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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
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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.
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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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Matter-antimatter asymmetry and CP violation 

Outlines 

LHCb detector and performance 

Summary and prospects  
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Search  for new physics in Bs mixing (Δms, ΔΓs, 
φs measurements ) 

Measurement of CP violation  in Bs → φφ  



Matter-antimatter asymmetry and  
 CP violation 
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7The LHCb experiment 6 Dec 2011    Oxford Department of Physics     N.Harnew
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Building blocks and interactions 
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Solar system is made up of matter (p, n) 
 only. What about distant galaxies? 

The matter-dominated Universe 

No observation of anti-nuclei in 
primary cosmic rays   

No observation of extra γ-rays from 
particle anti-particle annihilation    

Detection of antimatter

AMS mounted in the back of the Space Shuttle Payload Bay (May
1998)

Fargo, 18 November, 2005 – p.14

Baryon asymmetry in the present universe

Dirac was perfectly correct that
the solar system is constructed
from matter!

Fargo, 18 November, 2005 – p.10

The Universe is matter dominated. 
Why don’t we see anti-matter? 
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It all started with a tiny asymmetry 

22 

CPV and Baryogenesis 
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The source of current matter domination over antimatter is unknown.  
CPV is one of the three necessary conditions (Sacharow 1967) 

The unique source of CPV in Standard Model is a 
single phase in the CKM matrix 
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CPV predicted in SM gives Δnbaryon/nγ ~O(10-20). It is 1010 too small. 
There must be come other CPV beyond SM  
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CP violation is a necessary condition for this to have happened 
(Sakharov conditions)   

C: particle     antiparticle;  P: mirror operation 
CP violation: matter and antimatter behave differently 
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~ 

It all started with a tiny difference 
Big Bang and baryon asymmetry

At t ∼ 10−6s after the big Bang
for every 1010 quarks we have
(1010 − 1) antiquarks. Some-
what later the symmetric back-
ground annihilates into photons
and neutrinos while the asym-
metric part survives and gives
rise to galaxies, stars, planets.

1

10
−10

t10
−6

s

n  − n
n  + n

B B

B         B

annihilation of
symmetric background

Dependence of baryon asym-
metry on time

Fargo, 18 November, 2005 – p.26
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There must be come other CPV beyond SM  
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Baryon asymmetry at 10-6s is estimated from 
nB/nγ ≈ 10�10 today  
The question becomes: how was this tiny 
asymmetry generated in the early Universe? 

9 

nB/nγ  ~ 10-10 today 

At t~10-6 s after the Big Bang, there were 1010-1 antiquarks for 
every 1010 quarks. Some time later the symmetric part 
annihilated into photons and neutrinos. The asymmetric part 
survived and turned into the Universe we live in today 

~10-6 s 



CKM mechanism of CP violation 

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

with complex elements 
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EWSB & diagonalization of Yukawa mass 
matrix  ⇒  CKM quark mixing matrix   

CP violation accommodated by a single complex phase    

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 

10 Nov 2006 12

CKM Matrix Revisited

Only Source of
CP Violation
in SM

CP Violation built in the Standard Model through Kobayashi-Maskawa Mechanism!

Only one complex phase! All CP violating effects in SM related to each other
B and K decays CP Violating phenomena are cause by the same complex phase
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Ø Quark and anti-quark decays could have different properties 

q = {u, c, t} 

p = {d, s, b} 



CKM works well but not ultimate 
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Very impressive achievements from all  flavour experiments  

However, the predicted nB/nγ ~10-20 is 10 orders of 
magnitude smaller than the observed nB/nγ ~10-10 

Require a more fundamental theory of particle interactions 
which provides extra sources of CP violation 

CKM picture 
Very impressive achievements from all heavy flavour 
experiments (e+e�, pp, pp) and lattice theory over the last 10 
years…. 

14th May 2013 Nobel Symposium 2013, V.Gibson 
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THANKS to the LHC 
9 

and everyone who contributed to its excellent performance  



Test CKM and search for new sources of CP violation  

Physics frontiers at the LHC 

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

10 

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  
CKM picture 

Quantum effects in loops sensitive to combination of mass 
and couplings 
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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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Quantum effects in loops sensitive to combination of mass 
and couplings 
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Quantum effects in loops sensitive to combination of mass 
and couplings 

 

 



LHCb detector and performance 
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LHCb detector  
12 

The%LHCb%detector%

Phillip Urquijo    CKM 2010

The LHCb Detector
Muon System

RICH Detectors

Vertex 
Locator 
VELO

CalorimetersTracking 
stations

Proton 
beam

x
Collision 

point

Particle ID

• LHCb deals with overwhelming QCD background with 3-level trigger.
• For semileptonic decays we can trigger as low as pT(muon)~1GeV 

(much lower than Tevatron)

4

(obtained%on%a%sample%of%semileptonic%decays!)%
Phys.%LeR.%B%694%(2010)%209%

@%√s=7%TeV%
All#b#hadrons#produced#
B0,#B+,#Bs,#B**,#Λb,#Σb,#…#

Concezio%Bozzi,%Oct%1st%2012,%CKM%Workshop% 3%

(pp →bbX) = (75.3 ± 5.4 ± 13.0) µb @ √s =7 TeV  
(~1011 bb pairs  with 1 fb-1) 
in LHCb acceptance [PLB 694 (2012) 209] 



Vertex  measurements  
13 

21 silicon strip detector stations, 8 mm from beam   
 
IP resolution of pT > 2 GeV/c tracks: 20 µm  
Typical decay time resolution: ~ 45 fs 
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VErtex LOcation - VELO
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Z resolution - offline, many PVs

LHCb VELO Preliminary
 = 7 TeV Datas
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Vertex  measurements  
13 

21 silicon strip detector stations, 8 mm from beam   
 
Typical decay time resolution: ~ 45 fs 
IP resolution at high pT : 20 mm  
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The LHCb detector

The LHCb Detector
JINST 3 (2008) S08005

–

Precision primary and secondary 
vertex measurements

Excellent K/π separation 
capability

● In high energy collisions, bb pairs produced 
predominantly in forward or backward directions

● LHCb is a forward spectrometer

– a new concept for HEP experiments 

Tim Gershon
Flavour Physics circa 2013



K/π separation 
14 

Two Ring Imaging Cherenkov detectors (RICH1, 2) 

21/ 58

Charged particle identification

efficiency and misID rates
measured directly from data:

K 0
s ! ⇡+⇡�,

D⇤+ ! D0(K�⇡+)⇡+,
⇤0 ! p⇡�

K �⇡ and p �⇡ separation
up to 100 GeV/c;

Kaon ID effciency ⇠95% for
⇠5% pion contamination.

A.C. dos Reis LHCb Overview
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Charged particle identification

Two Ring Imaging CHerenkov detectors (RICH1,2);

RICH1 (upstream) operating with 2 different
radiators, aerogel and C4F10 - low momentum
particles;

RICH2 (downstream): CF4 - high momentum
particles.

A.C. dos Reis LHCb Overview

Good K/π separation up to 100 GeV  
 
Kaon eff. ~ 95% with 5% pion 
contamination 
 



Muon identification 
15 

Five multi-wire proportional chamber detectors 
(interleaved with iron walls) provie trigger and 
muon identification  

97% muon identification efficiency with 1-3% π→µ probability  

27/ 58

Muon Identification

muon ID efficiency: ⇠ 97% for 1-3% ⇡ ! µ misID probability.

A.C. dos Reis LHCb Overview

27/ 58

Muon Identification

muon ID efficiency: ⇠ 97% for 1-3% ⇡ ! µ misID probability.

