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About the speaker 
Recently joined CCNU.!
2003-2013: School of Physics, University of Edinburgh, 
which boasts Peter Higgs!!

CMS’s guests from Edinburgh, 2008!



Outlines  

o  Successes of SM in quark flavour sector!

o  Challenges in the sector: requirement of higher 
precision and wider scope !

o  Turn challenges into opportunities: some 
personal experience  !

!
o  Conclusions !
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Status …  



Test CKM and search for new sources of CP violation !

Study flavour changing processes 
and seek footprints of new particles 
in the quantum loops  !

Energy frontier: ATLAS and CMS!

Quantum frontier: LHCb  !
Search for direct production of TeV level new particles !

Explore physics up  to 100 TeV!

LHCb%–%Flavour%Physics%
TesKng%the%deep%quantum%structure%of%Nature%by%looking%at%
quantum%loops%via%trees,%boxes,%penguins:%

SM  

SM  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
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NP 

NP 
NP 

NP picture 

14th May 2013 Nobel Symposium 2013, V.Gibson 7/44 

Quantum effects in loops sensitive to combination of mass 
and couplings 
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Physics frontiers at LHC   

NP	





Quark flavour physics   

o  Flavour and CP violation in Standard Model (SM) !
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The Unitarity Triangle 

7 

CP Violation is possible in the Standard Model only if  
VCKM is complex ! η ≠ 0 ! Unitarity Triangle is not flat  

 

We want to determine ρ and η experimentally 

VCKM Unitarity ⇒ 

~λ3 ~λ3 ~λ3 

In other unitarity conditions (triangles) 
sides are very different. 
Second and third columns: flat triangle for BS 
(only certain decays have interfering amps!) 

The Unitarity Triangle 
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CP Violation is possible in the Standard Model only if  
VCKM is complex ! η ≠ 0 ! Unitarity Triangle is not flat  

 

We want to determine ρ and η experimentally 

VCKM Unitarity ⇒ 

~λ3 ~λ3 ~λ3 

In other unitarity conditions (triangles) 
sides are very different. 
Second and third columns: flat triangle for BS 
(only certain decays have interfering amps!) 

CKM matrix links mass eigenstates and weak eigenstates !

o  New sources of CP violation needed to explain 
the matter-antimatter asymmetry in the Universe !

vectors in complex plane:
Vcd =  | Vcd| e iϑ� � Vcb* = | Vcb| e -iϕ

Phase factor common to row or column can be eliminated!

The three vectors define a triangle:

ud ub cd cb td tbV V V V V V+ + =∗ ∗ ∗ 0

ud ubV V ∗

cd cbV V ∗

td tbV V ∗

cd cbV V ∗
ud ubV V ∗

td tbV V ∗

ud ub cd cb td tbV V V V V V+ + =∗ ∗ ∗ 0 x V ∗cd Vcb / |V ∗cd Vcb |

=m V V V Vcb td cd tb( )ℑ ∗ ∗ m V V V Vcb ud ub tb( ) ℑ ∗ ∗-

Use Wolfenstein third order:
Vud V ∗ub = Aλ3(1 - λ2/2)(ρ + iη)
Vcd V ∗cb = - Aλ3

Vtd V ∗tb =  Aλ3(1- ρ - iη)

ℑm (Aλ2 x Aλ3(1-ρ-iη) x -λ x 1) = A2λ6η = JCP = 2 x Area UT

J m V V V V A i j l k

m V V V V m V V V V V V

m V V V V m V V V V

CP ik jl il jk

cb td cd tb cb ts cs tb cb tb

cb ts cs cb cb tb cb tb

( ) ( , )

( ) ( ( ) )

( ) ( )

= ± ℑ ≈ ≠ ≠

ℑ = ℑ − −

= −ℑ − ℑ

∗ ∗

∗ ∗ ∗ ∗ ∗

∗ ∗ ∗ ∗

2 6λ η

All six unitary orthogonality relations define
triangles with the same area:

0 1

(ρ,iη)

Jarlskog's measure of CP-violation:

<

<

= 0 (pure real!)



Where to look for surprises 
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o  Observables that are well understood in the SM 
but sensitive to new physics (NP) contributions !
²  Rate of rare decays!
²  Angular distributions in FCNC decays!
²  CP violation !
²  …!



Example:  
rate of B(s)

0→µ+µ-  
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Search for B(s)
0→µ+µ-  

o  Strongly suppressed in SM!
²  helicity suppression !
²  loop suppression!
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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)  109  
 
 Very sensitive to new 

physics -  MSSM 
 

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

Rare decay Bs   See parallel talk of 
Serena Oggero 

arXiv:1208:0934 & PRL 109 041801 (2012) 

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)  109  
 
 Very sensitive to new 

physics -  MSSM 
 

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

Rare decay Bs   See parallel talk of 
Serena Oggero 

arXiv:1208:0934 & PRL 109 041801 (2012) o  Golden mode to probe new scalar interactions!



LHCb analysis 
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o  Discriminate signal and background using!
²  output of Boosted Decision Tree (BDT) built on 

kinematic and topological variables !
²  invariant mass of µ+µ-!

muon identification [25], transverse momentum pT satisfy-
ing 0:25<pT < 40 GeV=c, and momentum p <
500 GeV=c. The two tracks are required to form a second-
ary vertex (SV), with !2 per degree of freedom less than 9,
displaced from any pp interaction vertex (primary vertex,
PV) by a flight distance significance greater than 15. The
smallest impact parameter !2 (!2

IP), defined as the differ-
ence between the !2 of a PV formed with and without the
track in question, is required to be larger than 25 with
respect to any PV for the muon candidates. Only B candi-
dates with pT > 0:5 GeV=c, decay time less than 9! "B0

s

[3], impact parameter significance IP=#ðIPÞ< 5 with
respect to the PV for which the B IP is minimal, and
dimuon invariant mass in the range ½4900; 6000% MeV=c2

are selected. The control and normalization channels are
selected with almost identical requirements to those
applied to the signal sample. The B0

ðsÞ ! hþh0' selection

is the same as that of B0
ðsÞ ! $þ$', except that muon

identification criteria are not applied. The Bþ ! J=cKþ

decay is reconstructed from a dimuon pair combined to
form the J=c ! $þ$' decay and selected in the same
way as the B0

ðsÞ ! $þ$' signal samples, except for the

requirements on the impact parameter significance and
mass. After a requirement of !2

IP > 25, kaon candidates
are combined with the J=c candidates. These selection
criteria are completed by a requirement on the response of
a multivariate operator, called MVS in Ref. [26] and
unchanged since then, applied to candidates in both signal
and normalization channels. After the trigger and selection
requirements are applied, 55 661 signal dimuon candidates
are found, which are used for the search.

