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The big picture  
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Understanding the Higgs"

•  W/Z: seem to understand the mass generation"
•  Fermions: picture unclear!
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ūi
L

�µd i

L

! 1p
2
ūi
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is called the Cabibbo-Kobayashi-Maskawa mixing matrix.

Nicolas Kaiser () Yukawa coupling and the CKM-Matrix November 23, 2010 18 / 25

Ø  mass generation? !

Ø  flavor mixing? ! 3 



Quark mixing in the SM"

Patricia Ball

But CP IS violated!

CP violation in K decays known since 1964; observed in B decays in
1999.

Origin in SM: Yukawa interactions:

LSM = LG(ψ, W,φ) + LH(φ) + LY (ψ,φ)
︸ ︷︷ ︸ ︸ ︷︷ ︸ ︸ ︷︷ ︸

kinetic
energy +
gauge IA

Higgs potential
→ spontaneous
symmetry
breaking

Yukawa IA
→ fermion
masses

︸ ︷︷ ︸ ︸ ︷︷ ︸

gauge sector scalar sector

▽ – p.2

SM interactions are governed by Yukawa couplings to the Higgs 
field and the weak force. 
Electroweak symmetry breaking & diagonalization of Yukawa 
(mass matrix) gives rise to CKM matrix. 

 

 

 

  CKM theory is highly predictive (a huge range of phenomena 
with only 4 parameters) 

  CKM matrix is hierarchical (quark masses) 
  CP violation accommodated by a single complex phase 
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L.Wolfenstein PRL 51 (1983) 1945 

CKM picture 

14th May 2013 Nobel Symposium 2013, V.Gibson 5/44 

EWSB & diagonalisation of Yukawa mass
 matrix  ⇒  CKM quark mixing matrix  "

CP violation accommodated by a single complex phase   !



Triumph of CKM"

Though no explanation of the matter dominance in the
 Universe …" 5 

Overall very successful to describe collider data  "

The Unitarity Triangle

1995 (top discovery) 2001 (B factory turn-on) 2013 (Precision flavour physics)

• Anomalies disappeared (B ! ⌧⌫) or became implausible (Di-muon asymmetry As
SL).

• Never before as consistent and precise ! MFV paradigm

• UT triangle fit no longer an adequate representation of all tests of the SM flavour sector.

• Non-standard flavour physics can still be hidden.

M. Beneke (TU München), Flavour physics Latsis Symposium, Zürich, 06 June 2013 6



•  What is the dynamic origin of the patterns of
 fermion masses and flavor mixing?"

•  What are sources of flavor symmetry breaking &
 CP violation (beyond Yukawa couplings)?"

Flavor is still a mystery"

New physics (NP) beyond the SM is expected  	

16

Joseph Lykken                                                                                                                        Aspen Winter Conference, January 19, 2014
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To a large extent, the origin of “flavour” is still a mystery...                                      
Our “ignorance” can be summarized by the following two open questions:

What determines the observed pattern of masses and mixing angles of quarks 
and leptons? 

Which are the sources of flavour symmetry breaking accessible at low energies?

The two main open questions in flavour physics

G. Isidori –  Theoretical Insights to Heavy Flavour Physics               ICFA Seminar, CERN, Oct. 2011G. Isidori –  Theoretical Insights to Heavy Flavour Physics               ICFA Seminar, CERN, Oct. 2011
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Is there a NP flavor problem?"

4 

New physics flavor puzzle 
NEUBERT&SUSY2012&

ΛHiggs< ~1TeV	 Λflavor >> 1 TeV	

 ν mass	 FCNC	

(unless NP is special) "(unless nature is fine tuned)	
NP FCNC must be suppressed to be consistent with data.  	



Bounds from FCNC data FCNC&and&GENERIC&FLAVOURED&NEW&PHYSICS&
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Heavy flavor	
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Possible scenarios"

I.  Weakly interacting NP at few TeV with mild
 flavor symmetry breaking"

NP below 1 TeV excluded with 8 TeV LHC data	

II.  NP above few TeV, Higgs fine-tuned, new
 particles too heavy for LHC"

Either way,  there will be small but detectable
 deviations from SM in some  observables.  
 
Major goal of flavor physics in coming years:
 search for NP at high precision and in wide scope! 	



Rare decays 
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Bs→µ+µ- discovery"

•  Sensitive to NP scalar couplings "
•  SM: FCNC and helicity suppression"

•  CMS+LHCb measurement"

24 LHCþç+ CMSçY� 
Combined LHCb + CMS Result

Observation:

BR(Bs → µ+µ−) = (2.9 ± 0.7) × 10−9

BR(B0 → µ+µ−) = 3.6+1.6
−1.4

× 10−10

LHCb-CONF-2013-012, CMS-PAS-BPH-13-007
Stephanie Hansmann-Menzemer 26
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LHCb+CMS results 
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Combining with CMS...
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CMS-PAS-BPH-13-007 
LHCb-CONF-2013-012

]
10−

) [10−
µ+µ →

0
BB(

0 1 2 3 4 5 6 7

 preliminary
CMS+LHCb

1−
CMS 25fb

1−
LHCb 3fb

SM

]
9−

) [10−
µ+µ →s

0
BB(

0 1 2 3 4 5 6 7

 preliminary
CMS+LHCb

1−
CMS 25fb

1−
LHCb 3fb

SM

B(B0
s ⇥ µ+µ�) = (2.9± 0.7)� 10�9

B(B0 ! µ+µ�) = (3.6+1.6
�1.4)⇥ 10�10

>5σ

Observation

PRL 111 (2013) 101805

PRL 111 (2013) 101804

Combining with CMS...

12

CMS-PAS-BPH-13-007 
LHCb-CONF-2013-012

]
10−

) [10−
µ+µ →

0
BB(

0 1 2 3 4 5 6 7

 preliminary
CMS+LHCb

1−
CMS 25fb

1−
LHCb 3fb

SM

]
9−

) [10−
µ+µ →s

0
BB(

0 1 2 3 4 5 6 7

 preliminary
CMS+LHCb

1−
CMS 25fb

1−
LHCb 3fb

SM

B(B0
s ⇥ µ+µ�) = (2.9± 0.7)� 10�9

B(B0 ! µ+µ�) = (3.6+1.6
�1.4)⇥ 10�10

>5σ

Observation

PRL 111 (2013) 101805

PRL 111 (2013) 101804

LHCb run I result 
Search for B(s)

0→μ+μ!
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BDT>0.7
-13 fb

• Golden mode for testing NP models 
with new (pseudo-)scalar interactions

•

• Theoretically and experimentally clean

• SM (time-integrated) prediction:

• Results from full Run 1 dataset

PRL 111 (2013) 101805

observed

bkg-only±1σ

4σ

Rare decays 20 / 30
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⌅ Purely leptonic b ⇤ s FCNC ⇤ Theoretically and experimentally clean

⌅ Very rare decay: Loop, CKM and helicity suppressed

⌅ Sensitive to NP in the scalar and pseudoscalar sector
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⌅ SM prediction [A. J. Buras et al. Eur.Phys.J. C72 (2012) 2172]
B(B0

s ⇤ µ+µ�) = (3.23± 0.27)⇥ 10�9

B(B0 ⇤ µ+µ�) = (1.07± 0.10)⇥ 10�10

⌅ Accounting for ⇥�s ⇧= 0 [A. J. Buras et al. JHEP07 (2013) 077]
B(B0

s ⇤ µ+µ�) = (3.56± 0.18)⇥ 10�9

⌅ In the MSSM B(B0
s ⇤ µ+µ�) ⌅ tan6 �/m4

A

C. Langenbruch (CERN), LC13 LHCb results on flavour physics

B(B0
s ! µ+µ�) = (2.9+1.1+0.3

�1.0�0.1)⇥ 10�9

B(B0 ! µ+µ�) < 7.4⇥ 10�10 @ 95% CL

B(B0
s ⇥ µ+µ�) = (3.56± 0.30)� 10�9

B(B0 ⇥ µ+µ�) = (1.07± 0.10)� 10�10

[EPJC 72 (2012) 2172, JHEP 1307 (2013) 77]

4HCb result!
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Rare Decays at LHCb. Ricardo Vázquez Gómez 5

B
d,s
→µµ updated result

● Update of the analysis with the full data sample of 3 fb-1.

4σ 

2σ 

In good agreement within the current uncertainty with the SM predictions. 
Keeps on providing strong constraints in NP scenarios. 

[Phys. Rev. Lett. 08 (2013) 117]

[Eur. Phys. J C72 (2012) 2172]
[Phys. Rev. Lett. 109 (2012) 041801]
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4σ 

2σ 
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[Phys. Rev. Lett. 08 (2013) 117]

[Eur. Phys. J C72 (2012) 2172]
[Phys. Rev. Lett. 109 (2012) 041801]

In good agreement with the SM predictions 
within current uncertainties !