A.C. dos Reis LHCb Overview



Tracking  
16 

4 tracking stations:  silicon micro-strips + straw tubes.  
Dipole magnet: 4 Tm bending power 

14/ 58

Tracking stations

1 upstream station (TT) equiped
with silicon micro-strips;

3 downstream stations (T1-3) with silicon
micro-strips in the inner region (IT)
and straw tubes (OT) in the outer part.

A.C. dos Reis LHCb Overview

16/ 58

Tracking performance

LHCb-PUB-2011-025

Tracking efficiency measured from data (J/ ! µ+µ�).

Efficiency > 96% for long tracks (depends on p, pT , multiplicity).

A.C. dos Reis LHCb Overview
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Momentum and mass resolution
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�p/p: 0.4 - 0.6%
(5-100 GeV/c);

�µµ = 15 MeV/c2

for J/ ;

� ⇠22 MeV/c2

for B !hh;

�µµ = 43 GeV/c2

for ⌥(1S);

LHCb-CONF-2012-025, PRL 110, 021801 (2013)

A.C. dos Reis LHCb Overview

Efficiency > 96% for tracks in acceptance (depending on p, pT, 
multiplicity)  
δp/p: 0.4-0.6% (5-100 GeV/c） 
J/ψ→µµ mass resolution 15 MeV/c2   



The LHCb trigger 
17 

o  Level-0 Trigger: hardware 
Ø  use calorimeters and muon system 
Ø  select high-pT particles 

ü  pT(µ) > O(1) GeV/c 
ü  pT(h,e,γ) > O(3) GeV/c 

o  High-Level Trigger: software 
Ø HLT1: add VELO information 

ü  impact parameter and lifetime 
Ø HLT2: global event reconstruction 

ü  exclusive & inclusive selections 

Trigger efficiency: ~90% for dimuon events  
                             ~30% for multibody hadronic final states   



LHCb data taking   
18 

More than 3 fb-1 in total @ up to 4×1032 cm-2 s-1 
(design luminosity: 2×1032 cm-2 s-1 ) 
 
Presented results based on 1.0 fb-1 collected in 2011 at 7 TeV 

UFRJ%
9"Kazu"Akiba" SILAFAE""12.12.12"

High"Efficiency!"

Over"2/l"acquired"this"year!"More"than"3/l"integrated"
 "

Operating"at"4x"the"design"
Instantaneous"Luminosity"

All%to%provide%MANY%physics%results…%
(Most%of%results%presented%here%
%%%%%with%2011%Data%alone)%
 "

Great%LHC(b)%performance!%

Concezio%Bozzi,%Oct%1st%2012,%CKM%Workshop% 4%

Currently%taking%data%@%L%=%4%x%1032%cm_2%s_1%(flat)%
(design%luminosity:%2%x%1032)% What about CP? 

Discovery of CP violating decay KL → π+π- in 1964 

52CERN Summer Student Lectures 2007 A. Höcker: The Violation of Symmetry between Matter and Antimatter (1 & 2)

Their observed pionic decays are:                     and 

And it was believed that:                            and

� �0SK SSo � �0LK SSSo

S SCP K K � L LCP K K �

LK S S� �o

Jim Cronin

Val Fitch

Measurement of opening angle of pion 
tracks and their invariant mass:

The Discovery of CP Violation

Larger phase space of 
2S decay: 

/ 580
L SK KW W� �

Empirically (in the experiment) one does however not observe the neutral “flavor      
eigenstates” and       but rather long- and short-lived neutral states: KL and KS

0K 0K

However, Cronin, Fitch et al. discovered in 1964 the CP-violating decay:

Nobel prize in 1957 

If CP conserves 



Search for new physics in Bs mixing 
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Bs – Bs mixing 

Bs = bs

Weak states mix via box diagram： flavour oscillation   

Bs = bs

Mass eigenstates are mixtures of weak states   

20 

5 

Neutral Bs-Bs system 

•  Schrödinger’s equation describes time evolution  

i d
dt
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New physics (NP) naturally affects M12. Possibility of 
new physics in Γ12 not excluded.  

Bs,H = pBs + qBs, Bs,L = pBs − qBs

•  Diagonalizing Hamiltonian leads to two mass 
eigenstates with masses MH(L) and decay width ΓH(L)  

Bs mesons change flavour during their lifetime     

+ NP 
t=0 t>0 

BL
s = p Bs + q Bs

BH
s = p Bs − q Bs



Probes for new physics in Bs mixing 

o  CPV in mixing as
fs  ≈ |Γ12/M12|sinφ12,  φ12=arg(-M12/Γ12) 

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

o  Decay width difference:  ΔΓs =  ΓL-ΓH ≈ 2|Γ12|cosφ12  

o  Phase difference between B→f and  B→B→f  (f: CP eigenstate)  
Ø  sensitive to NP in mixing, causing time-dependent CP violation 

21 What do B0
s do? . . . they mix!

Mixing

b

s

s

b

t

t
W W

NP?

b

s

s

b

W

W
t t

NP?

 [ ps ]sm∆ / πt modulo 2
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

m
ix

A

-0.4

-0.2

0

0.2

0.4

LHCb preliminary

 = 7 TeVs

-1341 pb

Phenomenological Schroedinger
equation of mixing

i d
dt

✓
B0

s

B0
s

◆
=

✓
M11 � i

2�11 M12 � i
2�12

M12 � i
2�12 M22 � i

2�22

◆✓
B0

s

B0
s

◆

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
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Measurement of CP violation and the Bs 
meson decay width difference with  

Bs → J/ψK+K- and  Bs → J/ψπ+π- decays 
 

LHCb-PAPER-2013-002 
arXiv: 1304.2600 
Submitted to PRD 
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Golden channel Bs→J/ψ(µ+µ-)φ(K+K-)	

23 

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] 

φs: relative phase between interfering 
amplitudes of Bs→J/ψφ and  Bs→Bs→J/ψφ  

Theoretically clean tree-dominating decay 
Precise SM prediction from global fit ignoring penguin 
contribution [J. Charles et. al, PRD 84 (2011) 033005]  

φs = −arg λ( ), λ =
q
p
Af

Af

φs sensitive to NP in Bs mixing 

φs = φs
SM +Δφ, Δφ = arg M12 /M12

SM( )

Also accessing ΔΓs 

SM: φs ≈ -2βs = - 0.036 ± 0.002  (rad) 

b→ccs decay 



 Early LHCb results with 0.37 fb-1 
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Y. Xie principal author 
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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
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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].
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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 lines). Note the in-
terference between the K+K� S-wave and P-wave amplitudes
integrated over the angular variables has vanishing contribu-
tion in these distributions.

P-wave amplitudes for di↵erent polarizations 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 kth interval, FS;k, and the average phase di↵erence
between the S-wave amplitude and the perpendicular P-
wave amplitude for the kth 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.

