± 4

5

[52] 6 4

Tau ⌧ ! µ� [10�9] < 45 [71] < 14.7 < 4.7
⌧ ! e� [10�9] < 120 [71] < 39 < 12
⌧ ! µµµ [10�9] < 21.0 [72] < 3.0 < 0.3

14

PU, j.nuclphysbps 263–264 (2015) 15–23



• CP	
  Violation	
  measurements	
  are	
  a	
  key	
  driver	
  of	
  the	
  heavy	
  flavour	
  program.	
  	
  

• ~10%	
  (CP-­‐violating)	
  amplitude	
  of	
  NP	
  still	
  open.	
  

• Very	
  curious	
  anomalies	
  in	
  rare	
  decays	
  hint	
  at	
  charged	
  Higgs-­‐like,	
  and	
  possibly	
  
left-­‐right	
  symmetry.	
  

• SuperKEKB	
  has	
  been	
  brought	
  to	
  life	
  -­‐	
  first	
  turns	
  occurred	
  in	
  February.	
  Current	
  
now	
  almost	
  1	
  Amp!	
  See	
  C.	
  Kiesling’s	
  talk.	
  

• Rich	
  physics	
  programs	
  at	
  SuperKEKB/Belle	
  II	
  and	
  LHCb	
  upgrades.	
  

• 50	
  ×	
  integrated	
  luminosity	
  @	
  Belle	
  II	
  

• New	
  sources	
  of	
  CPV,	
  New	
  gauge	
  bosons,	
  Lepton	
  Flavour	
  Violation,	
  Dark	
  
Sectors.	
  

• Numerous	
  anomalies	
  to	
  probe	
  with	
  the	
  first	
  5	
  ab-­‐1.	
  

• Belle	
  II	
  Theory	
  Interface	
  Platform	
  -­‐	
  2	
  workshops	
  per	
  year 
https://belle2.cc.kek.jp/~twiki/bin/view/B2TiP
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Summary

62

https://belle2.cc.kek.jp/~twiki/bin/view/B2TiP
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Belle	
  II	
  at	
  the	
  e+e-­‐	
  intensity	
  fronIer:	
  @509	
  MHz

65

40 times higher 
luminosity

1036

KEKB

PEP-II

     

65

Lu
m
in
os
ity

	
  (c
m

-­‐2
	
  s-­‐

1 )



P.	
  Urquijo,	
  ANU	
  Physics	
  Seminar,	
  Belle	
  II	
  Physics

e-­‐	
  2.6	
  A

e+	
  3.6	
  A

To obtain x40 higher luminosity

Colliding	
  bunches

Damping	
  ring

Low	
  emittance	
  gun

Positron	
  source

New	
  beam	
  pipe	
  
&	
  bellows

Belle	
  II

New	
  IR

Redesign	
  the	
  lattices	
  of	
  HER	
  &	
  LER	
  to	
  
squeeze	
  the	
  emittance	
  

Add	
  /	
  modify	
  RF	
  systems	
  for	
  
higher	
  beam	
  current

New	
  positron	
  target	
  /	
  capture	
  
section

New	
  superconducting	
  /permanent	
  
final	
  focusing	
  	
  
quads	
  near	
  the	
  IP

Low	
  emittance	
  electrons	
  to	
  
inject

Low	
  emittance	
  positrons	
  to	
  
inject

66

KEKB to SuperKEKB
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SuperKEKB	
  near	
  Belle	
  II	
  collision	
  region,	
  Late	
  2015

67
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Feb	
  2016	
  News:	
  First	
  Turns	
  at	
  SuperKEKB	
  (4	
  GeV	
  e+’s	
  and	
  7	
  GeV	
  e-­‐’s)

First	
  new	
  particle	
  collider	
  since	
  the	
  LHC	
  (intensity	
  frontier	
  rather	
  than	
  
energy	
  frontier;	
  e+	
  e-­‐	
  rather	
  than	
  p	
  p)

May	
  23,	
  2016	
  	
  (LER	
  beam	
  current	
  at	
  790	
  mA,	
  HER	
  at	
  730	
  mA)
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KEKB	
  