EPJC 72(2012)2172"

CMS-PAS-BPH-13-007"
LHCb-CONF-2013-012"

Updated Results
! 2.1→ 3.0 fb−1

! more variables in BDT

expected sensitivity: 3.7→ 5.0 σ

! 5.0→ 25 fb−1

! cut base selection→ BDT

! new & improved variables (PID)

expected sensitivity: 4.8 σ

BR(Bs → µ+µ−) = (2.9 +1.1
−1.0(stat)

+0.3
−0.1(syst))× 10−9

→ 4 σ

BR(B0 → µ+µ−) < 7.4× 10−10 at 95% CL
BR(B0 → µ+µ−) = (3.7 +2.4

−2.1(stat)
+0.6
−0.4(syst))× 10−10

→ 2.0 σ

BR(Bs → µ+µ−) = 3.0 +1.0
−0.9 × 10−9

→ 4.3 σ

BR(B0 → µ+µ−) < 1.1× 10−9 at 95% CL
BR(B0 → µ+µ−) = 3.5 +2.1

−1.8 × 10−10

→ 2.0 σ
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Stephanie Hansmann-Menzemer 25

Bs→µ+µ- 
36 

33    Discrete 2012 Lisboa               3-7 December 2012                 N.Harnew 

� Decay strongly 
suppressed in SM 
 

� Predicted BR  
   = (3.5 ± 0.3) u 10�9  
 
� Very sensitive to new 

physics -  MSSM 
 

� But it’‛s a bit like looking 
for a needle in a 
haystack 

Rare decay Bs o P�P� See parallel talk of 
Serena Oggero 

arXiv:1208:0934 & PRL 109 041801 (2012) 
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NP model killing"

   Next goals"
–  Precision measurement of Br(Bs→µ+µ-)"
–  Discover Bd→µ+µ- (large NP effect still possible)"
–  Monitor Br(Bs→µ+µ-) /Br(Bd→µ+µ-) (power test of MFV)"

And what about New Physics? 

35 Antonio Pellegrino 

One very important case made by the Economist is the value of a negative result, and here I could not agree 
more. $UJXDEO\� �WKLV� \HDU·V�PRVW� VLJQLILFDQW�UHVXOW� IURP�Cern was a negative one. By measuring an 
extremely rare process, the LHCb experiment has managed to rule out a large number of theoretical models 
IRU�QHZ�SK\VLFV��7KLV�NLQG�RI�UHVXOW�GRHVQ·W�JHQHUDWH�WKH�VDPH�PHGLD�DWWHQWLRQ�WKDW�FRPHV�ZLWK�D�GLVFRYHU\��
but by focusing theoretical attention in the right place it can be very positive for the evolution of the field. 

CERN Director Rolf Heuer interview (1 4- Nov- 201 3) on the 
November 201 3 issue of the British “Prospect” magazine 

Illustration of impact on different supersymmetric flavor models  
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B0→K*µ+µ-"
Sensitive to NP in EW loop "

46 

B0 → K*µ+µ-  
•  FCNC b→s decays  
•  Sensitive to NP in loops: MSSM, LHT, … 
•  Described by three angles (θl, θK, φ) and µ

+µ invariant mass q2 

•  Many observables, particularly lepton 
forward-backward asymmetry AFB vs q2  

JH
EP

 0
90

1:
01

9,
20

09
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Results of AFB and FL B0 → K∗ℓ+ℓ− angular analysis

Some example distributions:
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CMS: CMS-PAS-BPH-11-009 (5.2 fb−1)

ATLAS: ATLAS-CONF-2013-038 (4.9 fb−1)

BELLE: Phys. Rev. Lett. 103 (2009) 171801 (605 fb−1)

BABAR: Phys. Rev. D73 (2006) 092001 (208 fb−1)

CDF: Phys. Rev. Lett 108 (2012) 081807 (6.8 fb−1)

(results from CDF Public Note 10894 (9.6 fb−1) not included)

LHCb: arXiv:1304.6325 (1 fb−1)

Very good agreement with theory predictions!
Stephanie Hansmann-Menzemer 20
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Introduction 

3"
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See 3.7σ local 
tension in P5′ 
→ 0.5% global p-value 

1fb-1 results, PRL 111 (2013) 191801 
3fb-1 analysis in preparation 

•  b→s transitions only occur 
through loop/box processes – 
sensitive to new physics 

•  Have probed b→s transitions in 
e.g. B0→K*0µµ decay :  
–  measurement of angular 

observables in addition to 
differential branching fraction 

–  Range of measurements in 
excellent agreement with SM 

      
•  However, some surprises… 
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1fb-1 results, JHEP 1308 (2013) 131 
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Angular observables AFB, P4-8’"
insensitive to form factors"

NP? SM not understood? Poor precision? 	

Differential branching fractions 

•  Normalise wrt corresponding 
B→J/ψK(�) decay  
–  Again assume AI J/ψ modes=0 
–  Relative efficiency as function of 

q2 from simulation 
–  Dominant systematic: branching 

fractions of J/ψ modes  

13"

•  Although consistent with SM, branching fraction tends to sit below 
theory predictions 

•  Theory predictions: [Ball, Zwicky Phys. Rev. D71 (2005) 014029; A. Khodjamirian et al., JHEP 09 
(2010) 089, M. Beneke et al., Nucl. Phys. B612 (2001) 25, Eur. Phys. J. C41 (2005) 173; C. Bobeth et al., JHEP 12 
(2007) 040, B. Grinstein and D. Pirjol, Phys. Rev. D70 (2004) 114005, U. Egede et al., JHEP 11 (2008) 032] 

•  Lattice predictions : [C. Bouchard et al., Phys. Rev. D88 (2013) 054509; R. R. Horgan et al., arXiv:
1310.3722] 

]4c/2 [GeV2q
0 5 10 15 20

]2
/G

eV
4 c × 

-8
 [1

0
2 q

/dBd 0

5

10

15

20
LCSR Lattice Data

LHCb
−µ+µ*+ K→+B

preliminary 



14 

Lepton flavor violation  "

Introduction B

0
(s) ! e

+µ� ⌧� ! µ�µ+µ� ⌧ ! pµµ Conclusions

Conclusions

Presented a selection of cLFV searches by LHCb, 1 fb�1 @7TeV
The resulting upper limits on the respective branching ratios:

BR @ 90(95)% CL

B

0
s

! e

+µ� 1.1 (1.4) ⇥10�8

World’s best
B

0 ! e

+µ� 2.8 (3.7) ⇥10�9

⌧� ! µ�µ+µ� 8.3(10.2) ⇥10�8 Competitive with Belle

⌧� ! p̄µ+µ� 4.6(5.9) ⇥10�7

World’s first
⌧� ! pµ�µ� 5.4(6.9) ⇥10�7

Non-observation of signal in the modes looked at
)phase space of NP constrained

Fatima Soomro (INFN) cLFV searches at LHCb June 25, 2013 44 / 45

Introduction B

0
(s) ! e

+µ� ⌧� ! µ�µ+µ� ⌧ ! pµµ Conclusions

Physics Letters B 724 (2013)

⌧� ! µ�µ+µ� Results
B(⌧� ! µ�µ+µ�) < 8.3(10.2)⇥ 10�8 at 90(95)% CL

Solid black line: observed, dashed black line: expected
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) Best limit from Belle 2.1⇥ 10�8@ 90% CL
) First ⌧� ! µ�µ+µ� limit at a hadron collider

• Limits quoted for phase-space model of ⌧ decay

3 Variation of e�ciency in di � µ mass is <20%

Fatima Soomro (INFN) cLFV searches at LHCb June 25, 2013 37 / 45
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LHCb results 	

PRL 111 (2013) 141801, LHCb"

PLB 724 (2013) 36, LHCb"

PLB 687 (2010) 139, Belle"



New results at a glance"Other Rare Decays 

43 Antonio Pellegrino 

what time did not permit… 

 B+oK+S-S+J [3fb-1/arXiv:1402.6852] 



B mixing and CPV 
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Probes of NP in Bs mixing"What do B0
s do? . . . they mix!

Mixing

b

s

s
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t

t
W W

NP?
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W
t t

NP?
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Phenomenological Schroedinger
equation of mixing
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dt
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Phase �s
M = arg(�M12/�12) ⇡ 0.2� small

in SM, sensitive to NP. [A. Lenz and U. Nierste, JHEP

0706 (2007) 072]

Quantities to characterize mixing: �M,
�� and semileptonic asymmetry from
flavour specific decays

asl =
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Georg Krocker (PI Heidelberg) �s and asl with LHCb July 17, 2012 5 / 26
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M12 causing Bs mixing, sensitive to NP"

o  CPV in mixing: as
fs  ≈ |Γ12/Μ12|sinφ12 where φ12=arg(-Μ12/Γ12)"

o  Mass difference: Δms =  mH-mL ≈ 2|M12|"

o  Width difference:  ΔΓs =  ΓL-ΓH ≈ 2|Γ12|cosφ12 "

o   Phase difference φs between Bs→fCP "
     and Bs→Bs →fCP 	

Bs lifetime difference and mixing phase

i
d
dt

✓ |Bs(t)i
|B̄s(t)i

◆

=

✓

Ms � i
2
�s
◆ ✓ |Bs(t)i

|B̄s(t)i
◆

Three observables related to mixing:

• �ms/�s large ! many oscillations per lifetime

M12 / (V⇤
ts Vtb)

2

• ��s (|�s
12|) relevant. Significant fraction of common final states from b ! cc̄s.

