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CP violation in Bs→J/ψϕ
• Interference between Bs Bs mixing and b→c(cs) decay

• Compared to B0 → J/ψKS, assuming CKM is ‘all there is’:

• frequency enhanced:  Δmd = 0.5/ps → Δms = 17.7/ps

• ACP suppressed:  sin(2β) = 0.69 → sin(ϕs J/ψ) = -0.04

• But physics beyond SM could change this picture

• Experimental considerations:

• small Br ⇒ requires copious source of Bs mesons

• fast oscillations ⇒ proper time resolution

• CP asymmetry ⇒ flavor tagging

• VV final state ⇒ angular analysis

2.3. UNITARITY TRIANGLES 17

In figure 2.4 the current combination of all constraints on the UT is shown. The available

indirect constraints on UTs are also shown. Combining (2.20) and (2.21) it can be seen that

the constraints on UTs are equal to the constraints on UT, multiplied by VusVcd/VudVcs ≈ −λ2
.

Since this small number is negative, the constraints are point mirrored (and scaled) in the origin.
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Figure 2.4: The constraints from measurements on the Unitarity Triangles relevant for the B0
d

system (left) and the B0
s system (right) in the Standard Model. The constraints on UTs are

the constraints on UT, multiplied by VusVcd/VudVcs. Since this (small) number is negative, the
constraints are point mirrored in (0,0). Since the factor has a small imaginary component there
are small differences in the plots as the distance from the origin increases.

The current direct and indirect measurements of the UT(s) angles are summarized in Table

2.1. The least well known angle of the UT angles is γ. Further constraining this angle or, the

approximately equivalent angle γs, is one of the main goals of the LHCb experiment [20]. The

constraint on βs from indirect measurements has approximately the same relative precision as

that of β, as can be understood from figure 2.4. The direct measurement of βs, at the time of

writing, does not deviate significantly from this indirect constraint.

CP angle Indirect measurements (
◦
) Direct measurements (

◦
)

α 95.6+3.3
−8.8 89.0+4.4

−4.2

β 27.4+1.3
−1.9 21.07

+0.90
−0.88

γ 67.8+4.2
−3.9 70

+27
−30

βs 1.032
+0.049
−0.046 22± 10 or 68± 10

Table 2.1: The current indirect and direct measurements of the UT angles α, β and γ [9] and
the UTs angle βs [7]. No direct measurements of γs and αs exist.
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V ∗
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cbVcd + V ∗
tbVtd = 0

V ∗
ubVus + V ∗

cbVcs + V ∗
tbVts = 0

26 CHAPTER 2. MIXING AND CP VIOLATION IN THE BS SYSTEM
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Figure 2.9: An example of a diagram where supersymmetry particles contribute to Bs-B̄s oscil-
lation [21].

Since this changes the overall phase as

arg M12 → arg MSM
12 + arg ∆s, (2.61)

(2.57) becomes
λJ/ψφ → ηe+2iβs−iφ∆

s . (2.62)

This implies that the NP phase augments the SM CP violating phase in the following way

− 2βs → −2βs + φ∆
s . (2.63)

Now the CP-violating observable φs ≡ −2βs + φ∆
s can be introduced7, such that, finally

λJ/ψφ = ηe−iφs . (2.64)

Then the observables given in (2.35) and (2.43) are influenced in the following manner:

∆ms → 2|MSM
12 ||∆s|

∆Γs → 2Γ12 cos(φM/Γ + φ∆
s )

aSL → | Γ12

MSM
12

|
sin(φM/Γ + φ∆

s )
|∆s|

(2.65)

A combination of the constraints on ∆Γs and φs, at the time of writing, is shown in figure
2.10 [7]. The ‘p-value’, the probability of obtaining the measurement in the figure or a larger
deviation assuming that the SM values are the true values, is, at the time of writing, 3% [7].

The constraints on ∆s, at the time of writing, are shown in figure 2.11, combining the
measurements of the semi-leptonic asymmetries of different Bq decays aq

SL as defined in 2.46,
the lifetimes and widths differences ∆Γq, the mass differences ∆mq and the measurements of
φs. The SM value (|∆s|,φ∆

s ) = (1, 0) is, at the time of writing, excluded at 2 sigma.

7This convention independent φs should not be confused with the same variable often used for the convention
dependent mixing phase in the Bs system. Furthermore, βs is the angle of UTs and hence in presence of new
physics contributions not an observable. Finally, ΦJ/ψφ in [20] is aesthetically less appealing.