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-
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The asymmetric error bars correspond to � lnL = �0.5 (solid
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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-
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

3

[PRL 108 (2012),101803 
arXiv: 1112.3183] 

[PRL 108 (2012), 241801,  
arXiv: 1202.4717] 

Most precise measurement of φs 
and ΔΓs at that time, consistent 
with SM predictions 

ΔΓs>0 determined at 4.7σ 
significance level, following 
method  in  
[Y. Xie et. al, arXiv: 0908.3627, 
JHEP 0909 (2009) 074]  

φs = 0.15 ±0.18 ± 0.06 (rad)  

ΔΓs = 0.123 ±0.029 ± 0.011 (ps-1)  

✕ 



Angular analysis 
25 

Angular analysis to statistically  separate  CP eigenstates 

Helicity angles: Ω=(θµ, θK, φh) 

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

Angular acceptance effect based on simulation. Possible data/
simulation differences taken as systematics 

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



Time-dependent angular PDF 
26 

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)} 

Depending on physics parameters: φs, ΔΓs, Γs, Δms, |λ|,  
|A0|2, |A⊥|2, δ||, δ⊥, S wave parameters. 
(assuming same λ for all CP eigenstates) 



Key ingredients   
27 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  
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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 
  



Decay time resolution 
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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&
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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) Bs→J/ψ(µµ) φ(KK) 

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

Ø  If <Sσt> = 45 fs, dilution factor exp(-Δms
2<Sσt>2/2) ≈  0.73 

Ø  If <Sσt> = 90 fs, dilution factor exp(-Δms
2<Sσt>2/2) ≈  0.28 

σt: event-by-event decay time uncertainty 
Calibrated scale factor S ≈ 1.45 ± 0.06,   <Sσt> ≈ 45 fs  
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Figure 6: Decay time resolution, �t, for selected B0
s ! J/ K+K� signal events. The curve

shows a fit to the data of the sum of two gamma distributions with a common mean.

Decay time [ps]
-0.2 -0.1 0 0.1 0.2

C
an

di
da

te
s /

 (5
 fs

)

0

1000

2000

3000

4000

5000

6000

7000 LHCb

Decay time [ps]
0 2 4 6 8

C
an

di
da

te
s /

 (5
 fs

)

-210

-110

1

10

210

310

410
LHCb

Figure 7: Decay time distribution of prompt J/ K+K� candidates. The curve (solid blue) is the
decay time model convolved with a Gaussian resolution model. The decay time model consists
of a delta function for the prompt component and two exponential functions with di↵erent decay
constants, which represent the B0

s ! J/ K+K� signal and long-lived background, respectively.
The decay constants are determined from the fit. The same dataset is shown in both plots, on
di↵erent scales.

a triple Gaussian resolution model is constructed178

R(t; �t) =
3X

i=1

fip
2⇡ri�t

exp


�(t� d)2

2r2i �
2
t

�
, (8)

where d is a common small o↵set of a few fs, ri are event-independent resolution scale179

factors and fi is the fraction of each Gaussian component, normalised such that
P

fi = 1.180

The scale factors are estimated from a sample of prompt µ

+
µ

�
K

+
K

� combinations181

that pass the same selection criteria as the signal except for those that a↵ect the decay182

time distribution. This sample consists primarily of prompt combinations that have a183

true decay time of zero. Consequently, the shape of the decay time distribution close to184

zero is representative of the resolution function itself.185

8

<Sσt> ≈ 45 fs 
300 µm 

100 µm 



Flavour tagging introduction 
29 

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 



Opposite side tagging performance 
30 

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 and calibrated 
on data 
 

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

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



 Same  side tagging performance 
31 

Y. Xie principal author 
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 with 1.0 fb-1 
32 
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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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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

7

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 

27.6 ± 0.1 k signals  



Background subtraction in ML fit 
33 

Y. Xie principal author Use a sWeight-based method to optimally subtract  
combinatorial background in maximum likelihood fit 

Ø Avoid parameterization in multiple dimension 
[Y. Xie, arXiv: 0905.0724]  

− 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 
α        factor for error correction 
w       signal weight calculated using J/ψKK mass as  
          discriminating variable [M. Pivk, F. R. Le Diberder,  
           NIMA 555 (2005) 356, ] 



Background subtracted projections 
34 

Y. Xie principal author 

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



Systematic uncertainties  
35 

Statistical uncertainty is dominating the precision for 
major physics parameters φs and ΔΓs  

Table 9: Statistical and systematic uncertainties.

Source �
s

��
s

|A?|2 |A0|2 �k �? �
s

|�|
[ps�1] [ps�1] [rad] [rad] [rad]

Stat. uncertainty 0.0048 0.016 0.0086 0.0061 +0.13
�0.21 0.22 0.091 0.031

Background subtraction 0.0041 0.002 – 0.0031 0.03 0.02 0.003 0.003
B0! J/ K⇤0 background – 0.001 0.0030 0.0001 0.01 0.02 0.004 0.005
Ang. acc. reweighting 0.0007 – 0.0052 0.0091 0.07 0.05 0.003 0.020
Ang. acc. statistical 0.0002 – 0.0020 0.0010 0.03 0.04 0.007 0.006
Lower decay time acc. model 0.0023 0.002 – – – – – –
Upper decay time acc. model 0.0040 – – – – – – –
Length and mom. scales 0.0002 – – – – – – –
Fit bias – – 0.0010 – – – – –
Quadratic sum of syst. 0.0063 0.003 0.0064 0.0097 0.08 0.07 0.009 0.022
Total uncertainties 0.0079 0.016 0.0107 0.0114 +0.15

�0.23 0.23 0.091 0.038

Table 10: Statistical and systematic uncertainties for S-wave fractions in bins of m(K+K�).

Source bin 1 bin 2 bin 3 bin 4 bin 5 bin 6
FS FS FS FS FS FS

Stat. uncertainty +0.081
�0.073

+0.030
�0.027

+0.014
�0.007

+0.012
�0.009

+0.027
�0.025

+0.043
�0.042

Background subtraction 0.014 0.003 0.001 0.002 0.004 0.006
B0! J/ K⇤0 background 0.010 0.006 0.001 0.001 0.002 0.018
Angular acc. reweighting 0.004 0.006 0.004 0.005 0.006 0.007
Angular acc. statistical 0.003 0.003 0.002 0.001 0.003 0.004
Fit bias 0.009 – 0.002 0.002 0.001 0.001
Quadratic sum of syst. 0.020 0.009 0.005 0.006 0.008 0.021
Total uncertainties +0.083

�0.076
+0.031
�0.029

+0.015
�0.009

+0.013
�0.011

+0.028
�0.026

+0.048
�0.047

tematic e↵ect is observed after varying the decay time and angular acceptances and the509

decay time resolution. Adding all contributions in quadrature gives a total systematic510

uncertainty of ±0.01 ps�1.511

25



Result  
36 

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

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

In good agreement with  
the SM expectation  
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Figure 14: Variation of �S��? with m(K+K�) where the uncertainties are the quadrature sum
of the statistical and systematic uncertainties in each bin. The decreasing phase trend (blue
circles) corresponds to the physical solution with �s close to zero and ��s > 0. The ambiguous
solution is also shown.
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Figure 15: Profile likelihood for �ms from a fit where �ms is unconstrained.
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ΔΓs>0 confirmed 

ΔΓs>0  

ΔΓs < 0  

SM: φs ≈ -2βs = - 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 



Bs → J/ψπ+π-   
37 

Also a b→ccs process 

Γs and ΔΓs constrained to 
result from Bs → J/ψK+K-  

φs
ccs

 = 0.01 ± 0.07 ± 0.01 rad 

ΔΓs = 0.106 ± 0.011 ± 0.007 ps-1  

Combined fit of Bs → J/ψK+K- 
and Bs → J/ψπ+π-  

97.5% pure CP odd  decay 
[PRD 86 (2012) 052006, arXiv: 1204.5643] 

7.4 ± 0.1 k signals 

                                    
 φs = −0.14−0.16

+0.17 ± 0.01 rad 

Bs → J/ψπ+π-   
37 

Y. Xie principal author 

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

Bs æ J/Â fi+fi≠

97.5% pure CP–odd decay
�s and ��s constrained to
result from Bs æ J/Â K+K≠

Use of SSK tagger:
‘(1≠2Ê)2 æ 3.37±0.12±0.27%
from 2.43 ± 0.08 ± 0.26%.

„s = ≠0.14 +0.17
≠0.16 ± 0.01 rad.