��

�
= (1,↵s)⇥ 16⇡2 ⇤

3

m3
b
+ 16⇡2 ⇤

4

m4
b
+ . . . =) ��s = (0.090 ± 0.018) ps�1

OPE+HQE [MB, Buchalla, Dunietz, 1996; MB et al., 1998] + Lattice

• Phase [MB et al, 1998, 2003; Ciuchini et al., 2003]

�s = arg

 

�Ms
12

�s
12

!

= 0.22� ± 0.06� 2�s = 2arg (�V⇤
tbVts/(V⇤

cbVcs)) = 2.1� ± 0.1�

[Lenz-Nierste update, 1102.4274]

M. Beneke (TU München), Flavour physics Latsis Symposium, Zürich, 06 June 2013 9

●  CP Violation  

–  CPV   in interference between  
mixing and decays to CP eigenstates 

–  phis        where    

●  CP violating phase ϕs 

–  measured in Bs → J/ψϕ decays 

–  in Standard Model (SM)  
ϕs prediction is small and precise   

–  ϕs sensitive to new physics 

●  CP Violation in mixing 

–  CPV   in Bs mixing  -  Asl  -  measured in semileptonic asymmetry 

16-18 April 2012 3 CERN, LHCb Implications workshop 

€ 

λ f =
q

p

A f

Af

q

p
=1=

A f

Af

€ 

sinφs =ℑmλ f

€ 

φ
s

SM ≅ −2β
s
≡ −2arg −

 

 
 
V
ts
V
tb

*

V
cs
V
cb

*

 

 
 = −0.036 ± 0.002

€ 

φ
s

= φ
s

SM
+ φ

s

NP
   

J. Charles et al., Phys. Rev. D 84,  
033005 (2011).  

s	

s	
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φs and ΔΓs from Bs→J/Ψh+h-  "
0.25

CDF

LHCb

ATLAS

Combined

SM

0.20

0.15

0.10

0.05

0
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

68% CL contours
( )

HFAG
April 2013

LHCb  1.0 fb —1 + CDF  9.6 fb —1 + ATLAS  4.9 fb 1+ D     8 fb— —1

D

LHCb:   φs  = 0.01 ± 0.07 ± 0.01 rad"
       ΔΓs = 0.100 ± 0.016 ± 0.003 ps-1 "

SM:       φs = - 0.036 ± 0.002  rad,  "
            ΔΓs = 0.087 ± 0.021 ps-1 "

PRD 87 (2013) 112010, LHCb, 1fb-1 "

PRD 84 (2011) 033005, Charles et al. !

2-fold ambiguity resolved"
PRL 108 (2012) 241801"
following method in"
JHEP 09(2009)074, Xie et al."

Agrees with "
SM expectation"

"
LHCb dominating"
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CPV in Bs mixing: as
fs"

 
 
࢙࢙ࢇࢋ  ୀ ۼ(࢙ࡰషࣆశ)/ࢿ(ࣆశ)ିۼ(࢙ࡰశࣆష)/ࢿ(ࣆష)

െ(షࣆ)ࢿ/(షࣆశ࢙ࡰ)ۼା(శࣆ)ࢿ/(శࣆష࢙ࡰ)ۼ ࢉࢇ࢚࢘ െ  ࢍ࢈
 

 

Putting all together 

Thomas Ruf     CERN                                Studies of asymmetries in semileptonic B decays at LHCb              EPS, Stockholm, 2013 13 

ࢉࣆ = (. ± .)Ψ  = (. ± .)Ψ  

= (. ± .)Ψ  

࢙࢙ࢌ =  × ࢙࢙ࢇࢋ = െ. ± . ± . Ψ 

= (െ. ± . ± .ૡΨ) 

Sources                                                                                ߪ ࢙࢙ࢇࢋ Ψ
Signal modeling and muon correction                0.07
Statistical uncertainty on the efficiency ratios       0.08
Background subtraction                                                 0.05
Asymmetry in track reconstruction                            0.13
)LHOGíXS and filHOGíGRZQ different run conditions 0.01
Software trigger bias (topological trigger)               0.05
Total                                                                                        0.18

 
Systematic 
uncertainties: 

        
  

 

Comparison with other experiments 

Thomas Ruf     CERN                                Studies of asymmetries in semileptonic B decays at LHCb              EPS, Stockholm, 2013 14 

࢙࢙ࢌ = െ.± .± . Ψ 
 
o Most precise measurement 
o In agreement with SM prediction 

See plenary talk of Stephanie 
Hansmann-Menzemer for 
comparison with other experiments 

Most precise measurement"
as

fs = 2As
meas= -0.06 ± 0.50 ± 0.36 % "

 
Consistent with SM"
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Δms"
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Figure 2: Decay time distribution for the sum of the five decay modes for candidates tagged as
mixed (di↵erent flavour at decay and production; red, continuous line) or unmixed (same flavour
at decay and production; blue, dotted line). The data and the fit projections are plotted in a
signal window around the reconstructed B0

s

mass of 5.32 – 5.55 GeV/c2.

The information provided by the opposite-side and same-side taggers for the signal is
combined to a single tagging decision q and a single mistag probability !(⌘OST, ⌘SST) using
their respective calibration parameters p0OST/SST

and p1OST/SST
. The individual background

components show di↵erent tagging characteristics for candidates tagged by the OST or
SST. The b hadron backgrounds show the same opposite-side tagging behaviour (q and
!) as the signal, while the combinatorial background shows random tagging behaviour.
For same-side tagged events, we assume random tagging behaviour for all background
components. We introduce tagging asymmetry parameters to allow for di↵erent numbers
of candidates being tagged as mixed or unmixed, and other parameters to describe the
tagging e�ciencies for these backgrounds. As expected, the fitted values of these asymmetry
parameters are consistent with zero within uncertainties.

All tagging parameters, as well as the value for �m
s

, are constrained to be the same
for the five decay modes. The result is �m

s

= 17.768 ± 0.023 ps�1 (statistical uncertainty
only). The likelihood profile was examined and found to have a Gaussian shape up to
nine standard deviations. The decay time distributions for candidates tagged as mixed
or unmixed are shown in Fig. 2, together with the decay time projections of the PDF
distributions resulting from the fit.

8

World’s most precise Δms measurement (from Bs→Ds
+π-)"

                        Δms = 17.768 ± 0.023 ± 0.006 ps-1"

                        NJP 15 (2013) 053021, LHCb  
"

SM prediction:  Δms = 17.3 ± 2.6 ps-1 "
                      arXiv: 1102.4274, Lenz & Nierste"

Δms ∝ fBs
2 BBs	

Uncertainty of SM prediction
 dominated by uncertainty of
 hadronic parameters from
 lattice QCD"
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Bs mixing: implication   "
•  Model independent analysis of NP in Bs mixing"
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In 20101 new physics in B-mixing could very well accommodate the different deviations from
the SM expectations, seen at that time. This is not the case anymore in 201219. There is now
a tension between the direct determination of φs and the di-muon asymmetry.
In the Bd-system, new physics in M12,d can resolve the discrepancy between B → τν and direct
determinations of sin 2β. In the Bs-system everything looks SM-like although still sizable values
for φ∆s are possible. Just recently a second (symmetric) solution in the complex ∆s-plane was

excluded99. We also would like to note that in 19 no tension is found for ϵK .
To improve further the bounds on the complex ∆q-planes, more precise data are necessary.

5 New Physics in Γ12

The theory expression for the di-muon asymmetry can be written in the following way

Asl = (0.594 ± 0.022)(5.4 ± 1.0) · 10−3 sin(φ
SM
d + φ∆d )

|∆d|

+(0.406 ± 0.022)(5.0 ± 1.1) · 10−3 sin(φ
SM
s + φ∆s )

|∆s|
. (61)

Since ∆s and ∆d are bounded from measurements of the mass differences to be close to one and
the sine can be at most one, there exists a theoretical upper limit for the di-muon asymmetry.
We use here the fit values of ∆q from19 to obtain the following upper bounds:

Asl ≤

⎧
⎪⎨

⎪⎩

−1.7 · 10−3 : 1σ for |∆q|, 1σ for φ∆q ,
−2.8 · 10−3 : 3σ for |∆q|, 3σ for φ∆q ,
−7.5 · 10−3 : 3σ for |∆q|, set sine to 1.