Bs Bs
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LHCb 40 CHAPTER 3. THE LHCB EXPERIMENT

with a large
�

Bdl and hence a good momentum resolution. Furthermore, equipment needed
for readout of the subdetectors can be placed outside of the detector acceptance, keeping the
interactions in the detector to a minimum.

Figure 3.2: The setup of the LHCb detector, with the different subdetectors shown in the vertical

plane. The right-handed coordinate system adopted has the z axis along the beam and the y axis

along the vertical. The magnetic field in this plane is vertically, hence this is referred to as the

non-bending plane.

The layout of the LHCb spectrometer is shown in figure 3.2(a). From the point of view of
the analysis of the B0

s → J/ψφ decay channel, the detector can be divided in two systems: the
tracking system (consisting of VELO, TT, T1-T3 and a dipole magnet) and the subdetectors
for particle identification (RICH1,2, the calorimeters and M1-5).

The conical shape of the LHCb detector plays an important role in the B0
s → J/ψφ analysis.

Due to this shape final state particles with relatively large transverse momentum can escape
the detector without detection, which, via correlations with angular observables, can cause non-
uniform efficiencies in the angular observables of the decay.

For the same reason does the region around the beam axis, in which no detector material
is placed, play an important role in the analysis of B0

s → J/ψφ. Due to this hole in the
detector acceptance final state particles with relatively little transverse momentum can escape
the detector without detection. Because of this, and because of correlations between kinematical
observables of final state signal particles in the lab frame and angular observables in the rest

Vertex Locator:
Primary vertex

Impact Parameters

Calorimeters:
PID: e,γ,π0

Tracking Stations:
momentum charged particles

Muon System:
PID: μ

RICH I&II:
PID: π,K,p

Magnet

σ(
bb

)→

To set the scale:
4 Tm bending power,

distance(Velo,T3) ~ 10 m
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Integrated Luminosity (fb-1)
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LHCb Roadmap for Bs → J/ψφ

Expected sensitivity for
1) time-dependent, 

2) three-angle, 
3) flavor-tagged 

analysis 
at √s = 7 TeV

Assuming MC performance:
35k events selected / fb-1

<σt> = 0.038 ps
εD2 = 6.2% 

 see arXiv:0912.4179v2 for more details, variations 

see LHCb measurement of σ(bb), 
1055-First Physics Results from LHCb

CDF@FPCP2010, 5.2 fb-1
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Luminosity

results shown: either 14 nb-1 or 140nb-1

current projection: ~200 pb-1 end of 2010 → ~1 fb-1 end of 2011

Instantaneous Lumi now 
exceeds 1030 cm-2s-1....

TODO: get updated version
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Total Luminosity delivered : 339  nb-1

Total Luminosity recorded: 295  nb-1

LHCb Efficiency: 	
 	
 87 %          
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Luminosity/bunch
already exceeds 

design value for LHCb!

8 colliding 
bunches

14 nb-1

140 nb-1
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Spectrometer layout provides excellent 
momentum resolution

Alignment steadily improving:
221-Performance of the Tracking System at the LHCb 

Experiment

Forward detector geometry provides 
muon ID + trigger capabilities at low pT 

~1.3x MC

For more details on LHCb trigger, 
see 472-LHCb trigger system

∫Ldt =140/nb
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(Non-prompt) J/ψ

Sideband-subtracted 

14 nb–1 14 nb–1 

24 

tZ pesudo proper time 

tz = mJ/ψ
zJ/ψ − zPV

pz,J/ψ

Utilize forward production:

to construct a “psuedo proper time”:

Clear evidence for 
non-prompt J/ψ

∫Ldt = 14/nb

See 205-Prompt J/ψ and b→J/ψ X production in pp collisions at √s = 7 TeV
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Non-prompt J/ψ

B+  K+ 

Mass = (5326.7±10.9) MeV/c2 

Momentum: p = 62.7 GeV/c, pT = 10.48 GeV/c 
Cos( ) =  0.9999,  dist =  2.03mm 

μ
K

B+  K+ 

Mass = (5326.7±10.9) MeV/c2 

Momentum: p = 62.7 GeV/c, pT = 10.48 GeV/c 
Cos( ) =  0.9999,  dist =  2.03mm 

B+  K+ 

Mass = (5326.7±10.9) MeV/c2 

Momentum: p = 62.7 GeV/c, pT = 10.48 GeV/c 
Cos( ) =  0.9999,  dist =  2.03mm 

X

Z

Y

X

nb: X = bending plane
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Kaon ID