Design

KEKB	
  Achieved	
  
:	
  with	
  crab

SuperKEKB	
  
Nano-­‐Beam	
  

Energy	
  (GeV)	
  (LER/HER) 3.5/8.0 3.5/8.0 4.0/7.0

	
  βy	
  *	
  (mm) 10/10 5.9/5.9	
   0.27/0.30

	
  βx	
  *	
  (mm) 330/330 1200/1200	
   32/25

	
  εx	
  (nm) 18/18 18/24 3.2/5.3

	
  εy	
  	
  /εx	
  	
  (%) 1 0.85/0.64 0.27/0.24

	
  σy(mm) 1.9 0.94	
   0.048/0.062

	
  	
  σx(cm) 0.052 0.129/0.090	
   	
  0.09/0.081

	
  	
  σz	
  (mm) 4 6	
  -­‐	
  7 6/5

Ibeam	
  (A) 2.6/1.1 1.64/1.19 3.6/2.6

Nbunches 5000 1584 2500

Luminosity	
  (1034	
  cm-­‐2	
  s-­‐1) 1 2.11	
   80

Compare	
  the	
  Parameters	
  for	
  KEKB	
  and	
  SuperKEKB

Nano-­‐beams	
  are	
  the	
  key	
  (vertical	
  spot	
  size	
  is	
  ~50nm	
  !!)	
  
69
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Belle	
  II	
  Mission

71

Builds	
  on	
  2008	
  Nobel	
  Prize	
  success,	
  M	
  Kobayashi	
  and	
  T	
  Maskawa	
  "for	
  the	
  
discovery	
  of	
  the	
  origin	
  of	
  the	
  broken	
  symmetry	
  which	
  predicts	
  the	
  existence	
  
of	
  at	
  least	
  three	
  families	
  of	
  quarks	
  in	
  nature”.	
  →	
  Belle	
  experiment	
  credited	
  

To search for new phenomena that may solve the missing antimatter puzzle
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The	
  case	
  for	
  new	
  physics	
  manifesIng	
  in	
  Belle	
  II

72

Issues	
  (addressable	
  at	
  a	
  Flavour	
  factory)	
  

• Baryon	
  asymmetry	
  in	
  cosmology	
    
→	
  New	
  sources	
  of	
  CPV	
  in	
  quarks	
  and	
  charged	
  leptons	
  

• Finite	
  neutrino	
  masses 
→	
  Tau	
  LFV.	
  

• Quark	
  and	
  Lepton	
  flavour	
  &	
  mass	
  hierarchy 
→	
  higher	
  symmetry,	
  massive	
  new	
  particles,	
  extended	
  gauge	
  
sector	
  

• 19	
  free	
  parameters  
→	
  Extensions	
  of	
  SM	
  relate	
  some,	
  (GUTs)	
  

• +	
  Puzzling	
  nature	
  of	
  exotic	
  “new”	
  QCD	
  states.

→ NP beyond the direct 
reach of the LHC
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Generic	
  Bounds	
  on	
  New	
  Phenomena

•Ways	
  out	
  

1.New	
  parIcles	
  have	
  
masses	
  ≫	
  1	
  TeV	
  

2.New	
  parIcles	
  /	
  
degenerate	
  masses	
  

3.Mixing	
  angles	
  are	
  
small

•Flavor Structure in the SM and Beyond

�
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V
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]
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Generic bounds without a flavor symmetry

Flavor Structure in the SM and Beyond
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Belle	
  II	
  Detector

75

electrons	
  	
  (7GeV)

positrons	
  (4GeV)

KL	
  and	
  muon	
  detector	
  
Resistive	
  Plate	
  Counter	
  (barrel	
  outer	
  layers)	
  
Scintillator	
  +	
  WLSF	
  +	
  MPPC	
  (end-­‐caps	
  ,	
  inner	
  2	
  barrel	
  
layers)

Particle	
  Identification	
  	
  
Time-­‐of-­‐Propagation	
  counter	
  (barrel)	
  
Prox.	
  focusing	
  Aerogel	
  RICH	
  (forward)	
  