(62)

For the first number the four parameters of ∆q (q=s,d) have been chosen to take the value,

which gives the largest di-muon asymmetry, within the allowed 1σ range of the fit in 19 , for
the second number, the 3σ range has been chosen, while for the third number the sine has been
set to one by hand. The last number is purely hypothetical, because such a large value of the
mixing phase is in contrast to experimental investigations of e.g. Bs → J/ψφ j. The above

jThis also holds, if one takes into account large new physics penguin contributions to the decay b → cc̄s, which
could lead to a certain extent to a cancellation between the penguin phase and φ∆

q . See the discussion in the next
section.

Lenz et al., arXiv:1203.0238"

•  Bs mixing is SM-like "
–  Room for O(10%) NP

 contribution in Bs mixing"
•  Similar situation for Bd

 mixing"

LHCb φs 

Major constraints on NP in M12
 come from Δms and φs 

CDF& LHCb Δms 

M12
s =M12

SM ,sΔs
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CPV in Bs→K+K-"

JHEP 10(2013)183, LHCb "

The"significance"for"(CKK,"SKK)""
to"differ"from"(0,"0)"is"2.7σ"

Time6dependent*CPV*in*BsK+K6*

13"

0

L"="(1/h"@"√s"="7"TeV)"

NEW*

Only*1st*and*2nd**
categories*

Preliminary"
LHCB2PAPER220132040"

The"significance"for"(CKK,"SKK)""
to"differ"from"(0,"0)"is"2.7σ"

Time6dependent*CPV*in*BsK+K6*

13"

0

L"="(1/h"@"√s"="7"TeV)"

NEW*

Only*1st*and*2nd**
categories*

Preliminary"
LHCB2PAPER220132040"Importance*of*charmless*two6body*B*decays*
•  Charmless"two2body"B"decays"provide"valuable"informa<on"for:"

–  improving"knowledge"of"CKM"matrix"

•  UT"angles"and"the"Bs"mixing"phase""

–  valida<ng"theore<cal"tools"to"deal"
with"QCD"contribu<ons"

•  QCD"factoriza<on,"pQCD,"SCET,"…"
–  constraining"New"Physics"

•  CP2viola<on"observables"and"branching"frac<ons"can"differ"from"Standard"
Model"predic<ons"

NP?*

•  As"penguin"topologies"are"generally"
sizeable,"effects"from"New"Physics"in"

loops"may"be"sizeable"as"well"

•  Theore<cal"interpreta<on"is"
however"not"straighWorward,"

because"of"unknown"hadronic"

parameters"in"the"amplitudes"

Direct"""

CP"asymmetries"

€ 

ACP =
ΓB → f −ΓB→ f

ΓB → f +ΓB→ f

€ 

A t( ) =
ΓB → f t( ) −ΓB→ f t( )
ΓB → f t( ) +ΓB→ f t( )

Time2dependent"

CP"asymmetries"

3"

Next step: use SU(3) symmetry"
for combination with B0→π+π- "

to determine φs and γ 	
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CPV in B+→h1
+h1

-h2
+"

•  Significant CPV observed,which depends on
 Dalitz space, e.g. " PRL 112 (2014) 011801, LHCb "

6
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FIG. 2. Asymmetries of the number of events (including signal and background) in bins of the Dalitz plot, AN
raw

, for (a)
B± ! ⇡+⇡�⇡± and (b) B± ! K+K�⇡± decays. The inset figures show the projections of the number of events in bins of
(a) the m2

⇡+⇡�
low

variable for m2

⇡+⇡�
high

> 15GeV2/c4 and (b) the m2

K+K� variable. The distributions are not corrected for
e�ciency.

asymmetry for kaons. Therefore, the data are divided
into two samples: events with candidates selected by the
hadronic trigger and events selected by other triggers
independently of the signal candidate. The acceptance
correction and subtraction of the A

P

(B±) term is per-
formed separately for each trigger configuration. The
trigger-averaged value of the production asymmetry is
A

P

(B±) = �0.004± 0.004, where the uncertainty is sta-
tistical only. The integrated CP asymmetries are then
the weighted averages of the CP asymmetries for the two
trigger samples.

The methods used in estimating the systematic uncer-
tainties of the signal model, combinatorial background,
peaking background, and acceptance correction are the
same as those used in Ref. [3]. For B± ! K+K�⇡± de-
cays, we also evaluate a systematic uncertainty due to the
partially reconstructed background model by varying the
mean and resolution according to the di↵erence between
simulation and data obtained from the signal component.
The A

D

(⇡±) and A
D

(K±) uncertainties are included as
systematic uncertainties related to the procedure. A sys-
tematic uncertainty is also evaluated to account for the
di↵erence in kaon kinematics between the B± and D0 de-
cays. The systematic uncertainties for the measurements
of ACP (B± ! K+K�⇡±) and ACP (B± ! ⇡+⇡�⇡±) are
summarized in Table I.

The results obtained for the inclusive CP asymmetries
of the B± ! K+K�⇡± and B± ! ⇡+⇡�⇡± decays are

ACP (B
± ! K+K�⇡±)=�0.141± 0.040± 0.018± 0.007,

ACP (B
± ! ⇡+⇡�⇡±)=0.117± 0.021± 0.009± 0.007,

where the first uncertainty is statistical, the second is the
experimental systematic, and the third is due to the CP

asymmetry of the B± ! J/ K± reference mode [23]. The
significances of the inclusive charge asymmetries, calcu-
lated by dividing the central values by the sum in quadra-
ture of the statistical and both systematic uncertainties,
are 3.2 standard deviations (�) for B± ! K+K�⇡± and
4.9� for B± ! ⇡+⇡�⇡± decays.

In addition to the inclusive charge asymmetries, we
study the asymmetry distributions in the two-dimensional
phase space of two-body invariant masses. The Dalitz
plot distributions in the signal region, defined as the three-
body invariant mass region within two Gaussian widths
from the signal peak, are divided into bins with approxi-
mately equal numbers of events in the combined B� and
B+ samples. Figure 2 shows the raw asymmetries (not cor-
rected for e�ciency), AN

raw

= �[N�, N+], computed using
the number of negative (N�) and positive (N+) entries
in each bin of the B± ! ⇡+⇡�⇡± and B± ! K+K�⇡±

TABLE I. Systematic uncertainties on ACP (B
± ! K+K�⇡±)

and ACP (B
± ! ⇡+⇡�⇡±). The total systematic uncertainties

are the sum in quadrature of the individual contributions.

Systematic uncertainty ACP (KK⇡) ACP (⇡⇡⇡)
Signal model 0.001 0.0005
Combinatorial background 0.003 0.0008
Peaking background 0.001 0.0025
Acceptance 0.014 0.0032
Part. rec. background 0.005 –
A

D

(⇡±) uncertainty 0.003 0.0025
A

D

(K±) uncertainty 0.003 0.0032
A

D

(K±) kaon kinematics 0.008 0.0075
Total 0.018 0.0094

•  Triggered theoretical interests "
–  pQCD formalism, arXiv:1402.5280, Wang, Hu, Li, Lü"
–  Light resonance, PRD 87 (2013) 076007, Zhang, Guo, Yang"
–  SU(3) flavor symmetry breaking, arXiv:1307.7186, Xu, Li, He"
–  Bs three body decays,  arXiv:1401.5514, Cheng & Chua"
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Loop vs tree determination "道领域各种过程中新物理效应的关联，能够帮助区分是哪种形式的新物理，并

提供关于新粒子与标准模型粒子耦合方式和强度的关键信息。 

 
图 1：圈图（左）和树图（右）过程对 CKM 参数的限制（CKMfitter 合作组[3]）。 

国内外研究现状 

近 20 年来，重味物理实验研究取得了很大进展。正负电子对撞机上的B介子

工厂（Babar 和 Belle 实验）对𝐵 系统进行了相当精确和全面的研究；强子对撞机

上的 CDF、D0 和 LHCb 实验对𝐵 系统的研究也逐步深入；LHCb 和 BES III 对粲

介子领域也更加重视。以下对主要方面加以总结。 

𝑩𝟎
介子和𝑩𝒔𝟎介子混合过程：图 2 为 B介子工厂和 LHCb 对𝐵 混合角2𝛽�和质量

差Δ𝑚 [15]以及 LHCb 对𝐵 混合角𝜙 、衰变宽度差Δ𝛤 [16]和质量差Δ𝑚 [17]的测量。

在目前精度下测量结果与标准模型预期基本一致，把𝐵 和𝐵 混合过程中新物理贡

献的振幅限制在标准模型贡献的次级 O(10%)水平[18]，但如果测量精度提高，仍

有较大空间探测到新物理的影响。在申请人的领导下，LHCb利用𝐵 → 𝐽/𝜓𝐾 𝐾 和

𝐵 → 𝐽/𝜓𝜋 𝜋 两个衰变道，对𝐵 混合角𝜙 的测量结果是𝜙 = 0.01 ± 0.07  (stat) ±
0.01(syst)rad[16]，与标准模型预言的𝜙 = −0.036 ± 0.002  rad符合，但测量误