Use φ → K+K-  where one leg is required to have RICH K-ID  
⇒ use other leg as source of Kaons to determine K-ID efficiency

See 214-Particle ID in LHCb

∆ logLK−π > 0

Crucial for flavor tagging.
Bs→ J/ψφ MC:

67/ 76

Roadmap B0
s→ J/ψφ flavour tagging performance

B0
s→ J/ψ(µµ)φ(KK)

εtag(1− 2ω)2 % εtag % ω %
Individual tags

µ 0.76± 0.05 5.77± 0.08 31.9± 0.6
e 0.38± 0.04 2.91± 0.06 32.0± 0.9

Kopp 1.25± 0.07 15.06± 0.12 35.6± 0.4
Ksame 2.39± 0.10 26.37± 0.15 34.9± 0.3
Qvtx 1.09± 0.07 44.35± 0.17 42.1± 0.2

Combination of opposite-side tags only
Average 2.18± 0.10 45.61± 0.17 39.07± 0.24

Combined εcomb
eff =3.32± 0.11 εcomb

tag =45.61± 0.17 ωcomb=36.51± 0.24
Combination of all tags

Average 4.45± 0.14 55.71± 0.17 35.88± 0.21
Combined εcomb

eff =6.23± 0.15 εcomb
tag =55.71± 0.17 ωcomb=33.27± 0.21

Results of flavour tagging obtained for B0
s→ J/ψφ events passing Level-0, for the

individual tags and for their combination. Average: result from the global tagging
decision for all events together. Combined: results after splitting into the 5 categories
and summing the effective efficiencies. Uncertainties are due to the Monte Carlo
statistics.

O. Leroy (CPPM) B→ J/ψX for ICHEP 20 July 2010 67 / 76
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First B+ → J/ψ K+ candidate

B+  K+ 

Mass = (5326.7±10.9) MeV/c2 

Momentum: p = 62.7 GeV/c, pT = 10.48 GeV/c 
Cos( ) =  0.9999,  dist =  2.03mm 

B+  K+ 

Mass = (5326.7±10.9) MeV/c2 

Momentum: p = 62.7 GeV/c, pT = 10.48 GeV/c 
Cos( ) =  0.9999,  dist =  2.03mm 

Y

X

M(J/ψK)  = 5326.7 ± 10.9 MeV/c2

p(J/ψK)   = 62.7 GeV/c
pT (J/ψK) = 10.48 GeV/c
L             = 2.03 mm
cos(a)      = 0.9999

Note: this is the projection in the transverse plane, 
Vertex separation is much larger in 3D. 
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∫Ldt = O(140/nb)

note: without J/ψ mass constraint...
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note: without J/ψ mass constraint...
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∫Ldt = O(140/nb)

note: without J/ψ mass constraint...
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Proper time resolution:  ~1.7x MC,  but sufficient compared to  Δms ~ 17.7/ps

∫Ldt = O(140/nb)

note: without J/ψ mass constraint...
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Expected yield from MC:  ~34 events (using LHCb value of σ(bb))
Proper time resolution:  ~1.7x MC,  but sufficient compared to  Δms ~ 17.7/ps

note: without J/ψ mass constraint...

∫Ldt = O(140/nb)
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Bs → J/ψ φ

Not inconsistent with the MC expectation of ~7 events.... 
Resolution about 1.7x MC, but, once more, already sufficient compared to  Δms ~ 17.7/ps  

∫Ldt = O(140/nb)

note: without J/ψ mass constraint...
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Bs → J/ψ φ

Note: this is the projection in the transverse plane, 
Vertex separation is much larger in 3D. 

m(μμ) = 3072 MeV/c2

m(KK) = 1020 MeV/c2

m(μμKK) = 5343 MeV/c2

χ2
vtx / nDOF = 0.8

t/σ(t) = 78  (L = 20 mm!)
cos(α) = 0.9999998

14Saturday, July 24, 2010



Summary & Outlook

• LHCb fully operational

• Currently 295 nb-1 collected

• Hope for 0.2 fb-1 by end 2010,          
and 1 fb-1 by end of 2011

• In O(140 nb-1) : 

• N(B+→J/ψK+) = 41±8

• N(B0→J/ψK*0) = 33±8

• N(Bs→J/ψφ) = 7±4

• Propertime resolution already 
sufficient for CP measurement

• Alignment improving with more data

• Exciting & busy times ahead! ICHEP’10
7±4 events

ICHEP’12?
35k events?
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40CHAPTER3.THELHCBEXPERIMENT

withalarge
�

Bdlandhenceagoodmomentumresolution.Furthermore,equipmentneeded
forreadoutofthesubdetectorscanbeplacedoutsideofthedetectoracceptance,keepingthe
interactionsinthedetectortoaminimum.