The main discrimination between the signal and combi-
natorial background is brought by the BDT, which is
optimized using simulated samples of B0

s ! $þ$' events
for the signal and b !b ! $þ$'X events for the back-
ground. The BDT combines information from the follow-
ing input variables: the B candidate decay time, IP and pT ;
the minimum !2

IP of the two muons with respect to any PV;
the distance of closest approach between the two muons;
and the cosine of the angle between the muon momentum
in the dimuon rest frame and the vector perpendicular to
both the B candidate momentum and the beam axis.
Moreover, two different measures for the isolation of
signal candidates are also included: the number of good
two-track vertices a muon can makewith other tracks in the
event; and the B candidate isolation, introduced in
Ref. [27]. With respect to the multivariate operator used
in previous analyses [12,26], the minimum pT of the two
muons is no longer used while four new variables are
included to improve the separation power. The first two
are the absolute values of the differences between the
pseudorapidities of the two muon candidates and between
their azimuthal angles. The others are the angle of the
momentum of the B candidate in the laboratory frame,
and the angle of the positive muon from the B candidate

in the rest frame of the B candidate, both with respect to the
sum of the momenta of tracks, in the rest frame of the B
candidate, consistent with originating from the decay of a b
hadron produced in association to the signal candidate.
In total, 12 variables enter into the BDT.
The variables used in the BDT are chosen so that the

dependence on dimuon invariant mass is linear and small to
avoid biases. The BDT is constructed to be distributed
uniformly in the range [0,1] for signal, and to peak strongly
at zero for the background. The BDT response range is
divided into eight bins with boundaries 0.0, 0.25, 0.4, 0.5,
0.6, 0.7, 0.8, 0.9, and 1.0.
The expected BDT distributions for the B0

ðsÞ ! $þ$'

signals are determined using B0
ðsÞ ! hþh0' decays. The

B0
ðsÞ ! hþh0' distributions are corrected for trigger and

muon identification distortions. An additional correction
for the B0

s ! $þ$' signal arises from the difference in
lifetime acceptance in BDT bins, evaluated assuming the
SM decay time distribution. The expected B0

s ! $þ$'

BDT distribution is shown in Fig. 1.
The invariant mass distribution of the signal decays is

described by a Crystal Ball function [28]. The peak values
(mB0

s
and mB0) and resolutions (#B0

s
and #B0) are obtained

from B0
s ! KþK' and B0 ! Kþ%', B0 ! %þ%'

decays, for the B0
s and B0 mesons. The resolutions are

also determined with a power-law interpolation between
the measured resolutions of charmonium and bottomonium
resonances decaying into two muons. The two methods are
in agreement and the combined results are #B0

s
¼ 23:2)

0:4 MeV=c2 and #B0 ¼ 22:8) 0:4 MeV=c2. The transi-
tion point of the radiative tail is obtained from simulated
B0
s ! $þ$' events [21] smeared to reproduce the mass

resolution measured in data.
The numbers of B0

s ! $þ$' and B0 ! $þ$' candi-
dates, NB0

ðsÞ!$þ$' , are converted into branching fractions

with

BDT
0 0.2 0.4 0.6 0.8 1

PD
F

-410

-310

-210

-110

1

Signal

Background

LHCb

FIG. 1 (color online). Expected distribution of the BDT output
for the B0

s ! $þ$' signal (black squares), obtained from
B0
ðsÞ ! hþh0' control channels, and the combinatorial back-

ground (blue circles).
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Search for B(s)
0→μ+μ!
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LHCb

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

B0
(s) ⇤ µ+µ�

b̄

s

µ+

µ�

B0
s W

t

t

Z0

b̄

s

µ+

µ�

B0
s g̃

d̃

d̃

A0

⌅ 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

B(Bq ⇥ µ+µ�) ⇤ |VtbVtq|2[(1�
4m2

µ

M2
B
)|CS � C⇥

S |2+ |(CP � C⇥
P )+

2mµ

M2
B
(C10�C⇥

10)|2]

⌅ 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]



LHCb run I result 
Search for B(s)

0→μ+μ!
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• 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
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B
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⌅ 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
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[EPJC 72 (2012) 2172, JHEP 1307 (2013) 77]

LHCb result!
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In good agreement with the SM predictions 
within current uncertainties !



LHCb+CMS results 

12 

Combining with CMS...
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CMS-PAS-BPH-13-007 
LHCb-CONF-2013-012
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>5σ

Observation
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Example:  
Angular distributions in B0→K*µ+µ-  
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Observables in B0→K*µ+µ-   

Forward backward asymmetry FBA  !
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Angular analysis

One very famous variable:
AFB ∝ −Re[(2Ceff

7 + q2

m2
b

Ceff
9 )C10]

forward backward

Introduce 3 relative angles to describe angular distribution of final state particles.
Folding φ→ φ+ π if φ < 0 increase sensitivity for some coefficients.

New: alternative folding give access to form factor independent parameters
(arXiv:1106.3283, arXiv:1106.3283, arXiv:hep-ph/050206, arXiv:0807.2589, arXiv:1105.0376)

e.g. AFB = 3
4
(1 − FL)ARe

T

Stephanie Hansmann-Menzemer 19

Longitudinal fraction FL!

Other angular variables insensitive to hadronic form factors 
P4’, P5’, P6’, P8’    !