Removing �s and ��s
constraints:
· e�

s = 1.652±0.024 ±0.024 ps.
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signal

B0 æ J/Â Kú

B0 æ J/Â fi+fi≠

signal (dashed)

background (shaded)

Phys. Lett. B713 (2012) 378-386

Also a b→ccs process 

Γs and ΔΓs constrained to 
result from Bs → J/ψK+K-  

φs
ccs

 = 0.01 ± 0.07 ± 0.01 rad 

ΔΓs = 0.106 ± 0.011 ± 0.007 ps-1  

Combined fit of Bs → J/ψK+K- 
and Bs → J/ψπ+π-  

97.5% pure CP-odd  decay 
PRD 86 (2012) 052006, arXiv: 1202.5643 

7.4 ± 0.1 k signals 

                                    
 
φs = −0.14−0.16

+0.17 ± 0.01 rad 
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Figure 10: CP asymmetry as a function of decay time modulo 2⇡/�m
s

. The curve shows
the expectation for �

s

= �0.019 rad.

In this case Eq. 8 must be replaced with

R(t̂, q, ⌘) / e��s t̂

⇢
cosh

��
s

t̂

2
+

2|�|
1 + |�|2 cos�s

sinh
��

s

t̂

2

�q[1� 2!(⌘)]

1 + |�|2
⇥
2|�| sin�

s

sin(�m
s

t̂)� (1� |�|2) cos(�m
s

t̂)
⇤�

. (12)

The fit gives |�| = 0.89±0.13, consistent with no direct CP violation (|�| = 1). The value
of �

s

changes only by �0.002 rad, and the uncertainty stays the same.
The systematic uncertainties are small compared to the statistical one. No additional

uncertainty is introduced by the acceptance parameters, �m
s

, �
s

, ��
s

or flavour tagging,
since Gaussian constraints are applied in the fit. The uncertainties associated with the
fixed parameters are evaluated by changing them by ±1 standard deviation from their
nominal values and determining the change in the fitted value of �

s

. These are listed
in Table 4. The uncertainty due to a change in the signal time acceptance function is
evaluated by multiplying A(t; a, n, t0) with a factor (1+�t), and redoing the B0 ! J/ K⇤0

fit with the B0 lifetime fixed to the PDG value. The resulting value of � = (1±3±3)⇥10�3

is then varied by ±4.4⇥10�3 to estimate the uncertainty in �
s

. An additional uncertainty
is included due to a possible CP -even component. This has been limited to 2.3% of the
total fodd rate at 95% CL, and contributes an uncertainty to �

s

as determined by repeating
the fit with an additional multiplicative dilution of 0.954. The asymmetry between B0

s

and B0
s

production is believed to be small, and similar to the asymmetry between B0 and
B0 production which has been measured by LHCb to be about 1% [21]. The e↵ect of
neglecting this production asymmetry is the same as making a relative 1% change in the
tagging e�ciencies, up for B0

s

and down for B0
s

, which has a negligible e↵ect on �
s

.

12

[PLB 713 (2012) 378, 
 arXiv: 1204.5675] 



Comparison with other experiments  
38 

Y. Xie principal author 

LHCb measurement is most precise and dominating.  
No big NP effect is observed. Precision improvement  
crucial for further test of the SM.  
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 Precision measurement of the Bs– Bs 
oscillation frequency with the decay 

Bs→Ds
-π+   
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Flavour specific Bs decays 
Allowed:    Bs→Ds

-π+  and  Bs→Ds
+π-  

Forbidden: Bs→Ds
-π+  and  Bs→Ds

+π-  

Time-dependent decay rates: mixed decays  (Bs → Bs) 
  
Bs(t=0)→Bs(t>0)→Ds

-π+  and Bs(t=0)→Bs(t>0)→Ds
+π-      

  

Time-dependent decay rates: unmixed decays  (Bs → Bs)  

Bs(t=0)→Bs(t>0)→Ds
+π-  and Bs(t=0)→Bs(t>0)→Ds

-π+      
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Select 34 k Bs→Ds
-π+  signals with 5 Ds

- decay modes 
exploiting the powerful RICH 

Topological trigger    
2, 3 or 4 track displaced vertex  
Large sum of pT 
One track with pT >1.7 GeV/c  
Tracks with large IP and good fit quality 
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Figure 1: Invariant mass distributions for B0
s

! D�
s

⇡+ candidates with the D�
s

meson de-
caying as a) D�

s

! �(K+K�)⇡�, b) D�
s

! K⇤0(K+⇡�)K�, c) D�
s

! K+K�⇡� nonresonant,
d) D�

s

! K�⇡+⇡�, and e) D�
s

! ⇡�⇡+⇡�. The fits and the various background components
are described in the text. Misidentified backgrounds refer to background from B0 and ⇤0

b

decays
with one misidentified daughter particle.

4 Invariant mass description

The invariant mass of each B0
s

candidate is determined in a vertex fit constraining the
D�

s

invariant mass to its known value [26]. The invariant mass spectra for the five decay
modes after all the selection criteria are applied are shown in Fig. 1. The fit to the five
distributions takes into account contributions from signal, combinatorial background and
b-hadron decay backgrounds. The signal components are described by the sum of two
Crystal Ball (CB) functions [28], which are constrained to have the same peak parameter.
The parameters of the CB function describing the tails are fixed to values obtained
from simulation, whereas the mean and the two widths are allowed to vary. These are
constrained to be the same for all five decay modes. It has been checked on data that the

4

Ds
- → φ(K+K-)π-  

Ds
- → K*0(K+π-)K- 

Ds
- → K+K-π- non-resonant 

Ds
- → K-π+π-,          

Ds
- → π-π+π- 
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each candidate a tagging decision as well as an estimate of the probability that this decision
is wrong (mistag probability). These algorithms have been optimized using large event
samples of flavour-specific decays [23, 24].

To be able to study the e↵ect of selection criteria that influence the decay time
spectrum, we restrict the analysis to those events in which the signal candidate passed
the requirements of the software trigger algorithm used in this analysis. Specific features,
such as the masses of the intermediate � and K⇤0 resonances or the Dalitz structure of the
D�

s

! ⇡�⇡+⇡� decay mode, are exploited for the five decay modes. The most powerful
quantity to separate signal from background common to all decay modes is the output
of a boosted decision tree (BDT) [25]. The BDT exploits the long B0

s

lifetime by using
as input the IP �2 of the daughter tracks, the angle of the reconstructed B0

s

momentum
relative to the line between the reconstructed primary vertex, and the B0

s

vertex and the
radial flight distance in the transverse plane of both the B0

s

and the D�
s

meson. Additional
requirements are applied on the sum of the pT of the B0

s

candidate’s decay products as well
as on particle identification variables, and on track and vertex quality. The reconstructed
D�

s

mass is required to be consistent with the known value [26]. After this selection, a
total of about 47,800 candidates remain in the B0

s

! D�
s

⇡+ invariant mass window of
5.32 – 5.98 GeV/c2.

An unbinned likelihood method is employed to simultaneously fit the B0
s

invariant mass
and decay time distributions of the five decay modes. The probability density functions
(PDFs) for signal and background in each of the five modes can be written as

P = P
m

(m)P
t

(t, q|�
t

, ⌘)P
�t(�t

)P
⌘

(⌘), (1)

where m is the reconstructed invariant mass of the B0
s

candidate, t is its reconstructed
decay time and �

t

is an event-by-event estimate of the decay time resolution. The tagging
decision q can be 0 if no tag is found, �1 for events with di↵erent flavour at production and
decay (mixed) or +1 for events with the same flavour at production and decay (unmixed).
The predicted event-by-event mistag probability ⌘ can take values between 0 and 0.5.
The functions P

m

and P
t

describe the invariant mass and the decay time probability
distributions, respectively. P

t

is a conditional probability depending on �
t

and ⌘. The
functions P

�t and P
⌘

are required to ensure the proper relative normalization of P
t

for
signal and background [27]. The functions P

�t and P
⌘

are determined from data, using
the measured distribution in the upper B0

s

invariant mass sideband for the background
PDF and the sideband subtracted distribution in the invariant mass signal region for the
signal PDF.