Fake	
  rate	
  >2	
  x	
  lower	
  than	
  in	
  Belle

Central	
  Drift	
  Chamber	
  
Smaller	
  cell	
  size,	
  long	
  lever	
  arm

EM	
  Calorimeter	
  
CsI(Tl),	
  waveform	
  sampling	
  electronics	
  (barrel)	
  
Pure	
  CsI	
  +	
  waveform	
  sampling	
  (end-­‐caps)	
  later

Vertex	
  Detector	
  
2	
  layers	
  Si	
  Pixels	
  (DEPFET)	
  +	
    
4	
  layers	
  Si	
  double	
  sided	
  strip	
  DSSD

Belle	
  II	
  TDR,	
  arXiv:1011.0352

[600+	
  collaborators,	
  99	
  insItutes,	
  23	
  naIons]
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Belle	
  II	
  Detector

75

electrons	
  	
  (7GeV)

positrons	
  (4GeV)

KL	
  and	
  muon	
  detector	
  
Resistive	
  Plate	
  Counter	
  (barrel	
  outer	
  layers)	
  
Scintillator	
  +	
  WLSF	
  +	
  MPPC	
  (end-­‐caps	
  ,	
  inner	
  2	
  barrel	
  
layers)

Particle	
  Identification	
  	
  
Time-­‐of-­‐Propagation	
  counter	
  (barrel)	
  
Prox.	
  focusing	
  Aerogel	
  RICH	
  (forward)	
  
Fake	
  rate	
  >2	
  x	
  lower	
  than	
  in	
  Belle

Central	
  Drift	
  Chamber	
  
Smaller	
  cell	
  size,	
  long	
  lever	
  arm

EM	
  Calorimeter	
  
CsI(Tl),	
  waveform	
  sampling	
  electronics	
  (barrel)	
  
Pure	
  CsI	
  +	
  waveform	
  sampling	
  (end-­‐caps)	
  later

Vertex	
  Detector	
  
2	
  layers	
  Si	
  Pixels	
  (DEPFET)	
  +	
    
4	
  layers	
  Si	
  double	
  sided	
  strip	
  DSSD

Belle	
  II	
  TDR,	
  arXiv:1011.0352

The 20th KEKB Accelerator Review Committee, 2015 Feb. 23-25

KL Muon Detector

16

End-cap KLM installation completed 
in 2014 July. 

Barrel KLM already done in 2013.

EM Calorimeter
Turn on new 2MHz waveform 
electronics + new trigger boards.

DAQ integration going on !
Cosmic signal !

Nice work by both of sub-
detector and DAQ groups

φ

θ
ECL

cosmic

[600+	
  collaborators,	
  99	
  insItutes,	
  23	
  naIons]
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Time-­‐of-­‐Propagation(TOP)	
  Detector

76

Belle

Belle II

TOP	
  +	
  ARICH	
  PID

Belle II MC 
Preliminary

Barrel PID: Time of Propagation Counter (TOP)

Quartz radiator
Focusing mirrormeasure t, x and y

5th KEK Flavor Factory Workshop, KEK-FF, 2015 October 26

Particle Identification Devices

21

quartz radiator

MCP-PMT+expansion block

Barrel : Time-of-Propagation (TOP) counter

Aerogel 

Hamamatsu-HAPD-
Q.E.-~33%-(recent-good-ones) 

Test Beam setup 

End-cap : Ring Imaging Cherenkov counter 
with Aerogel radiator (ARICH)

Two layer aerogel 
radiator
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Time-­‐of-­‐Propagation(TOP)	
  Detector
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Belle

Belle II

TOP	
  +	
  ARICH	
  PID

Belle II MC 
Preliminary

Barrel PID: Time of Propagation Counter (TOP)

Quartz radiator
Focusing mirrormeasure t, x and y
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Particle Identification Devices

21

quartz radiator

MCP-PMT+expansion block

Barrel : Time-of-Propagation (TOP) counter

Aerogel 

Hamamatsu-HAPD-
Q.E.-~33%-(recent-good-ones) 

Test Beam setup 

End-cap : Ring Imaging Cherenkov counter 
with Aerogel radiator (ARICH)

Two layer aerogel 
radiator
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1st	
  Time	
  of	
  PropagaIon	
  Detector	
  delivered	
  to	
  Tsukuba	
  Hall,	
  Jan	
  2016

77
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Feb:	
  1st	
  TOP	
  bar

78
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Feb:	
  1st	
  TOP	
  bar

78

May:	
  fully	
  installed!