B0!K*(!K+π-)µµ 

Observables with limited dependence on 
form-factor uncertainty have been 
proposed by several authors: 

18#24/07/2013* Nicola*Serra*#*EPS*2013* 5*

Kruger-Matias (2005), Matias et al. (2012), Egede-
Matias-Hurth-Ramon-Reece (2008), Bobeth-Hiller-Van 
Dyk (2010-11), Beciveric-Schneider (2012) 

N.D.: There are other observables which are combination of 
those presented here 

Measure their dependency on q2 = m2 (µµ)  !



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

Some example distributions:

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

]
-2

 G
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4 c × 
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 [1
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2 q
/d
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LHCb CDF BaBar Belle ATLAS CMS

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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Results of P4’, P5’, P6’ and P8’ 
New Observables inB0 → K∗µ+µ−

LHCb-PAPER-2013-037
Very good agreement in P

′

4, P
′

6, P
′

8

some tension in P
′

5 (3.7 σ):

0.5% probability to see such a deviation with 24 independent measurements.

Discussion at EPS
resulted in an article:
Descotes, Matias, Virto

arXiv:1307.5683

Stephanie Hansmann-Menzemer 21 16 
Waiting for increased sensitivity with 2011+2012 data !



Examples:  
CP violation in BS

0, B0, D0 , K0  systems 

17 

(some details for my favourite topic ) 



CP violation in Bs→J/ψφ  

o  Time-dependent CP violation 
characterized by phase 
difference between B→f and  
B→B→f, φs  !

φs
SM

 = - 0.036 ± 0.002  (rad)!

o  Sensitive to NP in Bs mixing!
φs = φs

SM +Δφ NP

o  Theoretically clean 	


4 

Probing CPV with Bs → J/ψφ  

•  Bs-Bs mixing via box diagrams 
–  Heavy (H) and light (L) mass eigenstates  
–   Δms = MH-ML, ΔΓs = ΓL-ΓH 
–  inducing CP violation  

•  Golden channel Bs → J/ψφ  
–  Tree level decay dominance  
–  CP asymmetry sin(φs)  
–  SM: φs 

SM= -0.036 ± 0.003 

•  New particles may enter the mixing 
box diagram and affect φs  and ΔΓs 

      φs =  φs
SM

 + δφNP, ΔΓs ≈ ΔΓs
SM

 cos(δφNP) 

J/ψφ&

q/p 

Αf Αf 

[Lenz, Nierste, arXiv1102.4274] 
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Angular analysis  

o  Angular analysis needed to separate  CP even and odd!

K+K- in P wave: 0 (CP even), || (CP even ), ⊥(CP odd)!

o  A small CP odd K+K- S-wave contribution accounted for !

Helicity angles: Ω=(θµ, θK, φh)	



19 



Time-dependent angular PDF 

k fk(Ω) hk(t) 

1 2cos2θKsin2θµ	

 |A0|2(t) 

2 sin2θK (1-sin2θµcos2φh)	

 |A|||2(t) 

3 sin2θK (1-sin2θµsin2φh)	

 |A⊥|2(t) 

4 sin2θK sin2θµsin2φh	

 Im{A||
*(t)A⊥ (t)} 

5 (√2/2)sin2θK sin2θµcosφh	

 Re{A0
*(t)A|| (t)} 

6 -(√2/2)sin2θK sin2θµsinφh	

 Im{A0
*(t)A⊥ (t)} 

7 (2/3)sin2θµ |AS|2(t) 

8 (√6/3)sinθK sin2θµcosφh	

 Re{AS
*(t)A|| (t)} 

9 -(√6/3)sinθK sin2θµsinφh	

 Im{AS
*(t)A⊥ (t)} 

10 (4√3/3)cosθK sin2θµ	

 Re{AS
*(t)A0 (t)} 

o  Depending on φs, ΔΓs, polarization fractions, strong 
phases … !

20 



Key ingredients  Ingredients for Bs → J/ψφ   

•  Theoretical time-dependent CP asymmetry  
CP violation in Bs → J/ψφ:  ingredients

4

• For CP eigenstate f with eigenvalue ηf, define

• Δms is the Bs-Bs mixing frequency 

➡  see talk Julian Wishahi (previous session)

• Bs→J/ψφ: admixture of CP even/odd→ angular analysis to disentangle

• Need flavour tagging -- which has a non-zero mistag probability w

• Decay time measurement has finite resolution σt

ACP ⌘
�
⇣
B

0
s ! f

⌘
� �

�
B0

s ! f
�

�
⇣
B

0
s ! f

⌘
+ � (B0

s ! f)
= ⌘f sin�s sin(�mst)

ACP ⇡ (1� 2w)e�
1
2�m2

s�
2
t ⌘f sin�s sin(�mst)

•  From flavour tagged time-dependent angular analysis       

�  ω  Probability of getting the initial flavour wrong  
�  σt  Decay time resolution  
�  ηf  CP eigenvalue → angular analysis 
to disentangle CP even/odd, Ω = (θ, φ, ψ) &

CP violation in Bs → J/ψφ:  ingredients
Description of Bs�J/��

3

Bs � J/�� admixture of CP-even/odd states.   
Can be described by 3 polarization amplitudes: 

Transversity basis:

� transversity angle distributions:  

Signal event distribution: Flavor tagging 

Physics parameters:

time 
resolution

acceptance sB sB

(assuming no CPV)

(constraint)

• PS → VV : 3 polarization amplitudes

• Describe in transversity basis

• L=0,2 : A0, A∥ (CP even)

• L=1 : A⟂ (CP odd)

• K+K- S-wave (CP odd) 

• 4 Amplitudes → 10 combinations: 