This measurement has been performed “blinded”, meaning that during the analysis
process the fitted value of �m

s

was shifted by an unknown value, which was removed
after the analysis procedure had been finalized.

3

For each signal or background component 

Invariant mass PDF Pm(m)  
Signal: sum of two Crystal Ball functions 
Combinatorial background: exponential function 
b-hadron background:   shape from simulation 

Pσt (σt) and  Pη(η)  

For proper relative normalization, obtained from data  



Decay time model 
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Signal: 

Combinatorial background: from high mass sideband 
 
b-hadron background:  similar to signal  
                                        (ΔΓs = 0 and different Γs ) 

G(t; 0, Sσt):   event-by-event decay time resolution model 
Average time resolution: 44 fs 
 
εt(t):  acceptance function from simulation 
 
ω:    mistag rate 
ε(1-2ω)2 :  (2.6 ± 0.4)% for OS, (1.2 ± 0.3)% for SS 

6 Flavour tagging

To determine the flavour of the B0
s

meson at production, both opposite-side (OST) and
same-side (SST) tagging algorithms are used. The OST exploits the fact that b quarks at
the LHC are predominantly produced in quark–antiquark pairs. By partially reconstructing
the second b hadron in the event, conclusions on the flavour at production of the signal B0

s

candidate can be drawn. The OST have been optimized on large samples of B+! J/ K+,
B ! µ+D⇤�X, and B0! D�⇡+ decays [23].

The SST takes advantage of the fact that the net strangeness of the pp collision is
zero. Therefore, the s quark needed for the hadronization of the B0

s

meson must have been
produced in association with an s quark, which in about 50% of the cases hadronizes to
form a charged kaon. By identifying this kaon, the flavour at production of the signal B0

s

candidate is determined. The optimization of the SST was performed on a data sample of
B0

s

! D�
s

⇡+ decays, which has a large overlap with the sample used in this analysis [24].
However, since the oscillation frequency is not correlated with the parameters describing
tagging performance, this does not bias the �m

s

measurement.
The decisions given by both tagging algorithms have a probability ! to be incorrect.

Each tagging algorithm provides an estimate for the mistag probability ⌘ which is the
output of a neural network combining various event properties. The true mistag probability
! can be parametrized as a linear function of the estimate ⌘ [23, 24]

! = p0 + p1 ⇥ (⌘ � h⌘i) , (5)

with h⌘i being the mean of the distribution of ⌘. This parametrization is chosen to
minimize the correlations between p0 and p1. The calibration is performed separately for
the OST and SST.

The sets of calibration parameters (p0, p1)OST and (p0, p1)SST are allowed to vary in the
fit. The figure of merit of these tagging algorithms is called the e↵ective tagging e�ciency
"e↵ . It gives the factor by which the statistical power of the sample is reduced due to
imperfect tagging decisions. In this analysis, "e↵ is found to be (2.6± 0.4)% for the OST
and (1.2± 0.3)% for the SST. Uncertainties are statistical only.

7 Measurement of �ms

Adding the information of the flavour tagging algorithms, the decay time PDF for tagged
signal candidates is modified to

P
t

(t|�
t

) /
⇢
�
s

e��s t
1

2


cosh

✓
��

s

2
t

◆
+ q [1� 2!(⌘OST, ⌘SST)] cos(�m

s

t)

�
✓(t)

�

⌦ G(t, S
�t�t) Et(t) ✏, (6)

where ✏ gives the fraction of candidates with a tagging decision. Signal candidates without
a tagging decision are still described by Eq.(4) multiplied by an additional factor (1� ✏)
to ensure the relative normalization.

7
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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

Very clear oscillation pattern. 
A Bs meson on average changes flavour ~9 times. 
(x = Δms/Γs ≈ 26.9） 
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source Uncertainty [ps-1] 

z-scale * 
 

Momentum scale 
 

Decay time bias  
 

0.004 
 

0.004 
 

0.001 

Total 0.006 

* z-scale relative uncertainty estimated to be 0.02% by 
comparing track based alignment and survey 



Δms result 
46 

Δms = 17.768 ± 0.023 (stat) ± 0.006 (syst) ps-1  

Most precise measurement to date   

LHCb previous measurement with 0.037 fb-1 

Δms = 17.63 ± 0.11 (stat) ± 0.02 (syst) ps-1  
 
World average [PDG, PRD 86 (2012) 010001]	

Δms = 17.69 ± 0.08 ps-1  
 
SM expectation  [A. Lenz, U. Nierste, arXiv: 1102.4274] 
Δms = 17.3 ± 2.6 ps-1  

Need better precision of hadronic parameters from Lattice QCD  

Consistent with: 



Implication of Bs mixing measurements   
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Y. Xie principal author 

New φs, ΔΓs and Δms measurements,  superseding the 
preliminary results and consistent with the SM, will be able 
to put severe constriants on NP contribution 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.

Model-independent analysis  of NP in Bs 
mixing using LHCb prelimary results of  
φs, ΔΓs from 1.0 fb-1  
[LHCb-CONF-2012-002]  
Δms  from 0.34 fb-1 

[LHCb-CONF-2012-002]   
 
NP contribution in Bs mixing amplitude 
is limited to at most ~30% at 3σ level.  

[A. Lenz et. al, PRD 86 (2012) 033008,  arXiv: 1203.0238] 



First measurement of the CP violating 
phase in Bs → φφ decays 

 
LHCb-PAPER-2013-007 

arXiv: 1303.7125 
Accepted by PRL 
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Bs → φφ 
49 

b→s penguin decay. Weak phase |φs|<0.02 in SM. 
Can be affected by NP in decay and/or mixing. 
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Figure 1: Invariant K+K�K+K� mass distribution for selected B0
s

! �� candidates. The
total fit (solid line) consists of a double Gaussian signal component together with an exponential
background (dotted line).

functions K
i

(t) can be written as

K
i

(t) = N
i

e��st[c
i

cos(�m
s

t) + d
i

sin(�m
s

t) + a
i

cosh(1
2
��

s

t) + b
i

sinh(1
2
��

s

t)], (2)

where ��
s

= �L � �H is the decay width di↵erence between the light (L) and heavy (H)
B0

s

mass eigenstates, �
s

is the average decay width, �
s

= (�L + �H)/2, and �m
s

is the
B0

s

-B0
s

oscillation frequency. The coe�cients N
i

, a
i

, b
i

, c
i

and d
i

can be expressed in
terms of �

s

and the magnitudes, |A
i

|, and phases, �
i

, of the five polarisation amplitudes
at t = 0. The three P -wave amplitudes, denoted by A0, Ak, A?, are normalised such that
|A0|2 + |Ak|2 + |A?|2 = 1, with the strong phases �1 and �2 defined as �1 = �? � �k and
�2 = �? � �0. The S and SS-wave amplitudes and their corresponding phases are denoted
by A