17/03/15 Belle II - physics meeting 3

SVD-layers shift yields better reconstruction?

● Since Belle2 has 4 SVD-layers instead of 2 the positions towards the Belle1 layers are further 
away from the beampipe now. This should increase the fraction of Ks decaying inside these 
layers. Hence their daughtertracks travel through them and can be reconstructed using 
trackHits. 

Position of second outermost layer (fraction): 7cm → 11.5cm  (56% → 70%) 

Position of outermost layer (fraction):              8.8cm → 14cm (62% → 74%)

Greater	
  outer	
  
radius	
  enhances	
  Ks	
  
acceptance
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Silicon	
  Vertex	
  Detector

79

Ladders

End rings

Carbon fiber 
(CF) cone End flange

PXD  
(inside SVD à individual sub-detector)

Outer CF shell

Beam pipe

Some of Our Reference Plots

12

σ(d0) β pt Sin3/2 θ / (13.6MeV/c) vs pt

✦ Impact parameters resolutions are as good as 
expected when the PXD hits are correctly assigned 

✦ Transverse momentum resolution still needs some 
work  on the low momentum range

0 0.5 1 1.5 2 2.5 3 3.5 4

-210

Momentum resolution

•reference finder (still with PXD bug )
•MC ideal finder
•realistic finder ( w/o PXD )

Resolution	
  much	
  
better	
  than	
  
Belle&Babar



MIAPP	
  Workshop Phillip	
  URQUIJO

SVD	
  L3	
  ConstrucIon	
  &	
  Mechanical	
  test	
  with	
  close-­‐to-­‐final	
  parts

80
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April	
  2016:	
  2	
  full-­‐sized	
  Belle	
  II	
  pixel	
  modules	
  at	
  DESY

Test	
  full-­‐sized	
  	
  PXD	
  modules	
  in	
  a	
  
beam.

Test	
  the	
  integrated	
  PXD-­‐SVD	
  system.	
  This	
  
includes	
  ROI	
  (region	
  of	
  interest)	
  
extrapolation	
  from	
  the	
  SVD	
  tracker	
  to	
  
the	
  PXD,	
  which	
  is	
  needed	
  to	
  reduce	
  the	
  
large	
  data	
  volume.

Working	
  examples	
  of	
  L3,	
  L4,	
  L5,	
  L6	
  SVD	
  ladders
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CDC

82

The 20th KEKB Accelerator Review Committee, 2015 Feb. 23-25

Central Drift Chamber (CDC)
• Hardware work almost completed. 
• Wire stringing done in 2014 January. 
• Gas leak check, tension measurements etc. 
• Cabling

21

HV cabling

Wire	
  chamber	
  built.	
  Installing	
  electronics

5th KEK Flavor Factory Workshop, KEK-FF, 2015 October 26 31

FWD BWD

LV power supply

FE x 18

56 ch read out

Installation of FE boards and cosmic ray test in progress !

Central Drift Chamber

iseg HV module

Nucl.Instrum.Meth. A735 (2014) 193-197 

5th KEK Flavor Factory Workshop, KEK-FF, 2015 October 26 31

FWD BWD

LV power supply

FE x 18

56 ch read out

Installation of FE boards and cosmic ray test in progress !

Central Drift Chamber

iseg HV module

Nucl.Instrum.Meth. A735 (2014) 193-197 

Installation	
  of	
  FE	
  boards	
  and	
  cosmic	
  ray	
  tests	
  in	
  progress

Moved	
  to	
  main	
  experimental	
  hall	
  in	
  Jan	
  2015	
  
DAQ	
  cosmic	
  tests	
  ongoing.
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Installation	
  of	
  FE	
  boards	
  and	
  cosmic	
  ray	
  tests	
  in	
  progress

Moved	
  to	
  main	
  experimental	
  hall	
  in	
  Jan	
  2015	
  
DAQ	
  cosmic	
  tests	
  ongoing.
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Trigger	
  &	
  dataset
•HLT	
  output	
  esImated	
  to	
  be	
  ~11	
  nb	
  	
  =	
  11	
  kHz	
  at	
  nominal	
  luminosity	
  .	
  