CP-violation in 
� mixing  


�+


��+

�����+,-.*3I*3*-)*+2*.?**-+7%N%-4+'-1+1*)'#+4%D*$+3%$*+.B++
L!+D%B('.%-4+H"'$*+�� � �� �� ����+

3 

��+ ���+

��+

!"#$"%%"&'()*+""
I%-'(+$.'.*+%$+7%N./3*+BI+L!+*D*-+'-1+L!+B11+*%4*-$.'.*$+
+

A*$)3%2*1+2#+."3**+HB('3%@'.%B-+'7H(%./1*$U+++ 	�+JL!FB11K+
	��� 	�+JL!F*D*-K+

<%-'(+$.'.*$+1*$)3%2*1+2#+."3**+.3'-$D*3$%.#+'-4(*$U++� � �
� �� ��+

18.08.2011 

Transversity angles
Ω = { θ,ϕ, ψ}

5

d4�(B0
s ! J/ K+K�)

dtd⌦
/

10X

k=1

fk(⌦)hk(t) 6 

     Essential ingredients: excellent decay time resolution,!
     good flavour tagging performance,  precise knowledge of !
     time resolution, mistag rate and  Δms!
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Decay time resolution  
Decay time resolution 

29 

8 

Decay time resolution  

Bs 
µ+ 

K- 
K+ 

µ-!
d~1cm&

σ(z)~47&µm&
σ(z)~135&µm&

Primary&vertex&

Bs&→&J/ψ(KK)φ(µµ)&

J/ψ&

φ&

decay time (ps)
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Figure 4: Decay time distribution of B0
s ! J/ � candidates with a true J/ ! µ+µ�. The

superimposed curve is the decay time model convolved with a double Gaussian resolution
model. The decay time model consists of a delta function for the prompt component and
two exponentials with di↵erent decay constants, one of which represents the B0

s ! J/ �
signal.

2.2 Decay time resolution

To account for the finite decay time resolution of the detector, all time dependent functions
in the PDF are convolved with a Gaussian distribution. The width of the Gaussian
is S�t · �t, where �t is the event-by-event decay time resolution, measured from the decay
vertex and decay length uncertainty. The scale factor S�t is determined by a weighted
unbinned maximum log likelihood fit to the J/ ! µ+µ� component of the prompt
background (Fig. 4). This component is isolated using sWeights determined from the J/ 
invariant mass distribution of our selected B0

s candidates. We translate the result to a
single Gaussian with the same e↵ective dilution to be used in the fit for �s. The scale factor
is found to be S�t = 1.45± 0.06, where the error accounts for both statistical uncertainty
and systematic uncertainty of potential phase space di↵erences of the prompt J/ ! µ+µ�

background and signal. This systematic uncertainty is derived from simulation. S�t is
allowed to vary within its uncertainty in the fit. The e↵ective (single Gaussian) decay
time resolution is approximately 45 fs.

2.3 Decay time acceptance

The triggers used in this analysis exploit the signature of J/ ! µ+µ� decays including
decay time biasing cuts to enrich the fraction of B events in the sample. To model the
impact of this selection on the decay time acceptance, events from a prescaled trigger line,
without lifetime biasing cuts are used. From this we obtain a non-parametric description
of the acceptance function, which is then used in the fit.

From simulation studies we also observe a shallow fall in acceptance at high decay
times, which is attributed to a reduction in track finding e�ciency for tracks originating

5

σt&~45&fs&

I developed  
•  B decay vertex kinematic fitting software  
•  Primary vertex refitting program    
•  Method to calibrate time resolution 

c.f. oscillation period ~ 350 fs 

CalibraAon&with&prompt&events&&

t&=&&d&×&mB/pB&&

Bs→J/ψ(µµ) φ(KK) 

     Impact of decay time resolution， Δms ≈ 17.7 ps-1	



Ø  If σt = 45 fs, dilution factor exp(-Δms
2σt

2/2) ≈  0.73	


Ø  If σt = 90 fs, dilution factor exp(-Δms

2σt
2/2) ≈  0.28	
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Flavour tagging   

o  Use charge of leptons or hadrons 
from the decay of the other B 
meson: opposite-side tagging!

o  Use charge of kaon produced!
    in the fragmentation: 
    same-side tagging!

o  Analysis requires precise  
knowledge of!
Ø Mistag rate: ω	
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Opposite side performance  

24 

o  Use control channels for calibration !
o  Opposite-side tagging:!

Ø  Fit time evolution in  
 flavour specific B0 → D*- µ+ νµ!

Ø Count correctly/mis-tagged events 
in self tagging B+ → J/ψ K+!

o  OS tagging optimized on MC and 
calibrated on data  
!

     algorithm       ε(1-2ω)2  [%]   
     OS                 2.29 ± 0.06!

[EPJC 72 (2012) 2022, arXiv: 1202.4979]	




Same side performance  

25 

o  Use flavour specific control  
channels to calibrate tagging!

o  Same-side tagging:!
Ø  Fit time evolution in  

Bs
 → Ds

- π+!

o  SS tagging optimized on MC and 
calibrated on data  
!

    algorithm       ε(1-2ω)2  [%] 
    SSK                0.89 ±0.17  
    OS                 2.29 ± 0.06  
    OS + SSK        3.13±0.12!

[LHCb-CONF-2012-033]	


Bs
 → Ds

- π+	





Event selection 
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Figure 4: Invariant mass distribution of the selected B0
s ! J/ K+K� candidates. The mass of

the µ+µ� pair is constrained to the J/ mass [7]. Curves for the fitted contributions from signal
(dotted red), background (dotted green) and their combination (solid blue) are overlaid.
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Figure 5: Background subtracted invariant mass distributions of the (a) µ+µ� and (b) K+K�

systems in the selected sample of B0
s ! J/ K+K� candidates. The solid blue line represents

the fit to the data points described in the text.