S

, A
SS

and �
S

, �
SS

, respectively. For a B0
s

meson produced at t = 0, the coe�cients
in Eq. 2 and the angular functions f

i

(✓1, ✓2,�) are given in Table 1, where �2,1 = �2 � �1.
Assuming that CP violation in mixing and direct CP violation are negligible, the di↵erential
distribution for a B0

s

meson is obtained by changing the sign of the coe�cients c
i

and
d
i

. The PDF is invariant under the transformation (�
s

,��
s

, �k, �?, �S, �SS) ! (⇡ �
�
s

,���
s

,��k, ⇡� �?,��S,��SS). This two-fold ambiguity is resolved in the fit as the B0
s

average decay width and decay width di↵erence are constrained to the values measured
in B0

s

! J/ � decays, �
s

= 0.663 ± 0.008 ps�1 and ��
s

= 0.100 ± 0.017 ps�1 with a
correlation coe�cient ⇢(��

s

,�
s

) = �0.39 [6]. Similarly, the B0
s

oscillation frequency �m
s

is constrained to the value �m
s

= 17.73± 0.05 ps�1 [22].
A correction factor is multiplied to the interference terms in Table 1 between the P and

3

Mixture of CP eigenstates: 3 CP even, 2 CP odd 
Angular analysis similar to Bs → J/ψφ  

Tagging power  
ε(1-2ω)2 = (3.29 ±0.48)% 

Time resolution ~40 fs  

880 ± 31 signals 

Angular and decay time 
acceptance from simulation 

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 

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

Quantum effects in loops sensitive to combination of mass 
and couplings 

 

 



Background subtracted projections   
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Use sWeight-based method to subtract background in ML fit 
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Figure 2: One-dimensional projections of the B0
s

! �� fit for (a) decay time, (b) helicity angle �
and the cosine of the helicity angles (c) ✓1 and (d) ✓2. The data are marked as points, while the
solid lines represent the projections of the best fit. The CP -even P -wave, the CP -odd P -wave and
S-wave components are shown by the long dashed, short dashed and dotted lines, respectively.

B0
s

mass sidebands. This gives results in agreement with those presented here and no
further systematic uncertainty is assigned. The uncertainty due to the modelling of the
S-wave component is evaluated by allowing the SS-wave component to vary in the fit.
The di↵erence between the two fits leads to the dominant uncertainty on �

s

of 0.20 rad.
The decay time acceptance is explicitly parameterised and, by taking the di↵erence in
the observed value of �

s

, a systematic uncertainty of 0.09 rad is determined. Possible
di↵erences in the simulated decay time resolution compared to the data are studied
by varying the resolution according to the discrepancies observed in the B0

s

! J/ �
analysis [6]. This leads to a systematic uncertainty of 0.01 rad for �

s

. The distributions
of maximum pT and �2/ndf of the final state tracks and the pT and ⌘ of the B0

s

candidate
are reweighted to better match the data. From this, the angular acceptance is recalculated,
leading to small changes in the results (0.02 rad for �

s

), which are assigned as systematic
uncertainty. Biases in the fit method are studied using simulated pseudo-experiments that
lead to an uncertainty of 0.02 rad for �

s

. Further small systematic uncertainties (0.02 rad
for �

s

) are due to the limited number of events in the simulation sample used for the
determination of the angular acceptance and to the choice of a single versus a double
Gaussian function for the mass PDF, which is used to assign the signal weights. The

6
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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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reconstructed decay vertex. The SSK tagging makes use of kaons formed from the s-quark
produced in association with the B0

s

meson. The kaon charge identifies the flavour of the
signal B0

s

meson.
The event-by-event mistag is the probability that the decision of the tagging algorithm

is incorrect and is determined by a neural network trained on simulated events and
calibrated with control samples [23]. The value of the event-by-event mistag is used in the
fit as an observable and the uncertainties on the calibration parameters are propagated to
the statistical uncertainties of the physics parameters, following the procedure described in
Ref. [6]. For events tagged by both the OS and SSK methods, a combined tagging decision
is made. The total tagging power is "

tag

D2 = (3.29± 0.48)%, with a tagging e�ciency of
"
tag

= (49.7± 5.0)% and a dilution D = (1� 2!) where ! is the average mistag probability.
Untagged events are included in the analysis as they increase the sensitivity to �

s

through
the b

i

terms in Eq. 2.
The total S-wave fraction is determined to be (1.6 +2.4

�1.2)% where the double S-wave
contribution A

SS

is set to zero, since the fit shows little sensitivity to A
SS

. As a cross-check
a sideband subtracted fit to the two-dimensional mass, m

KK

, for both kaon pairs, with
background subtracted using sidebands, yields a consistent S-wave fraction of (2.1± 1.2)%.

The results of the fit for the main observables are shown in Table 2. Figure 2 shows
the distributions for the decay time and helicity angles with the projections for the best
fit PDF overlaid. The likelihood profile for the CP -violating weak phase �

s

, shown in
Fig. 3, is not parabolic. To obtain a confidence level a correction is applied due to a small
under-coverage of the likelihood profile using the method described in Ref. [25]. Including
systematic uncertainties (discussed below) and assuming the values of nuisance parameters
observed in data, an interval of [�2.46,�0.76] rad at 68% confidence level is obtained for
�
s

. The polarisation amplitudes and phases, shown in Table 2, di↵er from those reported
in Ref. [9] as �

s

is not constrained to zero.
The uncertainties related to the calibration of the tagging and the assumed values of �

s

,
��

s

and �m
s

are absorbed into the statistical uncertainty, described above. Systematic
uncertainties are determined and the sum in quadrature of all sources is reported in Table 2
for each observable. To check that the background is properly accounted for, an additional
fit is performed where the angular and time distributions are parameterised using the

Table 2: Fit results with statistical and systematic uncertainties. A 68% statistical confidence
interval is quoted for �

s

. Amplitudes are defined at t = 0.

Parameter Value �stat. �syst.
�
s

[rad] (68 % CL) [�2.37,�0.92] 0.22
|A0|2 0.329 0.033 0.017
|A?|2 0.358 0.046 0.018
|AS|2 0.016 +0.024

�0.012 0.009
�1 [rad] 2.19 0.44 0.12
�2 [rad] �1.47 0.48 0.10
�S [rad] 0.65 +0.89

�1.65 0.33

5

p-value of the SM prediction is 16% 

First measurement of CP violating 
phase in Bs pure penguin decays 
 
Statistical uncertainty dominating 
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LHCb has produced several new results in the pursuit 
of new physics in the Bs system: 

Ø World’s most precise measurement of φs and ΔΓs, 
expected to put severe constraint on NP in Bs mixing 

Ø World’s most precise measurement of Δms, providing an 
essential ingredient for time-dependent study of Bs decays 

Ø  First measurement of CP violating phase in Bs penguin 
decays  

Analyses of 2012 data are ongoing and significant 
precision improvement of these measurements is 
expected 
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Timeline of the Universe 

10-36-10-6s: free (anti-)quarks and gluons in plasma state 
10-6-1s: plasma cooled, protons & neutrons formed 
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1) Baryon number violation: obviously needed! 

Sakharov conditions   

2) Different physics laws for matter and antimatter 
(“CP violation”)  
 
Otherwise, baryon asymmetry is washed out by charge 
and parity conjugate processes 

3) Departure from thermal equilibrium 
 
 
Otherwise, baryon asymmetry is washed out by reverse 
processes  

Γ(X→Y +B) ≠ Γ(X→Y +B)

Γ(X→Y +B)> Γ(Y +B→ X)
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CP violation  

12The LHCb experiment 6 Dec 2011    Oxford Department of Physics     N.Harnew

The “CP symmetry”
 

principle violated !

Start with particle
 and antiparticle

Change particle
 into antiparticle

Reflect co-ordinates in a 
mirror (“parity”) gets 
back the original result

So the matter-antimatter asymmetry in the 
Universe requires that CP symmetry is violated !