• Largest	
  dataset	
  in	
  parIcle	
  physics	
  outside	
  of	
  LHC.

83

Trigger	
  Hut,	
  KEK,	
  C-­‐H	
  Li	
  (UniMelb)

Computing @ Belle II

The 100-fold increase in collected data
poses challenges to the computing, net-
work and software

The data processing will be performed
distributed on grid sites

The DIRAC grid system is used to man-
age grid sites, jobs and data

https://indico.cern.ch/event/304944/session/15/contribution/550

Thomas Hauth for the Belle II Collaboration – The Belle II Experiment:ROOT 6 at the High-intensity Frontier 18. September 2015 4/19
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Belle	
  II	
  Schedule	
  

84

When	
  do	
  we	
  start	
  Belle	
  II	
  ?

QCSL	
  at	
  KEK,	
  Dec	
  2015
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Belle	
  II	
  Schedule	
  

84

BEAST	
  PHASE	
  I:	
  Started	
  in	
  Feb	
  
2016	
  (Belle	
  II	
  roll-­‐in	
  at	
  the	
  end	
  of	
  
the	
  year)
BEAST	
  PHASE	
  II:	
  Starts	
  	
  in	
  Nov	
  
2017	
  [first	
  collisions,	
  limited	
  
physics	
  without	
  vertex	
  detectors]
Belle	
  II	
  Physics	
  Running:	
  Late	
  
2018	
  [vertex	
  detectors	
  in]
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Strengths	
  of	
  e+e-­‐	
  @	
  Y(4S)
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Strengths$of$Belle$II
Full reconstruction of B  
* modes w/ multiple ν’s 
* inclusive measurements 
Hermeticity  
* minimal trigger for, e.g. Dalitz analysis 
* precision τ measurements 
Neutral particles 
* and for η, η!, ρ+, etc.   
other notable features 
* good PID for both μ± and e± 
* high flavor-tagging efficiency  

! (×15&better&than&LHC)
10

⇡0,K0
S ,K

0
L

Belle&II&covering&≳90%&of&4π,&&
and&⟨N(track)⟩&~&10&per&event

0.910 ' 0.35

• Unique	
  capabilities	
  of	
  Belle	
  II:	
  

• Exactly	
  2	
  B	
  mesons	
  produced	
  (at	
  Υ(4S))	
  

• High	
  flavour	
  tagging	
  efficiency.	
  
• B	
  full-­‐reconstruction	
  tagging	
  with	
  precise	
  
initial	
  interaction	
  kinematics.	
  

• Detection	
  of	
  photons,	
  π0,	
  ρ±,	
  η(‘),	
  KL	
  

• Clean	
  (“see”	
  decays	
  with	
  several	
  
neutrinos).	
  

PID	
  &	
  Tracking	
  will	
  be	
  MUCH	
  better
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“Missing	
  Energy	
  Decay”	
  in	
  a	
  Belle	
  II	
  GEANT4	
  MC	
  simulation

Zoomed	
  view	
  of	
  the	
  vertex	
  
region	
  in	
  r-­‐-­‐phi

Signal	
  B→	
  K	
  ν	
  ν	
  	
  	
  	
  	
  	
  tag	
  mode:	
  B→	
  Dπ;	
  D→	
  Kπ
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View	
  in	
  r-­‐z

➔Belle	
  II	
  Software	
  is	
  in	
  a	
  fairly	
  advanced	
  state
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The	
  CKMfi"er	
  group

Jérôme Charles Theory CPT Marseille (FR)

Olivier Deschamps LHCb LPC Clermont-Ferrand (FR)

Sébastien Descotes-Genon Theory LPT Orsay (FR)

Ryosuke Itoh Belle/Belle II KEK Tsukuba (JP)

Heiko Lacker ATLAS/BABAR Humboldt-Universität Berlin (DE)