5 Decay time resolution168

If the decay time resolution is not negligibly small compared to the B

0
s meson oscillation169

period 2⇡/�ms ⇡ 350 fs, it a↵ects the measurement of the oscillation amplitude, and170

thereby �s. For a given decay time resolution, �t, the dilution of the amplitude can171

be expressed as D = exp(��

2
t�m

2
s/2) [34]. The relative systematic uncertainty on the172

dilution directly translates into a relative systematic uncertainty on �s.173

For each reconstructed candidate, �t is estimated by the vertex fit with which the174

decay time is calculated. The signal distribution of �t is shown in Fig. 6 where the sPlot175

technique is used to subtract the background. To account for the fact that track parameter176

resolutions are not perfectly calibrated and that the resolution function is not Gaussian,177
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27.6 ± 0.1 k signals  

Very clean sample obtained by exploiting !
Ø Excellent muon and kaon identification   !
Ø Precise tracking and vertexing !
Ø Powerful trigger provided by the muon detector!
Ø A requirement of t>0.3 ps to remove prompt 

background!



Background subtraction 
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Developed the sFit method to optimally subtract !
combinatorial background in maximum likelihood fit!

Ø Avoid parameterization in multiple dimension!

− lnL θ( ) = −α we ⋅ lnP s
x e ;θ( )

e=1

Ns+Nb

∑
θ        fit parameters!
x        t, Ω, σt, η	


Ps(x)  signal PDF!
w       signal weight calculated using J/ψKK mass as !
          discriminating variable, such that !
          !
           [M. Pivk, F. R. Le Diberder, NIMA 555 (2005) 356]!

[Y. Xie, arXiv: 0905.0724] !

we = 0
e=1

Nb

∑



Projections 
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LHCb Tag K0
S fi+fi≠ ‡t œ K+K≠ Summary

Bs æ J/Â K+K ≠ Decay Time and Angular Distributions
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Total
CP–even
CP–odd
S–wave

arxiv 1304.2600



LHCb result of φs (2011 data) 
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Figure 13: Two-dimensional profile likelihood in the (��s, �s) plane for the B0
s ! J/ K+K�

dataset. Only the statistical uncertainty is included. The SM expectation of
��s = 0.082± 0.021 ps�1 and �s = �0.036 ± 0.002 rad is shown as the black point with er-
ror bar [2, 41].

Table 8: Results of the maximum likelihood fit for the S-wave parameters, with asymmetric sta-
tistical and symmetric systematic uncertainties. The evaluation of the systematic uncertainties
is described in Sect. 10.

m(K+
K

�) bin [MeV/c2 ] Parameter Value �stat (asymmetric) �syst

990� 1008 FS 0.227 +0.081,�0.073 0.020
�S � �? [rad] 1.31 +0.78,�0.49 0.09

1008� 1016 FS 0.067 +0.030,�0.027 0.009
�S � �? [rad] 0.77 +0.38,�0.23 0.08

1016� 1020 FS 0.008 +0.014,�0.007 0.005
�S � �? [rad] 0.51 +1.40,�0.30 0.20

1020� 1024 FS 0.016 +0.012,�0.009 0.006
�S � �? [rad] �0.51 +0.21,�0.35 0.15

1024� 1032 FS 0.055 +0.027,�0.025 0.008
�S � �? [rad] �0.46 +0.18,�0.26 0.05

1032� 1050 FS 0.167 +0.043,�0.042 0.021
�S � �? [rad] �0.65 +0.18,�0.22 0.06

21

φs  = 0.07 ± 0.09 (stat) ± 0.01(syst) rad	



ΔΓs = 0.100 ± 0.016 (stat) ± 0.003 (syst) ps-1 	



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



[J. Charles et. al, PRD 84 (2011) 033005] 	

 [A. Lenz, U. Nierste, arXiv: 1102.4274	



In good agreement with !
the SM expectation.!
!
No surprise yet! !

PRD 87 (2013) 112010 	





CP violation in D0→hh  

o  Highly suppressed in the SM, probing NP that 
couples to the up quark sector!

30 

ΔACP = ACP (D0→K+K-) - ACP (D0→π+π-) !

∆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

o  Two tagging methods	
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Stephanie Hansmann-Menzemer 28

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 violation

[PLB 723 (2013) 33 ]	



[LHCB-CONF-2013-003]	





CKM global fit in (ρ, η) plane   

o  ρ and η are precisely determined!
o  Good consistency between various 

measurements in K0, B0 and Bs systems  !
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Overall picture  

o  Flavour sector !
measurements generally agree with SM at 
current precision !
²  NP has similar flavour structure as SM (Minimal 

flavour violation)?   !
²  And/or NP energy scale far above 1 TeV? !

32 

o  Direct search for NP, which must exist !
no hint of any new phenomenon yet, except the 
SM-like Higgs (and a Nobel prize!)	

²  NP energy scale likely to be pushed above 1 TeV!

	


                                          Unnecessary!!



A plausible scenario 

33 

o  NP occurs at quite high energy scale !
²  Beyond reach of direct search at the LHC !

o  LHCb upgrade fits into this picture perfectly!
²  Expect 10 times higher precision in key measurements !

o  NP has flavour structure different from the SM  	

²  Flavour measurements in principle have chances to 

explore effects of very heavy particles (up to 100 TeV) 
in loops 	




Challenges …  



Challenges: detector upgrade  

o  High demands on detectors and trigger to face 
increases in !
²  Energy & luminosity!
²  Radiation  !
²  Occupancy!
²  Output event rate and event size !

35 

Not the main topic 
of this talk  



Challenges: physics exploitation 

o  Innovation in high demands!
²  New ideas in physics!
²  New experimental techniques !
²  New decay modes to study  !
²  New observables in explored modes !
²  New initiatives to solve known problems !

36 

o  We have no idea where exactly loop effects of 
NP will be seen and how big they should be !
²  Critical to perform searches in as high precision and 

as wide scope as possible 	




Opportunities …  

In every challenge  
there lies great opportunity   



Turn challenges into opportunities 

o  与实验研究者：共同探讨，交流经验，开拓思路!
o  对理论研究者：抛砖引玉，激发灵感，促进合作!

38 

Requires physicists to be innovative, intuitive,  
open-minded and collaborative    !