Charge conjugation: particle     anti-particle 
Parity operation: left     right 

Breaking of this symmetry is called “CP violation”  

CP symmetry 

56 

CP violation has been established in K0, B0 and 
Bs systems 
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Method to resolve the ambiguity    

5 

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 et al., JHEP 0909:074, 2009]  
      Similar to Babar measurement of sign of cos(2β), PRD 71, 032005 (2007) 



Time evolution for |λ|=1 
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Decay time acceptance  
59 

Y. Xie principal author 

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

Decay Time Acceptance in Bs æ J/Â K+K ≠

Decay time acceptance arrises from trigger selections.
Presence of unbiased sample allows data–driven determination
of decay time acceptance.
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High decay time acceptance from VELO reconstruction
parameterised as (1 + —·) and obtained obtained from MC.

Roel Aaij (Nikhef) LHCP 2013, Barcelona May 15th, 2013 23 / 28

HLT2 biased | HLT1 unbiased HLT2 biased & HLT1 ex–biased

arxiv 1304.2600



Angular acceptance 
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Y. Xie principal author Angular acceptance effect based simulation. Possible 
data/simulation differences taken as systematics 
 

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

Angular Analyses (2/2)
PæVV decays require angular
analyses to disentangle CP–even
and CP–odd components.
Helicity angles used (◊µ, ◊K , Ïh)
Angular acceptances from
simulation.
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LHCb Tag K0
S fi+fi≠ ‡t œ K+K≠ Summary

Angular Analyses (2/2)
PæVV decays require angular
analyses to disentangle CP–even
and CP–odd components.
Helicity angles used (◊µ, ◊K , Ïh)
Angular acceptances from
simulation.
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Figure 14: Variation of �S��? with m(K+K�) where the uncertainties are the quadrature sum
of the statistical and systematic uncertainties in each bin. The decreasing phase trend (blue
circles) corresponds to the physical solution with �s close to zero and ��s > 0. The ambiguous
solution is also shown.
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Figure 15: Profile likelihood for �ms from a fit where �ms is unconstrained.

22

Δms = 17.70 ± 0.10 (stat) ± 0.01 (syst) ps-1  

Without constraining Δms to measurement in other 
channels 
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1 Introduction1

The interference between B

0
s meson decay amplitudes to CP eigenstates J/ X directly2

or via mixing gives rise to a measurable CP -violating phase �s. In the Standard Model3

(SM), for b ! ccs transitions and ignoring subleading penguin contributions, this phase4

is predicted to be �2�s, where �s = arg (�VtsV
⇤
tb/VcsV

⇤
cb) and Vij are elements of the CKM5

quark flavour mixing matrix [1]. The indirect determination via global fits to experimental6

data gives 2�s = 0.0364± 0.0016 rad [2]. This precise indirect determination within the7

SM makes the measurement of �s interesting since new physics (NP) processes could8

modify the phase if new particles were to contribute to the B

0
s–B

0
s box diagrams [3, 4]9

shown in Fig. 1.10

Direct measurements of �s using B

0
s ! J/ � and B

0
s ! J/ ⇡

+
⇡

� decays have been11

reported previously. In the B

0
s ! J/ � channel, the decay width di↵erence of the light12

(L) and heavy (H) B0
s mass eigenstates, ��s ⌘ �L��H, and the average B0

s -decay width,13

�s = (�L + �H)/2 are also measured. The measurements of �s and ��s are shown in14

Table 1.15

This paper extends previous LHCb measurements in the B

0
s ! J/ � [5] and16

B

0
s ! J/ ⇡

+
⇡

� [6] channels. In the previous analysis of B0
s ! J/ � decays, the invariant17

mass of the K+
K

� system was limited to ±12MeV/c2 around the �(1020) mass [7], which18

selected predominately resonant P-wave � ! K

+
K

� events, although a small S-wave19

K

+
K

� component was also present. In this analysis the K

+
K

� mass range is extended20

to ±30MeV/c2 and the notation B

0
s ! J/ K

+
K

� is used to include explicitly both P- and21

S-wave decays [8]. In both channels additional same-side flavour tagging information is22

used. The data were obtained from pp collisions collected by the LHCb experiment at a23

centre-of-mass energy of 7TeV during 2011, corresponding to an integrated luminosity of24

1.0 fb�1.25

This paper is organised as follows. Section 2 presents the phenomenological aspects26

related to the measurement. Section 3 presents the LHCb detector. In Sect. 4 the selection27

of B0
s ! J/ K

+
K

� candidates is described. Section 5 deals with decay time resolution,28

Sect. 6 with the decay time and angular acceptance e↵ects and Sect. 7 with flavour29

Table 1: Results for �s and ��s from di↵erent experiments. The first uncertainty is statistical
and the second is systematic (apart from the D0 result, for which the uncertainties are com-
bined). The CDF confidence level (CL) range quoted is that consistent with other experimental
measurements of �s.

Experiment Dataset [ fb�1 ] Ref. �
s

[ rad ] ��
s

[ ps�1 ]
LHCb (B0

s

! J/ �) 0.4 [5] 0.15± 0.18± 0.06 0.123± 0.029± 0.011
LHCb (B0

s

! J/ ⇡+⇡�) 1.0 [6] �0.019+0.173+0.004
�0.174�0.003 –

LHCb (combined) 0.4+1.0 [6] 0.06± 0.12± 0.06 –
ATLAS 4.9 [9] 0.22± 0.41± 0.10 0.053± 0.021± 0.010
CMS 5.0 [10] – 0.048± 0.024± 0.003
D0 8.0 [11] �0.55+0.38

�0.36 0.163+0.065
�0.064

CDF 9.6 [12] [�0.60, 0.12] at 68% CL 0.068± 0.026± 0.009

1
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Table 6: Results of the maximum likelihood fit for the principal physics parameters. The first
uncertainty is statistical and the second is systematic. The value of �ms was constrained to the
measurement reported in Ref. [38]. The evaluation of the systematic uncertainties is described
in Sect. 10.

Parameter Value
�s [ ps�1 ] 0.663± 0.005± 0.006
��s [ ps�1 ] 0.100± 0.016± 0.003
|A?|2 0.249± 0.009± 0.006
|A0|2 0.521± 0.006± 0.010
�k [rad] 3.30 +0.13

�0.21 ± 0.08
�? [rad] 3.07± 0.22± 0.07
�s [rad] 0.07± 0.09± 0.01
|�| 0.94± 0.03± 0.02

Table 7: Correlation matrix for the principal physics parameters.

�s ��s |A?|2 |A0|2 �k �? �s |�|
[ ps�1 ] [ ps�1 ] [rad] [rad] [rad]

�s [ ps�1 ] 1.00 �0.39 0.37 �0.27 �0.09 �0.03 0.06 0.03
��s [ ps�1 ] 1.00 �0.68 0.63 0.03 0.04 �0.04 0.00
|A?|2 1.00 �0.58 �0.28 �0.09 0.08 �0.04
|A0|2 1.00 �0.02 �0.00 �0.05 0.02
�k [rad] 1.00 0.32 �0.03 0.05
�? [rad] 1.00 0.28 0.00
�s [rad] 1.00 0.04
|�| 1.00
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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
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Table 11: Statistical and systematic uncertainties for S-wave phases in bins of m(K+K�).

Source bin 1 bin 2 bin 3 bin 4 bin 5 bin 6
�S � �? �S � �? �S � �? �S � �? �S � �? �S � �?
[rad] [rad] [rad] [rad] [rad] [rad]

Stat. uncertainty +0.78
�0.49

+0.38
�0.23

+1.40
�0.30

+0.21
�0.35

+0.18
�0.26

+0.18
�0.22

Background subtraction 0.03 0.02 – 0.03 0.01 0.01
B0! J/ K⇤0 background 0.08 0.04 0.08 0.01 0.01 0.05
Angular acc. reweighting 0.02 0.03 0.12 0.13 0.03 0.01
Angular acc. statistical 0.033 0.023 0.067 0.036 0.019 0.015
Fit bias 0.005 0.043 0.112 0.049 0.022 0.016
C

SP

factors 0.007 0.028 0.049 0.025 0.021 0.020
Quadratic sum of syst. 0.09 0.08 0.20 0.15 0.05 0.06
Total uncertainties +0.79

�0.50
+0.39
�0.24

+1.41
�0.36

+0.26
�0.38

+0.19
�0.26

+0.19
�0.23

26

Table 9: Statistical and systematic uncertainties.