差仍远大于理论预言的误差，有必要大幅度提高测量精度，进一步检验标准模型。 

𝒃 → 𝒔稀有衰变过程：LHCb是这个领域的主要研究基地。LHCb和CMS首次观

察到了备受关注的𝐵 → 𝜇 𝜇 衰变信号并测定了分支比，并降低了𝐵 → 𝜇 𝜇 衰变

分支比的上限[19, 20]，在目前精度下都和标准模型预言大致符合（图3），大大加

强了对新物理味道结构的限制。但不能排除在更高精度下探测到与标准模型差异

的可能性。LHCb大大提高了对𝐵 → 𝐾∗ 𝜇 𝜇 衰变中𝜇 在𝜇 𝜇 质心系中的前后不

对称性𝐴 的测量精度[21]，并测量了另外一些与形状因子无关的物理量[22]，结果

Loop processes"
Sensitive to NP"
"

tree processes"
“standard candle” "
"Consistent picture, room for O(10%) NP contribution"

o  Need higher precision, particularly for γ and Vub!
o  Need to reduce theoretical uncertainty, particularly
 penguin pollutions in Bd→ J/ΨKs for sin2β"
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γ measurements"

LHCb 1fb-1:  γ=(67±12)° 	

Babar:          γ=(69±17)°	

Belle:          γ=(68±15)°	

•  Tree processes B→Dh"

•  Indirect determination (CKMFitter)"

γ=(66.6±6.4)°	

Combination 	γ = 68.0       °   (CKMFitter, FPCP 2013),  
γ = 70.1±7.1°    (UTFit, EPS 2013). 

• There is also a more recent, preliminary LHCb combination. 
•  This uses analyses of BoDK from the same analyses as the published 

combination, adding the information from an updated analysis with 
DoKSKK or KSSS�using the 3/fb dataset (LHCb-CONF-2013-004). 

Gamma Combination 

7 

• Preliminary result is  γ = 67±12°  

+8.0 
-8.5 

 
• These results lead to updated CKM fits: 

Comparison of 
1/fb-only and 
updated  
confidence 
intervals for DK  

See ref. in arXiv: 1402.2844"
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Vub problem "|Vub| problem

Inclusive B ! Xu`⌫

|Vub| = (4.41 ± 0.15exp
+0.15
�0.17th) · 10�3

Kinematic constraints due to charm back-
ground.
HQE + resummation.

Exclusive B ! ⇡`⌫

|Vub| = (3.23 ± 0.31) · 10�3

Lattice QCD
QCD sum rules
analyticity

• Vub – sin 2� – ✏K connection

• Bet on exclusive ...

• Some two-loop results for inclusive (fully differential
(Brucherseifer, Caola, Melnikov, 2012); hard coefficient for resummation
(Bonciani, Ferroglia; Asatrian, Greub, Pecjak; MB, Huber, Li; Bell,
2008)) not yet implemented.

M. Beneke (TU München), Flavour physics Latsis Symposium, Zürich, 06 June 2013 8
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Penguin "
suppressed by λ2 "

What is the effect of the penguin on CPV? 
pQCD calculation: very small ~10-3  

 "PLB 672 (2009)  349, Gronau & Rosner"
 "arXiv: 1309.0313, Liu, Wang & Xie 

SU(3) flavor symmetry constraint:  up to 0.1    
 "PRD 79 (2009)  014005, Faller, Fleischer & Mannel"

cf. experimental error <0.01 after LHCb upgrade "
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D0 mixing discovery"Mixing discovery

• First single-experiment measurement 
>5σ significance

• Rotation of mixing parameters by 
strong phase difference

6

mix

no
mix

CF

DCS

RS

mix

no
mix

CF

DCS

WS

PRL 110 (2013) 101802

The ΔACP saga*

• Measure time-integrated CP asymmetries in D→hh decays

• Decays to CP eigenstates: f = K-K+, π-π+

• ACP is a sum of direct and indirect CP violation, leading to

• Need to measure asymmetries and time distributions

• First evidence for CPV in charm (LHCb, PRL 108 (2012) 111602)

supported by some (CDF, Phys. Rev. Lett. 109 (2012) 111801; Belle, arXiv:1212.5320) 
but not all (LHCb, PLB 723 (2013) 33; LHCb-CONF-2013-003) measurements

• More news to be expected soon!
13 *after A. Lenz, arXiv:1311.6447

No-mixing (x’=0, y’=0) excluded "
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Charm CPV"

The ΔACP saga*

• Measure time-integrated CP asymmetries in D→hh decays

• Decays to CP eigenstates: f = K-K+, π-π+

• ACP is a sum of direct and indirect CP violation, leading to

• Need to measure asymmetries and time distributions

• First evidence for CPV in charm (LHCb, PRL 108 (2012) 111602)

supported by some (CDF, Phys. Rev. Lett. 109 (2012) 111801; Belle, arXiv:1212.5320) 
but not all (LHCb, PLB 723 (2013) 33; LHCb-CONF-2013-003) measurements

• More news to be expected soon!
13 *after A. Lenz, arXiv:1311.6447

The ΔACP saga*

• Measure time-integrated CP asymmetries in D→hh decays

• Decays to CP eigenstates: f = K-K+, π-π+

• ACP is a sum of direct and indirect CP violation, leading to

• Need to measure asymmetries and time distributions

• First evidence for CPV in charm (LHCb, PRL 108 (2012) 111602)

supported by some (CDF, Phys. Rev. Lett. 109 (2012) 111801; Belle, arXiv:1212.5320) 
but not all (LHCb, PLB 723 (2013) 33; LHCb-CONF-2013-003) measurements

• More news to be expected soon!
13

ΔACP   ≡ ACP(KK) - ACP(ππ)
            ≈   ΔaCPdir (1 + yCP �t�

*after A. Lenz, arXiv:1311.6447

∆ACP inD → h+h− decays

ACP = Γ(D0→h+h−)−Γ(D0→h+h−)

Γ(D0→h+h−)+Γ(D0→h+h−)

Two ways to tag flavour ofD0 with
complementary systematics:

soft pion tag:xxxxxxx muon tag:
D∗+ → D0π+xxxxB− → D0µ−X

Detector and production asymmetries hard to control at that level, thus use trick:

Araw = ACP +Areco tag +Aprod

∆ACP = ACP (K+K−)−ACP (π+π−) = Araw(K+K−)−Araw(π+π−)

LHCb: ∆ACP = (-0.15± 0.16)%
(LHCB-CONF-2012-003, Phys. Lett B 723 (2013) 33)

WA:∆ACP = (-0.33± 0.12)%

Stephanie Hansmann-Menzemer 28
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39Jörg Marks

Results -             in   

FLASY2013:  LHCb Overview 

¢ACP D0 ! h+h¡

aindCP = (¡0:010§ 0:162) %

¢adirCP = (¡0:329§ 0:121) %

  HFAG averages 

  LHCb results
●       tagged sample (preliminary)  D¤

¢ACP = (¡0:34§ 0:15 (stat)§ 0:10 (sys)) %
●     tagged sample  ¹

¢ACP = (+0:49§ 0:30 (stat)§ 0:14 (sys)) %
Consistent with no CP violation hypothesis 

no CP violationNo indication of CPV in any D decays or in D0 mixing."
Controversial question: how big can D CPV be in SM?	
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Charm phenomenology"

Charm quarks are too light for HQE and too heavy
 for ChPT?"

Old habits die hard...
• The chains of habit are too light to be felt 

until they are too heavy to be broken. - W. Buffet

• The charm quarks are too light to be felt by ΛQCD 
and they are too heavy to be perturbed chirally.

• But are they?

➡ HQE might still work 
e.g. Lenz, Rauh, Phys.Rev. D88 (2013) 034004

➡ Lattice QCD may one day be able to provide input on 
hadronic matrix elements of open charm decays.
e.g. Carrasco et al., PoS LATTICE2012 (2012) 105

3 Cheng-Wei Chiang for FPCP 2013

Peculiarities of Charm Quark

• Resides at an awkward place in mass spectrum

➠ no suitable effective theory to work with, 

particularly for hadronic decays

• Too light to grant reliable heavy-quark expansions

• Too heavy to use chiral perturbation theory

• Strong QCD coupling regime

➠ perturbative QCD calculations expected to fail

• Many resonances around

➠ nonperturbative rescattering effects kick in

• Flavor SU(3) symmetry for decays to light mesons

• Good realm to test various approaches

⇤QCD/mc ⇠ 0.3 vs ⇤QCD/mb ⇠ 0.1

6
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B→D(*) τ+ν puzzle"
Babar!
PRL 109 (2012) 101802	

SM: HQET!
PRD 85 (2012) 
094025, Fajfer et al	

SM: pQCD!
PRD 89 (2014) 014030, 
Fang,Wang, Xiao	

R(D)	 0.440±0.058±0.042	 0.297±0.017	 0.430+0.021
-0.026	

	

R(D*)	 0.332±0.024 ±0.018	 0.252±0.003	
	

0.301±0.013	
	

Ratio of B → D(*)τ ν vs B →D(*) l ν Decays 

V. Lüth FPCP 2012 @ Hefei 2012 22 

#    S.L. decays involving a τ± have an additional helicity amplitude (for D*τν): 
 
 
 

   
                                                                          For  Dτν, only H00 and Ht contribute! 
#    To test the SM Prediction, we measure 
 
 
 

      Several experimental and theoretical uncertainties cancel in the ratio! 
 