Some personal experience in exploring new ideas at 
LHCb experiment  



Resolving discrete ambiguity in φs  
in Bs→J/ψ(µ+µ-)φ(K+K-) analysis  

39 

An example to show how a good sense of physics 
helps to identify opportunities  



The notorious 2-fold ambiguity 

40 

o  Two “indistinguishable” solutions in Bs→J/ψφ 
analysis !
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FIG. 2. Projections for the decay time and transversity angle
distributions for events with m

B

in a ± 20 MeV range around
the B0

s

mass. The points are the data. The dashed, dotted
and solid lines represent the fitted contributions from signal,
background and their sum. The remaining curves correspond
to di↵erent contributions to the signal, namely the CP -even
P-wave (dashed with single dot), the CP -odd P-wave (dashed
with double dot) and the S-wave (dashed with triple dot).

The sensitivity to �

s

stems mainly from its appear-
ance as the amplitude of the sin(�m

s

t) term in Eq. 1,
which is diluted by the decay time resolution and mistag
probability. Systematic uncertainties from these sources
and from the mixing frequency are absorbed in the sta-
tistical uncertainties as explained above. Other system-
atic uncertainties are determined as follows, and added
in quadrature to give the values shown in Table I.
To test our understanding of the decay angle accep-

tance we compare the rapidity and momentum distribu-
tions of the kaons and muons of selected B

0
s

candidates
in data and simulated events. Only in the kaon momen-
tum distribution do we observe a significant discrepancy.
We reweight the simulated events to match the data, red-
erive the acceptance corrections and assign the resulting
di↵erence in the fit result as a systematic uncertainty.
This is the dominant contribution to the systematic un-
certainty on all parameters except �

s

. The limited size
of the simulated event sample leads to a small additional
uncertainty. The systematic uncertainty due to the back-
ground decay angle modelling was found to be negligible
by comparing with a fit where the background was re-
moved statistically using the sPlot method [16].
In the fit each |A

i

(0)|2 is constrained to be greater
than zero, while their sum is constrained to unity. This
can result in a bias if one or more of the amplitudes is
small. This is the case for the S-wave amplitude, which
is compatible with zero within 3.2 standard deviations.
The resulting biases on the |A

i

(0)|2 have been determined
using simulations to be less than 0.010 and are included
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FIG. 3. Likelihood confidence regions in the ��
s

-�
s

plane.
The black square and error bar corresponds to the Standard
Model prediction [3, 4].

as systematic uncertainties.
Finally, a systematic uncertainty of 0.008 ps�1 was as-

signed to the measurement of �
s

due to the uncertainty
in the decay time acceptance parameter �. Other sys-
tematic uncertainties, such as those from the momentum
scale and length scale of the detector, were found to be
negligible.
In summary, in a sample of 0.37 fb�1 of pp collisions

at
p
s = 7TeV collected with the LHCb detector we ob-

serve 8492 ± 97 B

0
s

! J/ K

+
K

� events with K

+
K

�

invariant mass within ± 12 MeV of the � mass. With
these data we perform the most precise measurements
of �

s

, ��
s

and �
s

in B

0
s

! J/ � decays, substantially
improving upon previous measurements [7] and provid-
ing the first direct evidence for a non-zero value of ��

s

.
Two solutions with equal likelihood are obtained, related
by the transformation (�

s

,��
s

) 7! (⇡��

s

,���
s

). The
solution with positive ��

s

is

�

s

= 0.15 ± 0.18 (stat) ± 0.06 (syst) rad,

�
s

= 0.657 ± 0.009 (stat) ± 0.008 (syst) ps�1
,

��
s

= 0.123 ± 0.029 (stat) ± 0.011 (syst) ps�1
,

and is in agreement with the Standard Model predic-
tion [3, 4]. Values of �

s

in the range 0.52 < �

s

< 2.62
and �2.93 < �

s

< �0.21 are excluded at 95% confi-
dence level. In a future publication we shall di↵erentiate
between the two solutions by exploiting the dependence
of the phase di↵erence between the P-wave and S-wave
contributions on the K

+
K

� invariant mass [14].

ACKNOWLEDGEMENTS

We express our gratitude to our colleagues in the CERN
accelerator departments for the excellent performance of

4

(φs,ΔΓs ) (π −φs,−ΔΓs )
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If we were very 
(un)lucky, NP hiding 
here could have 
escaped our attention 
…  !

(ΔΓS ≡ ΓL - ΓH) 
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o  A tiny K+K- S-wave 
contribution (f0(980) or 
non-resonance) 
interferes with φ(1020)!

the K+K� mass. The f0 contribution accounts for about 10% of the total decay rate in
the given mass region, as is shown in Figure 5.
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Figure 5: The data points correspond to the K+K� mass distribution of a generated
sample of B0

s! J/ K+K� events including 10% f0 contribution in the mass region. The
dotted red curve indicates the f0 contribution.

The data sample is divided into bins in the K+K� mass. For each bin i, two pa-
rameters �S,i and RS,i are used to represent the average strong phase and the fraction of
the f0 contribution. Both sin 2�s and cos 2�s are treated as independent free parameters.
Common free parameters sin 2�s, cos 2�s, R||, R?, �||, �?, �s and ��s are used for all bins.
Note that we still adopt the convention �0 = 0 as only the relative phase di↵erences in
each bin can be measured. A combined fit to the time-dependent angular distributions of
all the bins is performed to extract these free parameters. The fitted values of the strong
phase di↵erence �S� �0 versus the K+K� mass are plotted in Figure 6. The two branches
correspond to opposite values of cos 2�s. Just as expected, the branch corresponding
to the true solution decreases rapidly around the nominal �(1020) mass. Choosing this
branch leads to the unique solution

sin 2�s = 0.043± 0.05, cos 2�s = 1.05± 0.08 , (4.2)

which gives the ambiguity-free result

� 2�s = �0.043± 0.05 . (4.3)

In this example, the measured �2�s is separated from ⇡ � (�2�s) by 13�, therefore
the discrete ambiguity in 2�s is completely resolved. Although the actual measurement
precision in cos 2�s will depend on the size of the f0 contribution as well as background,
the possibility to resolve the ambiguity in �2�s using this method is very promising.