Evan Machefer LHCb LPC Clermont-Ferrand (FR)

Andreas Menzel ATLAS Humboldt-Universität Berlin (DE)

Stéphane Monteil LHCb LPC Clermont-Ferrand (FR)

Valentin Niess LHCb LPC Clermont-Ferrand (FR)

José Ocariz ATLAS/BABAR LPNHE Paris (FR)

Jean Orloff Theory LPC Clermont-Ferrand (FR)

Alejandro Perez BABAR IPHC Strasbourg (FR)

Wenbin Qian LHCb LAPP Annecy-Le-Vieux (FR)

Vincent Tisserand LHCb/BABAR LAPP Annecy-Le-Vieux (FR)

Karim Trabelsi Belle/Belle II KEK Tsukuba (JP)

PU Belle/Belle II U. of Melbourne (AU)

Luiz Vale Silva Theory LPT Orsay (FR)

• More results on http://ckmfitter.in2p3.fr
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http://ckmfitter.in2p3.fr
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CKMfi"er	
  Methodology

•Global	
  fit	
  to	
  CKM	
  parameters	
  q	
  =	
  (A,λ,ρ	
  ,̄η	
  .̄..)	
  	
  

•Use	
  FrequenIst	
  approach	
  to	
  build	
  (p-­‐value)	
  funcIons	
  

•In	
  the	
  case	
  of	
  Gaussian	
  (Experimental)	
  uncertainIes	
  

•EsImator	
  qˆ	
  maximum	
  likelihood:	
  	
  

•χ2(qˆ)	
  =	
  minq	
  χ2(q)	
  

•Confidence	
  level	
  for	
  a	
  given	
  q0	
  obtained	
  from	
  ∆χ2(q0)	
  =	
  χ2(q0)	
  −	
  minq	
  χ2(q)	
  

•Dedicated	
  RFit	
  scheme	
  for	
  the	
  treatment	
  of	
  theoreIcal	
  systemaIcs.	
  TheoreIcal	
  
systemaIcs	
  are	
  considered	
  as	
  addiIonal	
  nuisance	
  parameters.
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Methodology

■Global fit to CKM parameters
+ Use Frequentist Hypothesis testing to
build statistical significance (p-value)
functions from which estimates and
confidence intervals are obtained; test
statistic = Maximum Likelihood Ratio ='F2.

+ Dedicated RFit scheme for the treatment
of theoretical systematics. Theoretical
systematics are considered as additional
nuisance parameters .

3

■ data = weak � QCD � need for hadronic
inputs; often LQCD with our own averaging
scheme (OOA), following an algorithmic
scheme with an ‘Educated RFit’ approach.

xNx '�� ]1,0[VP

Illustrative Rfit example
black: Gaussian+flat pdf for syst, red: RFit

Parameter

Gaussian
stat. error

Observation Systematic
bounded in [-';' ]

Statistical framework

q = (A, �, ⇢̄, ⌘̄ . . .) to be determined
O

exp

experimental values of the observables
O

th

(q) theoretical description in a model

In case of experimental (Gaussian) uncertainties, likelihoods and �2

L(q) =
Y

O
LO(q) �2(q) = �2 lnL(q) =

X

O

✓O
th

(q)�O
exp

�O

◆2

Estimator q̂ maximum likelood: �2(q̂) = minq �2(q)

Confidence level for a given q0 (p-value for q = q0) obtained from
��2(q0) = �2(q0)�minq �2(q) (distributed like �2 law of dim(q))

What to do in the case of systematic uncertainties,
which stand out of this picture ?

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 8

Rfit scheme

: Treatment of systematics within the Rfit scheme
�2 with flat bottom (syst) and parabolic walls (stat)
corresponding likelihood L = exp(��2/2)
all values within range of syst treated on the same footing

-5 5

2

4

6

8

c2

Sébastien Descotes-Genon (LPT-Orsay) CKM fits and lattice 15/09/10 9
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BELLEII precision - WA data

CKM
f i t t e r

2015

2015	
  +	
  Belle	
  II	
  (only)	
  50ab-­‐1

Preliminary

Unitarity	
  Triangle