#      BB events are fully reconstructed: 
$   full reconstruction of hadronic B decay: Btag  (tag efficiency improved) 
$   reconstruction of D(*) and e± or µ±                         (extend to lower momenta) 
$   no additional charged particles 
$   kinematic selections:  q2 > 4 GeV2 

       Background suppression by BDT (combinatorial and D**lν) 
 

#     Full BABAR data sample, MC correction based on data control samples 
                

t 

)(
)()(

)(
)()( *

*
*

ν

τν
ν
τν

 DB
DBDR

DB
DBDR

→Γ

→Γ
=

→Γ

→Γ
= Leptonic τ 

decays only 

Charged Higgs? Not from 2HDM	

2012'

IT'IS'NOT'A'CHARGED&HIGGS&&
OF'A'2&HIGGS&DOUBLET&MODEL&!&

SM prediction reliability?	

Measurement biases?	
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Charged “charmonium” particles"
arXiv: 1404.1903, LHCb	
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FIG. 3: Mπ±hc
distribution of e+e− → π+π−hc candidate events in the hc signal region (dots with error

bars) and the normalized hc sideband region (shaded histogram), summed over data at all energy points.
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FIG. 4: Sum of the simultaneous fits to the Mπ±hc
distributions at 4.23 GeV, 4.26 GeV, and 4.36 GeV
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from the fit.
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FIG. 3: One dimensional projections of the M(π+J/ψ), M(π−J/ψ), and M(π+π−) invariant mass distributions in e+e− → π+π−J/ψ
for data in the J/ψ signal region (dots with error bars), data in the J/ψ sideband region (shaded histograms), and MC simulation results from
σ(500), f0(980) and non-resonant π+π− amplitudes (red dot-dashed histograms). The pink blank histograms show a MC simulation of the
Zc(3900) signal with arbitrary normalization.
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FIG. 4: Fit to the Mmax(π±J/ψ) distribution as described in the
text. Dots with error bars are data; the red solid curve shows the total
fit, and the blue dotted curve the background from the fit; the red dot-
dashed histogram shows the result of a phase space MC simulation;
and the green shaded histogram shows the normalized J/ψ sideband
events.

between the MC and measured mass resolutions of the J/ψ
and D0 signals. We find the difference is 1.0 MeV in the
width, and 0.2% absolute in the production ratio, which are
taken as the systematic errors. Assuming all the sources of
systematic uncertainty are independent, the total systematic
error is 4.9 MeV/c2 for mass, 20 MeV for width and 7.5% for
the production ratio.
In Summary, we have studied e+e− → π+π−J/ψ at a

CM energy of 4.26 GeV. The cross section is measured to
be (62.9 ± 1.9 ± 3.7) pb, which agrees with the existing re-
sults from the BaBar [5], Belle [3], and CLEO [4] experi-
ments. In addition, a structure with a mass of (3899.0± 3.6±
4.9) MeV/c2 and a width of (46± 10± 20)MeV is observed
in the π±J/ψ mass spectrum. This structure couples to char-
monium and has an electric charge, which is suggestive of a
state containing more quarks than just a charm and anti-charm

quark. Similar studies were performed in B decays, with un-
confirmed structures reported in the π±ψ(3686) and π±χc1

systems [23–26]. It is also noted that model-dependent calcu-
lations exist that attempt to explain the charged bottomonium-
like structures which may also apply to the charmoniumlike
structures, and there were model predictions of charmonium-
like structures near the DD̄∗ andD∗D̄∗ thresholds [27].
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FIG. 4. Unbinned maximum likelihood fit to the π− recoil
mass spectrum in data. See the text for a detailed description
of the various components that are used in the fit. The scale
of the D∗D∗∗ shape is arbitrary.
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Here, M is the reconstructed mass; m is the resonance
mass; Γ is the width; p(q) is the D∗+(π−) momentum in
the rest frame of the D∗+D̄∗0 system (the initial e+e−

system).
The signal yield of the Z+

c (4025) is estimated by an
unbinned maximum likelihood fit to the spectrum of
RM(π−). The fit results are shown in Fig. 4. Possible
interference between the Z+

c (4025) signals and the PHSP
processes is neglected. The Z+

c (4025) signal shape is tak-
en as an efficiency-weighted BW shape convoluted with a
detector resolution function, which is obtained from MC
simulation. The detector resolution is about 2MeV/c2

and is asymmetric due to the effects of ISR. The shape of
the combinatorial backgrounds is taken from the kernel-
estimate [21] of the WS events and its magnitude is fixed
to the number of the fitted background events within the
signal window in Fig. 3(a). The shape of the PHSP sig-
nal is taken from the MC simulation and its amplitude
is taken as a free parameter in the fit. By using the MC
shape, the smearing due to effects of ISR and the detec-
tor resolution are taken into account. From the fit, the
parameters of m and Γ in Eq. (1) are determined to be

m(Z+
c (4025)) = (4026.3± 2.6)MeV/c2,

Γ(Z+
c (4025)) = (24.8± 5.6)MeV.

A goodness-of-fit test gives a χ2/d.o.f.= 30.4/33 = 0.92.
The Z+

c (4025) signal is observed with a statistical signifi-
cance of 13σ, as determined by the ratio of the maximum
likelihood value and the likelihood value for a fit with a
null-signal hypothesis. When the systematic uncertain-
ties are taken into account, the significance is evaluated
to be 10σ.
The Born cross section is determined from σ =
nsig

L(1+δ)εB , where nsig is the number of observed signal
events, L is the integrated luminosity, ε is the detec-
tion efficiency, 1 + δ is the radiative correction factor

Source m(MeV/c2) Γ(MeV) σtot(%) R(%)
Tracking 4
Particle ID 5
Tagging π0 4
Mass scale 1.8
Signal shape 1.4 7.3 1 5
Backgrounds 1.5 0.6 5 5
Efficiencies 0.9 2.2 1 5
D∗∗ states 2.2 0.7 5 2
Fit range 0.9 0.9 1 1
D∗+D̄∗0π− line shape 4
PHSP model 2 2
Luminosity 1.0
Branching fractions 2.6
total 3.7 7.7 11 9

TABLE I. A summary of the systematic uncertainties on
the measurements of the Z+

c (4025) resonance parameters and
cross sections. We denote σtot = σ(e+e− → (D∗D̄∗)±π∓).
The total systematic uncertainty is taken as the square root
of the quadratic sum of the individual uncertainties.

and B is the branching fraction of D∗+ → D+(π0, γ),
D+ → K−π+π+. From the fit results, we obtain
560.1 ± 30.6 D∗+D̄∗0π− events, among which 400.9 ±
47.3 events are Z+

c (4025) candidates. With the in-
put of the observed center-of-mass energy dependence
of σ(D∗+D̄∗0π−), the radiative correction factor is cal-
culated to second-order in QED [22] to be 0.78 ± 0.03.
The efficiency for the Z+

c (4025) signal process is deter-
mined to be 23.5%, while the efficiency of the PHSP sig-
nal process is 17.4%. The total cross section σ(e+e− →
(D∗D̄∗)∓π±) is measured to be (137± 9) pb, and the ra-

tio R = σ(e+e
−→Z

±
c
(4025)π∓→(D∗

D̄
∗)±π

∓)
σ(e+e−→(D∗D̄∗)±π∓)

is determined to

be 0.65± 0.09.
Sources of systematic error on the measurement of the

Z+
c (4025) resonance parameters and the cross section are

listed in Table I. The main sources of systematic un-
certainties relevant for determining the Z+

c (4025) reso-
nance parameters and the ratio R include the mass scale,
the signal shape, background models and potential D∗∗

backgrounds. We use the process e+e− → D+D̄∗0π−

to study the mass scale of the recoil mass of the low
momentum bachelor π−. By fitting the peak of D̄∗0 in
the D+π− recoil mass spectrum, we obtain a mass of
2008.6 ± 0.1MeV/c2. This deviates from the PDG ref-
erence value by 1.6 ± 0.2MeV/c2. Since the fitted vari-
able RM(D+π−)+M(D+)−m(D+) removes the corre-
lation with M(D+), the shift mostly is due to the mo-
mentum measurement of the bachelor π−. Hence, we
take the mass shift of 1.8MeV/c2 as a systematic un-
certainty on RM(π−) due to the mass scale. If one as-
sumes Z+

c (4025) also decays to other final states such
as π+(ψ(2S), J/ψ, hc), variations of their relative cou-
pling strengths would affect the measurements of the
Z+
c (4025) mass and width. The Flatté formula [23] is

used to take into account possible multiple channels,
and the maximum changes on the mass and the width
are 0.4MeV/c2 and 0.1MeV, respectively. When we as-