5 Conclusions

In the decay B0
s! J/ K+K� we expect that a K+K� S-wave contribution in the narrow

�(1020) mass region could be as large as 10%. The full di↵erential decay rates for this
decay including the S-wave contribution have been presented. We have considered a range

8

o  Normally this “pollution” is considered to be an 
annoying nuisance!

o  Needs some physics insight to recognize it as an 
opportunity …  	


f0(980)	



φ(1020) peak	





Including S wave in analysis 
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o  There are four decay amplitudes 
corresponding to different polarization !
²  KK in P wave: A0, A||, Aperp!
²  KK in S wave: AS !
 δi: phase of Ai!

o  Each of the two ambiguous solutions in (φs, ΔΓs) 
corresponds to different solution in strong phase 
differences!
(ϕs,ΔΓs,δ|| −δ0,δ⊥ −δ0,δs −δ⊥ )

(π −ϕs,−ΔΓs,−(δ|| −δ0 ),π − (δ⊥ −δ0 ),π − (δS −δ⊥ ))



K+K- P-wave:!
Phase of Breit-Wigner amplitude!
increases rapidly across φ(1020) 
mass region       !

K+K- S-wave:  !
Phase of Flatté amplitude for f0(980)  !
relatively flat (similar for non-resonance)!

Phase difference between S- and P-wave amplitudes!
Decreases rapidly across φ(1020) mass region       !

Resolution method: choose the solution with decreasing trend of !
δs- δP vs mKK in the φ(1020) mass region !

Y. Xie, P. Clarke, G. Cowan, F. Muheim, JHEP 09 (2009) 074  

Method to resolve the ambiguity 
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contribution measured within ±12 MeV of the nominal
�(1020) mass is 0.042 ± 0.015 ± 0.018 [3]. (We adopt
units such that c = 1 and ~ = 1.) The S-wave fraction
depends on the mass range taken around the �(1020).
The result of Ref. [3] is consistent with the CDF limit on
the S-wave fraction of less than 6% at 95% CL (in the
range 1009–1028 MeV) [2], smaller than the DØ result of
(12 ± 3)% (in 1010–1030 MeV) [8], and consistent with
phenomenological expectations [9]. In order to apply the
ambiguity resolution method described above, the range
of m

KK

is extended to 988–1050 MeV. Figure 1 shows
the µ+µ�K+K� mass distribution where the mass of the
µ+µ� pair is constrained to the nominal J/ mass. We
perform an unbinned maximum likelihood fit to the in-
variant mass distribution of the selected B0

s

candidates.
The probability density function (PDF) for the signal
B0

s

invariant mass m
J/ KK

is modelled by two Gaus-
sian functions with a common mean. The fraction of
the wide Gaussian and its width relative to that of the
narrow Gaussian are fixed to values obtained from sim-
ulated events. A linear function describes the m

J/ KK

distribution of the background, which is dominated by
combinatorial background.

This analysis uses the sWeight technique [10] for back-
ground subtraction. The signal weight, denoted by
Ws(m

J/ KK

), is obtained using m
J/ KK

as the discrim-
inating variable. The correlations between m

J/ KK

and
other variables used in the analysis, including m

KK

, de-
cay time t and the angular variables ⌦ defined in Ref. [3],
are found to be negligible for both the signal and back-
ground components in the data. Figure 2 shows them

KK

distribution where the background is subtracted statisti-
cally using the sWeight technique. The range of m

KK

is divided into four intervals: 988–1008 MeV, 1008–1020
MeV, 1020–1032 MeV and 1032–1050 MeV. Table I gives
the number of B0

s

signal and background candidates in
each interval.

TABLE I. Numbers of signal and background events and
statistical power per signal event in four intervals of m

KK

.

k m
KK

interval (MeV) Nsig;k Nbkg;k Wp;k

1 988–1008 251± 21 1675± 43 0.700
2 1008–1020 4569± 70 2002± 49 0.952
3 1020–1032 3952± 66 2244± 51 0.938
4 1032–1050 726± 34 3442± 62 0.764

In this analysis we perform an unbinned maximum
likelihood fit to the data using the sFit method [11], an
extension of the sWeight technique, that simplifies fit-
ting in the presence of background. In this method it is
only necessary to model the signal PDF, as background
is cancelled statistically using the signal weights.

The parameters of the B0
s

! J/ K+K� decay time
distribution are estimated from a simultaneous fit to the
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FIG. 1. Invariant mass distribution for B0
s

! µ+µ�K+K�

candidates with the mass of the µ+µ� pair constrained to the
nominal J/ mass. The result of the fit is shown with signal
(dashed curve) and combinatorial background (dotted curve)
components and their sum (solid curve).
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FIG. 2. Background subtracted K+K� invariant mass distri-
bution for B0

s

! J/ K+K� candidates. The vertical dotted
lines separate the four intervals.

four intervals of m
KK

by maximizing the log-likelihood
function

lnL(⇥P,⇥S) =
4X

k=1

Wp;k

NkX

i=1

Ws(m
J/ KK;i)⇥

lnPsig(ti,⌦i

, q
i

,!
i

;⇥P,⇥S)

where N
k

= Nsig;k + Nbkg;k. ⇥P represents the physics
parameters independent of m

KK

, including �
s

, ��
s

and
the magnitudes and phases of the P-wave amplitudes.
Note that the P-wave amplitudes for di↵erent polariza-
tions share the same dependence on m

KK

. ⇥S denotes
the values of the m

KK

-dependent parameters averaged
over each interval, namely the average fraction of S-wave
contribution for the k-th interval, FS;k, and the aver-
age phase di↵erence between the S-wave amplitude and

2
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FIG. 3. Distribution of (a) K+K� S-wave signal events, and
(b) K+K� P-wave signal events, both in four invariant mass
intervals. In (b) the distribution of simulated B0

s

! J/ �
events in the four intervals assuming the same total number
of P-wave events is also shown (dashed). Note the interference
between the K+K� S-wave and P-wave amplitudes integrated
over the angular variables has vanishing contribution in these
distributions.

between the S-wave amplitude and the perpendicular P-
wave amplitude for the k-th interval, �S?;k. Psig is the
signal PDF of the decay time t, angular variables ⌦, ini-
tial flavour tag q and the mistag probability !. It is
based on the theoretical di↵erential decay rates [6] and
includes experimental e↵ects such as decay time resolu-
tion and acceptance, angular acceptance and imperfect
identification of the initial flavour of the B0

s

particle, as
described in Ref. [3]. The factors Wp;k account for loss of
statistical precision in parameter estimation due to back-
ground dilution and are necessary to obtain the correct
error coverage. Their values are given in Table I.