Source �
s

��
s

|A?|2 |A0|2 �k �? �
s

|�|
[ps�1] [ps�1] [rad] [rad] [rad]

Stat. uncertainty 0.0048 0.016 0.0086 0.0061 +0.13
�0.21 0.22 0.091 0.031

Background subtraction 0.0041 0.002 – 0.0031 0.03 0.02 0.003 0.003
B0! J/ K⇤0 background – 0.001 0.0030 0.0001 0.01 0.02 0.004 0.005
Ang. acc. reweighting 0.0007 – 0.0052 0.0091 0.07 0.05 0.003 0.020
Ang. acc. statistical 0.0002 – 0.0020 0.0010 0.03 0.04 0.007 0.006
Lower decay time acc. model 0.0023 0.002 – – – – – –
Upper decay time acc. model 0.0040 – – – – – – –
Length and mom. scales 0.0002 – – – – – – –
Fit bias – – 0.0010 – – – – –
Quadratic sum of syst. 0.0063 0.003 0.0064 0.0097 0.08 0.07 0.009 0.022
Total uncertainties 0.0079 0.016 0.0107 0.0114 +0.15

�0.23 0.23 0.091 0.038

Table 10: Statistical and systematic uncertainties for S-wave fractions in bins of m(K+K�).

Source bin 1 bin 2 bin 3 bin 4 bin 5 bin 6
FS FS FS FS FS FS

Stat. uncertainty +0.081
�0.073

+0.030
�0.027

+0.014
�0.007

+0.012
�0.009

+0.027
�0.025

+0.043
�0.042

Background subtraction 0.014 0.003 0.001 0.002 0.004 0.006
B0! J/ K⇤0 background 0.010 0.006 0.001 0.001 0.002 0.018
Angular acc. reweighting 0.004 0.006 0.004 0.005 0.006 0.007
Angular acc. statistical 0.003 0.003 0.002 0.001 0.003 0.004
Fit bias 0.009 – 0.002 0.002 0.001 0.001
Quadratic sum of syst. 0.020 0.009 0.005 0.006 0.008 0.021
Total uncertainties +0.083

�0.076
+0.031
�0.029

+0.015
�0.009

+0.013
�0.011

+0.028
�0.026

+0.048
�0.047

tematic e↵ect is observed after varying the decay time and angular acceptances and the509

decay time resolution. Adding all contributions in quadrature gives a total systematic510

uncertainty of ±0.01 ps�1.511

25
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17 

Examples of NP effects '
Little Higgs Model with T-Parity Warped Extra Dimension Model 

  SUSY “AC” Model 

[W. Altmannshofer et al., arXiv:0909.1333] 

[M. Blanke et al., JHEP 0903:001,2009] [M. Blanke et al., Acta Phys.Polon.B41:657, 2 010] 

MFV SUSY Model 

17 
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9 

LHCb physics program 

•  Major physics objective: indirect search for new 
physics effects in loop-mediated processes  
–  New physics in Bs mixing: φs, Γs, ASL 

–  New physics in b → s loop decays: Bs → µ+µ-,              
B0 → K*µ+µ-, Bs → φγ, Bs → φφ ...  '

–  New physics in D0 mixing or decays:  direct CPV in D0 
→ K+K-/π+π-, mixing parameters from τ(K+K-), τ(π+π-) 
and τ(Κ+π- ), … '

–  Precision test of CKM mechanism: γ measurements 

•  Also EW, exotics, spectroscopy, LFV, QCD …  
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Table 1: Status of B mixing measurements and corresponding SM predictions. New results
presented at ICHEP 2012 and later are not included. The inclusive same-sign dimuon asymmetry
Ab

SL is defined below and in Ref. [158].

Observable Measurement Source SM prediction References
B0

s system
�ms ( ps�1) 17.719 ± 0.043 HFAG 2012 [43] 17.3 ± 2.6 [214–216]

17.725 ± 0.041 ± 0.026 LHCb (0.34 fb�1) [217]
��s ( ps�1) 0.105 ± 0.015 HFAG 2012 [43] 0.087 ± 0.021 [214–216]

0.116 ± 0.018 ± 0.006 LHCb (1.0 fb�1) [137]
�s (rad) �0.044+0.090

�0.085 HFAG 2012 [43] �0.036 ± 0.002 [118,215,216]
�0.002 ± 0.083 ± 0.027 LHCb (1.0 fb�1) [137]

as
sl (10

�4) �17 ± 91 +14
�15 D0 (no Ab

SL) [218] 0.29+0.09
�0.08 [118,215,216]

�105 ± 64 HFAG 2012 (including Ab
SL ) [43]

Admixture of B0 and B0
s systems

Ab
SL (10�4) �78.7 ± 17.1 ± 9.3 D0 [158] �2.0 ± 0.3 [214–216]

B0 system
�md ( ps�1) 0.507 ± 0.004 HFAG 2012 [43] 0.543 ± 0.091 [210,215,216]
��d/�d 0.015 ± 0.018 HFAG 2012 [43] 0.0042 ± 0.0008 [214–216]
sin 2� 0.679 ± 0.020 HFAG 2012 [43] 0.832 +0.013

�0.033 [118,215,216]
ad
sl (10

�4) �5 ± 56 HFAG 2012 [43] �6.5 +1.9
�1.7 [118,215,216]

The HFAG average of the B0
s mass di↵erence �ms in Table 1 is based on measurements

performed at CDF [219] and LHCb [217,220]. It is dominated by the preliminary LHCb
result obtained using 0.34 fb�1 of data [217], which is also given in Table 1. These are
all consistent with the SM prediction. Improving the precision of the SM prediction is
desirable to further constrain NP in M s

12, and requires improving the accuracy of lattice
QCD evaluations of the decay constant and bag parameter (see Ref. [210] and references
therein).

The observables �s and ��s have been determined simultaneously from B0
s ! J/ �

decays using time-dependent flavour tagged angular analyses [221,222]. The first LHCb
tagged analysis using 0.34 fb�1 of data [10] already provided a significant constraint on �s

and led to the first direct evidence for a non-zero value of ��s. LHCb has also determined
the sign of ��s to be positive at 4.7 � confidence level [223] by exploiting the interference
between the K+K� S-wave and P-wave amplitudes in the �(1020) mass region [224]. This
resolved the two-fold ambiguity in the value of �s for the first time. LHCb has made
a preliminary update of the B0

s ! J/ � analysis using the full data sample of 1.0 fb�1

collected in 2011 [137]. The results from this analysis,

�s = �0.001 ± 0.101 ± 0.027 rad , ��s = 0.116 ± 0.018 ± 0.006 ps�1 , (31)

are shown in Fig. 10 (left), and are in good agreement with the SM expectations.
LHCb has also studied the decay B0

s ! J/ ⇡+⇡�. This decay process is expected to
proceed dominantly via b ! ccs (the ss̄ produced in the decay rescatters to ⇡+⇡� through
either a resonance such as f0(980) or a nonresonant process). Therefore, these events
can be used to measure �s. The ⇡+⇡� mass range 775–1550 MeV shown in Fig. 11 (left)
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Test CKM and search for new sources of CP violation  

Physics frontiers at the LHC 

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

69 

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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