Zc(4025)- 

1+?	
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Bc physics "

6%6%

Typical%produc6on%diagram%(αs
4)%

Measured%with%the%decay%mode%Bc+�J/ψ%π+,%
rela6ve%to%the%B+%produc6on%(B+�J/ψ%K+)%

LHCb:%PRL%109%(2012)%232001,%PhD%Thesis%of%Bo%Liu.%%
The%analysis%is%repeated%to%obtain%a%different%crossGsec6on%(pT%and%y),%in%an%extended%
collabora6on%with%Cagliari%(Giulia%Manca)%

For%pT%<%4%GeV/c%and%2.5<η<4.5%

The%absolute%BR%of%Bc+�J/ψ%π+%is%not%known,%but%
using%theore6cal%es6mates,%this%means%%%%%%%%%%%%
σ(Bc

+)~σ(B+)/100*

Bc%Produc6on%

Bc
+→J/ψπ+"

PRL 109 (2012) 232001, LHCb  	

Relative production cross section"
Consistent with theory calculations "
EPJC 38 (2004) 267, Chang & Wu"
PRD 89 (2014) 034008, Qiao et al."

•  Measured%with%semiGleptonic%decays%[arXiv:1401.6932]%
•  τ=509±8±12*fs,%most%precise%measurement%to%date,%with%

uncertainty%half%of%the%previous%average%
•  Measurement%ongoing%with%Bc%�%J/ψ π+%decays%(smaller%

systema6c%uncertainty)%

11%

Bc+'life6me%
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Total
Data

LHCb Bc
+→J/ψµ+νX"

arXiv: 1401.6932, LHCb	

Most precise Bc lifetime
 measurement "
τ=509 ±8 ±12 fs"
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J/Ψ production "
EPJC 71 (2011) 1645, LHCb	

•  Quarkonium%produc6on%mechanisms%not%so%clear,%
test%them%with%measurement%of%polariza6on.%

4%

Quarkonium%Polariza6on%
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ψ(2S)%polariza6on%[arXiv:1403.1339]%

PhD%Thesis%of%Yanxi%Zhang,%defended%in%May%2013%%

) [GeV/c]ψ(J/
T

p
0 5 10 15

θλ

-1
-0.8
-0.6
-0.4
-0.2

0
0.2
0.4
0.6
0.8

1

NLO NRQCD(1)
NLO NRQCD(2)
NLO NRQCD(3)
NLO CS

2.5 < y < 4.0

 = 7 TeVsLHCb 

J/ψ%polariza6on%[Eur.'Phys.'J.'C%73%(2013)%2631]%

EPJC 73 (2013) 2631, LHCb	 polarisation	
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Figure 8: Comparison of the LHCb results for the differential prompt J/y production for unpolarised
J/y (circles with error bars) with: (top, left) direct J/y production as predicted by LO and NLO
NRQCD; (top, right) direct J/y production as predicted by NLO and NNLO? CSM; (bottom, left)
prompt J/y production as predicted by NLO NRQCD; (bottom, right) prompt J/y production as pre-
dicted by NLO CEM. A more detailed description of the models and their references is given in the
text.

• top, left: direct J/y production as calculated from NRQCD at leading-order in as (LO,
filled orange uncertainty band) [31] and next-to-leading order (NLO), with colour-octet
long distance matrix elements determined from HERA and Tevatron data (hatched green
uncertainty band) [32], summing the colour-singlet and colour-octet contributions.

• top, right: direct production as calculated from a NNLO? colour-singlet model (CSM,
filled red uncertainty band) [11, 33]. The notation NNLO? denotes an evaluation that
is not a complete next-to-next leading order computation and that can be affected by
logarithmic corrections, which are however not easily quantifiable. Direct production as
calculated from NLO CSM (hatched grey uncertainty band) [7, 9] is also represented.

• bottom, left: prompt J/y production as calculated from NRQCD at NLO, including con-
tributions from cc and y(2S) decays, summing the colour-singlet and colour-octet con-
tributions [34].

15

PRL 106 (2011) 042002, "
Ma, Wang & Chao	

PRL 108 (2012) 242004, Chao et al.;"
arXiv:1209.4610, Shao & Chao"

	

Cross section	
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J/ψ production in p-Pb collisions"

Prompt J/ψ J/Ψ from b 

Clear cold nuclear matter effect identified in p-Pb collisions：
 benchmark for search of QGP signals in Pb-Pb data "

JHEP 1306 (2013) 064, LHCb	

Heavy quarkonia suppression 

3 

¾ sensitive probe of properties of nuclear matter 
¾ strongly suppressed in 𝑝Pb collisions at large rapidity 

JHEP 1303 (2013) 122   [ arXiv:1212.0434 ] 

Nuclear modification factor:   𝑅 𝑦 = ⋅ 𝑦   / 𝑦    

𝑅 𝑦  𝑅 𝑦     200 GeV 5 TeV 
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On Lattice QCD side"
Hadronic parameters	 2002 

[hep-ph/0211359]	
2014 
[www.utfit.org]	

Bk	 0.86 (17%)	 0.766 （1.3%）	

fBs	 0.238 MeV (13%)	 0.227 (2%)	

fBs/fB	 1.24 (6%)	 1.20 (1.8%)	

BBs	 1.34 (9%)	 1.33 (4.5%)	

BBs/BB	 1.00 (3%)	 1.06 (10%)	

Important progresses made in methods, computation
 power and algorithms "
Further improvement desirable "
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Hadronic matrix elements"

Many efforts made in pQCD (e.g. NNLO for radiative
 decays, NLO (EW) and NNLO (QCD) for Bs→µ+µ- ) "
No suitable method to reliably account for long
 distance contributions (e.g. penguin pollution in b→c
 cbar s decays, charm sector )"

Hadronic matrix elements

-

Increasingly difficult

None – pure quan-
tum interference

h0|O|Bi
hB|O|Bi hM|O|Bi hM1M2|O|Bi

HQE/OPE, lattice, (QCD
sum rules)
z }| {

QCD factorization,
(flavour symmetries)

� from B ! DK
[and related methods]

2�Bs

B ! ⌧⌫⌧
Bs ! µ+µ�

�MBd,Bs
��Bs

B ! D⌧⌫⌧
|Vub|
B ! K⌫⌫̄

B ! ⇢�
B ! K(⇤)``

Direct CP asym
Bs ! ⇡K,KK, . . .
Bs ! ⇡⇡
Bs ! ��,K⇤0K̄⇤0

Many new LHCb results

�
��✓

M. Beneke (TU München), Flavour physics Latsis Symposium, Zürich, 06 June 2013 14
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Wish list to theoreticians"

•  Significant improvement in precision of
 hadronic parameters from Lattice QCD"

•  Reliable QCD calculation methods "

•  Identification of many new observables
 Clean, sensitive to NP and measurable "

SM predictions of CPV in B & charm sector"
penguin pollution in b→c cbar s decays "
SM prediction of R(D) and R(D*) "
…"

Form factors, bag parameters, decay constants, ME, …"



Future prospects 

42 



Flavor landscape till 2030"
7

Experimental Flavour Landscape: 2011 - 2030

LHCb

Proposed LHCb Upgrade

SuperB

Belle II

BES III

NA62

KLOE2

20
11

20
18

20
16

20
14

20
11

20
1?

20
11

LHC shutdowns:
2013 (~19 months)
2017 (~12 months)
2021 (~24 months)

2010 2015 2020 2025 2030

FIG. 1: Time scales of data taking anticipated for existing, approved, and proposed flavour physics experiments discussed
in this document. One can see that LHCb, BES III and NA62 will have completed their currently defined run programmes
prior to the SuperB and Belle II. Any upgrade of LHCb would achieve final results sometime after the Super Flavour
Factories will have achieved their goals.

• On the time-scale that SuperB will accumulate 75 ab�1, it is expected that Belle II will be able to integrate
50 ab�1 at the ⌥ (4S). One would then expect that SuperB will outperform Belle II in terms of precision
by about 20% in general for measurements that are not limited by systematic uncertainties. Where mea-
surements will be limited by systematic uncertainties, the expectation of the ultimate precision reached
depends on assumptions that have entered into extrapolations, and di↵erences between experiments should
be interpreted as a possible range of the ultimate precision attainable.