The fit results for �
s

, ��
s

, FS;k and �S?;k are given
in Table II. Figure 3 shows the estimated K+K� S-wave
and P-wave contributions in the fourm

KK

intervals. The
shape of the measured P-wave m

KK

distribution is in
good agreement with that of B0

s

! J/ � events sim-

TABLE II. Results from a simultaneous fit of the four
intervals of m

KK

, where the uncertainties are statistical
only. Only parameters which are needed for the ambiguity
resolution are shown.

Parameter Solution I Solution II

�
s

(rad) 0.167 ± 0.175 2.975 ± 0.175
�� ( ps�1) 0.120 ± 0.028 �0.120 ± 0.028
FS;1 0.283 ± 0.113 0.283 ± 0.113
FS;2 0.061 ± 0.022 0.061 ± 0.022
FS;3 0.044 ± 0.022 0.044 ± 0.022
FS;4 0.269 ± 0.067 0.269 ± 0.067
�S?;1 (rad) 2.68 +0.35

� 0.42 0.46 +0.42
� 0.35

�S?;2 (rad) 0.22 +0.15
� 0.13 2.92 +0.13

� 0.15

�S?;3 (rad) �0.11 +0.16
� 0.18 3.25 +0.18

� 0.16

�S?;4 (rad) �0.97 +0.28
� 0.43 4.11 +0.43

� 0.28
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FIG. 4. Measured phase di↵erences between S-wave and per-
pendicular P-wave amplitudes in four intervals of m

KK

for so-
lution I (blue full circles) and solution II (black full squares).
The asymmetric error bars correspond to � lnL = �0.5
(solid) and � lnL = �2 (dotted).

ulated using a spin-1 relativistic Breit-Wigner function
for the �(1020) amplitude. In Fig. 4, the phase di↵er-
ence between the S-wave and the perpendicular P-wave
amplitude is plotted in four m

KK

intervals for solution I
and solution II.
Figure 4 shows a clear decreasing trend of the phase

di↵erence between the S-wave and P-wave amplitudes in
the �(1020) mass region for solution I, as expected for
the physical solution. To estimate the significance of
the result we perform an unbinned maximum likelihood
fit to the data by parameterizing the phase di↵erence
�S?;k as a linear function of the average m

KK

value in
the k-th interval. This leads to a slope of �0.050+0.013

�0.020

rad/MeV for solution I and the opposite sign for solu-
tion II, where the uncertainties are statistical only. The
di↵erence of the lnL value between this fit and a fit in

3

PRL 108 (2012) 241801 !

0.37 fb-1 

ΔΓs < 0 and φs ~ π excluded at 4.7σ CL!
True solution: ΔΓs > 0 and φs ~ 0.  !
SM wins so far. !

Also top news at LHCb public page!
http://lhcb-public.web.cern.ch/lhcb-public/
Welcome.html#phis-2!

Application of the method 
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Exploiting the large Bs decay width 
difference in Bs→φγ  

45 

An example to show how a new idea of an 
experimentalist led to fruitful collaboration with 
theorists  



Interests in b→sγ   

46 

could be enhanced  due to new right-handed currents 
that leads to sizeable C7’/C7 !

o  SM: photons from b → sγ are 
predominantly left-handed due to V-A 
structure in weak interactions!

o  Golden channel in B factories:  mixing induced CP 
asymmetry in B0 → K*0(KSπ0)γ, S(K*0γ) !

o  SM value !
S(K *0γ ) ≈ C7

'

C7
sin2β→ 0



Can LHCb do the same? 

47 

o  B0 → K*0(KSπ0)γ is difficult to detect at LHCb due 
to Ks  and π0 in the final state!

o  Bs → φ(KK)γ  is also a b → sγ process !

S(φγ ) ≈ C7
'

C7
sinφs

which is  ~ 0 due to smallness of the Bs mixing 
angle φs!

o  S(φγ) is insensitive to C7’/C7 !!



Any way out? 
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o  New observable proposed (Y. Xie, 25/1/2007, 
LHCb internal talk)  !
²  AΔ(φγ)  in decay time distribution without flavour 

tagging of Bs  !R t( )∝ e−Γst cosh ΔΓst / 2( )+ AΔ sinh ΔΓst / 2( )%& '(

AΔ (φγ ) ≈
C7
'

C7
cosφs

o  AΔ(φγ) is sensitive to C7’/C7 since  cosφs~1!
o  Measurement of AΔ(φγ) is facilitated by the 

sizeable value of Bs decay width difference ΔΓs!



Collaboration with theorists 
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o  Seek theorist’s help to make quantitative 
prediction of the SM values   !
F. Muheim, R. Zwicky, Y. Xie, PLB 664 (2009) 175  

AΔ (φγ ) = 0.047± 0.025
+0.015

S(φγ ) = 0± 0.002

o  Establish the measurement of AΔ(φγ)  as a key 
physics goal for LHCb upgrade  !

LHCb,  EPJC 73 (2013) 2373 



Conclusions  

o  Status: almost all flavour measurements agree 
with the SM !

o  Challenges: require higher precision and wider 
scope in heavy flavour experiments !

!
o  Let’s turn challenges into opportunities!!

50 

Yes, we can!	





Wishes to young friends 
 
Dream big 
Free your thoughts 
Fly high 
 
Being afraid of making mistake 
is the biggest mistake in a life 