• SuperB can run at energies below the ⌥ (2S), and will run at both the ⌥ (1S) and  (3770). This provides
SuperB with a significantly broader physics programme through the direct searches for light scalar mesons
(Higgs and Dark Matter), tests of lepton universality, searches for Dark Forces, and so on. Measurements
at charm threshold will feed back into the B physics programme of all flavour experiments: for example
reducing model uncertainties in the measurement of the Unitarity triangle angle �, and improving the
precision of charm mixing measurements. Other charm threshold measurements will also enable lattice
QCD to be tested more precisely in a regime where calculations are better understood. This will impact
upon the corresponding work in B decays.

• The electron beam at SuperB will be polarised to at least 80% for running at the ⌥ (4S). The polarized
electron beam provides SuperB with the ability to perform precision electroweak studies in an energy
regime free from hadronic uncertainties related to b fragmentation that otherwise limit the interpretation of
SLC/LEP measurements, and also provides an additional kinematic variable to support background fighting
techniques in rare and Lepton Flavour Violating (LFV) ⌧ decay studies. The benefits of polarisation for ⌧
LFV are model dependent.

More details on the Belle II experiment and physics programme can be found in Ref. [13].

B. BES III

The physics programme of BES III, an e+e� experiment running at charm threshold, will overlap significantly
with the SuperB measurements made at charm threshold. The anticipated data sample to be accumulated at
the  (3770) by BES III is 10 fb�1 by the middle of the this decade [14]. In comparison, SuperB expects to be

The impact of SuperB on flavour physics

to
da

y 	

?	

3 fb-1 @7-8TeV" 5 fb-1 @13TeV"

50 fb-1 @14TeV"

43 
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LHCb upgrade physics sensitivity  "

31 

LHCb upgrade physics sensitivity  "
Table 16: Statistical sensitivities of the LHCb upgrade to key observables. For each observable the current sensitivity is compared to
that which will be achieved by LHCb before the upgrade, and that which will be achieved with 50 fb�1 by the upgraded experiment.
Systematic uncertainties are expected to be non-negligible for the most precisely measured quantities. Note that the current
sensitivities do not include new results presented at ICHEP 2012 or CKM2012.

Type Observable Current LHCb Upgrade Theory
precision 2018 (50 fb�1) uncertainty

B0
s mixing 2�s (B0

s ! J/ �) 0.10 [137] 0.025 0.008 ⇠ 0.003
2�s (B0

s ! J/ f0(980)) 0.17 [213] 0.045 0.014 ⇠ 0.01
as
sl 6.4 ⇥ 10�3 [43] 0.6 ⇥ 10�3 0.2 ⇥ 10�3 0.03 ⇥ 10�3

Gluonic 2�e↵
s (B0

s ! ��) – 0.17 0.03 0.02
penguins 2�e↵

s (B0
s ! K⇤0K̄⇤0) – 0.13 0.02 < 0.02

2�e↵(B0 ! �K0
S) 0.17 [43] 0.30 0.05 0.02

Right-handed 2�e↵
s (B0

s ! ��) – 0.09 0.02 < 0.01
currents ⌧ e↵(B0

s ! ��)/⌧B0
s

– 5% 1% 0.2%
Electroweak S3(B0 ! K⇤0µ+µ�; 1 < q2 < 6GeV2/c4) 0.08 [67] 0.025 0.008 0.02
penguins s0 AFB(B0 ! K⇤0µ+µ�) 25% [67] 6% 2% 7%

AI(Kµ+µ�; 1 < q2 < 6GeV2/c4) 0.25 [76] 0.08 0.025 ⇠ 0.02
B(B+ ! ⇡+µ+µ�)/B(B+ ! K+µ+µ�) 25% [85] 8% 2.5% ⇠ 10%

Higgs B(B0
s ! µ+µ�) 1.5 ⇥ 10�9 [13] 0.5 ⇥ 10�9 0.15 ⇥ 10�9 0.3 ⇥ 10�9

penguins B(B0 ! µ+µ�)/B(B0
s ! µ+µ�) – ⇠ 100% ⇠ 35% ⇠ 5%

Unitarity � (B ! D(⇤)K(⇤)) ⇠ 10–12� [243,257] 4� 0.9� negligible
triangle � (B0

s ! DsK) – 11� 2.0� negligible
angles � (B0 ! J/ K0

S ) 0.8� [43] 0.6� 0.2� negligible
Charm A� 2.3 ⇥ 10�3 [43] 0.40 ⇥ 10�3 0.07 ⇥ 10�3 –

CP violation �ACP 2.1 ⇥ 10�3 [18] 0.65 ⇥ 10�3 0.12 ⇥ 10�3 –

125

10 times better precision in major heavy flavor measurements "
(B mixing and CPV, charm mixing and CPV and rare decays)	
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Promising modes for upgrade"

•  CPV in Bs→φφ: probing NP in b→s penguin"

•  Bs→φγ: probing right handed NP "
Figure 1: Dominant Feynman diagram contribution to the Branching Ratio within the
SM and within the MSSM with R-parity conservation.

uncertainty. Alternatively, the dependence with the CKM parameters as well as the bulk136

of the hadronic uncertainty can be eliminated by normalizing to the now well-measured137

meson mass di⇥erence (�Mq), thus trading the decay constant f 2
Bq

factor, for a less138

uncertain bag parameter Bq, see [2]. Using this approach the SM predictions have an139

uncertainty of ⇤ 10%:140

B(B0
s⇧ µ+µ�)SM = (3.2± 0.2)⇥ 10�9 (7)

B(B0⇧ µ+µ�)SM = (1.0± 0.1)⇥ 10�10. (8)

Many alternatives to the SM predict a very di⇥erent Higgs sector. For instance in141

generic 2HDM of type II (where the Higgs fields are di⇥erent for up-type or down-type142

quarks), the BR is proportional to the fourth power of the ratio of the Higgs vacuum143

expectation values, tan�. In this case the calculation of the (pseudo-)scalar Wilson144

coe⇤cients gives:145

c2HDM�II
S = c2HDM�II

P ⌅ mµ

4M2
W

tan2 �
log(

M2
H+

m2
t

)

M2
H+

m2
t
� 1

. (9)

A more popular scenario within the theory community will be the MSSM with R-146

parity conservation, where the inclusion of diagrams with charginos (see Fig. 1, right)147

introduces an extra tan� factor proportional to the sixth power of this parameter:148

cMSSM
S,P ⌃ mbmµ tan3 �

M2
A

. (10)

Hence if the mass of the new Higgses introduced by MSSM are not very large and accessible149

to the LHC energies, we expect to see large enhancements in the BR unless tan� is small.150

6

NP 

NP 
NP 

NP picture 
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Quantum effects in loops sensitive to combination of mass 
and couplings 
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Figure 3: Negative �ln likelihood scan of �
s

. Only the statistical uncertainty is included.

total systematic uncertainty on �
s

is 0.22 rad, significantly smaller than the statistical
uncertainty.

In summary, we present the first study of CP violation in the decay time distribution
of hadronic B0

s

! �� decays. The CP -violating phase, �
s

, is restricted to the interval
of [�2.46,�0.76] rad at 68% C.L. The p-value of the Standard Model prediction [8] is
16%, taking the values of the strong phases and polarisation amplitudes observed in data.
The precision of the �

s

measurement is dominated by the statistical uncertainty and is
expected to improve with larger LHCb data sets.
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PRL 110 (2013) 241802, LHCb"

[-2.37，-0.92 ] @67% CL	

Measure effective lifetime to
 determine photon polarization"
PLB 664 (2008) 174, Muheim, Xie, Zwicky "
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Belle II physics program"

A. J. Schwartz  Workshop on Tau-Charm, Isola D’Elba  Belle II Physics Prospects   11 

Belle II_
_

Broad Physics Program: 

Charm mixing and CPV 

B Physics @ Y(4S) 

Bs Physics @ Y(5S) 

+ τ decays, rare D decays, DsJ , X, Y, Z studies, etc. 

Strengths: radiative B decays "
                 decays into ν	

                Vub, Vcb"
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What will we learn in 2030?"

•  Reduce errors of key flavor measurements by a
 factor of 10  "
–  Probe few % NP contribution in FCNC processes"

•  Obtain the pattern of many flavor observables in B
 and D decays"
–  May tell us a lot about the allowed form of NP and

 severely limit NP parameter space "
•  Measure CP violation in B and D systems very

 precisely"
–  Hopefully tell us whether there is new source of CP

 violation"
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Conclusions"

•  Heavy flavor physics offers an opportunity to
 probe NP far above 1 TeV. It is also a necessary
 ingredient  to fully understand the Higgs sector
 and mass generation mechanism. "

•  Regardless of whether LHC will discover NP or
 not, flavor physics will tell us a lot."

•  Go for higher precision, wider scope & better
 understanding of SM! "

"