Figure3.2:ThesetupoftheLHCbdetector,withthedifferentsubdetectorsshowninthevertical

plane.Theright-handedcoordinatesystemadoptedhasthezaxisalongthebeamandtheyaxis

alongthevertical.Themagneticfieldinthisplaneisvertically,hencethisisreferredtoasthe

non-bendingplane.

ThelayoutoftheLHCbspectrometerisshowninfigure3.2(a).Fromthepointofviewof
theanalysisoftheB0

s→J/ψφdecaychannel,thedetectorcanbedividedintwosystems:the
trackingsystem(consistingofVELO,TT,T1-T3andadipolemagnet)andthesubdetectors
forparticleidentification(RICH1,2,thecalorimetersandM1-5).

TheconicalshapeoftheLHCbdetectorplaysanimportantroleintheB0
s→J/ψφanalysis.

Duetothisshapefinalstateparticleswithrelativelylargetransversemomentumcanescape
thedetectorwithoutdetection,which,viacorrelationswithangularobservables,cancausenon-
uniformefficienciesintheangularobservablesofthedecay.

Forthesamereasondoestheregionaroundthebeamaxis,inwhichnodetectormaterial
isplaced,playanimportantroleintheanalysisofB0

s→J/ψφ.Duetothisholeinthe
detectoracceptancefinalstateparticleswithrelativelylittletransversemomentumcanescape
thedetectorwithoutdetection.Becauseofthis,andbecauseofcorrelationsbetweenkinematical
observablesoffinalstatesignalparticlesinthelabframeandangularobservablesintherest

LHCb 
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and pile-up!

O(1%) of design luminosity....
....  but with only O(0.3%) of the # of bunches!

LHCb running (in this aspect) beyond the nominal scenario

Re-use experience from the ongoing LHCb upgrade planning!

Instantaneous Lumi now 
exceeds 1030 cm-2s-1....
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Bs→J/ψφ MC: angular resolution

57/ 77

B0
s→ J/ψφ angular resolutions MC2010
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Figure 20: Mistag rate as a function of the B signal transverse momentum. Left: com-

bination of all opposite side taggers in B0
s→ J/ψφ events. Center: same side kaon tag in

B0
s → J/ψφ events (black, upper box) and superimposed B0

s → D−
s π+ events (red, lower

box). Right: same side pion tag in B+→ J/ψK+ events.

distributions. As an example, in Figure 20 the dependence of the mistag rate on the B

signal transverse momentum is shown, for the combination of all opposite side taggers and

for same side kaon tag, in B0
s→ J/ψφ events and for same side pion tag, in B+→ J/ψK+

events. A linear fit is superimposed, to show the trend.

Therefore the final calibration of the opposite side taggers performance for the

B0
s → J/ψ(µµ)φ(KK) channel and for B0 → J/ψ(µµ)K0

S(ππ) channel will be performed

by using two similar control channels: B+→ J/ψ(µµ)K+ and B0→ J/ψ(µµ)K∗0(Kπ) . All

these channels are triggered mainly by the J/ψ(µµ) part, and the event selection crite-

ria described in 6 have been tuned in order to minimize the differences among the three

channels.

Performance of flavour tagging on B0
s→ J/ψ(µµ)φ(KK) , B+→ J/ψ(µµ)K+ and B0→

J/ψ(µµ)K∗0(Kπ) events, selected as described in [29], are shown in Tables 15, 16 and 17,

respectively. Values in these tables are calculated comparing the tagging results with the

B flavour determined from MC truth. In Table 18 we show the tagging efficiency for the

prompt and long-lived background components: the long-lived component has a tagging

efficiency comparable with the signal while the prompt one, dominated by combinatorics,

has a much lower tagging efficiency, of the order of ∼ 30%. Only associated signal events

are used. The L0-trigger is required in all cases. The first part of the tables shows the

performance per tagger (inclusive samples). The second part of the tables shows the

performance after sorting all events, as explained below, into five exclusive samples of

increasing tagging purity. The combined performances shown in the tables are obtained

by summing over the 5 exclusive samples. The combined tagging efficiency and effective

tagging efficiency are:

εcomb
tag =

5�

k=1

εk, εcomb
eff =

5�

k=1

εk(1− 2ωk)
2 .

In each sample, the tagging efficiency and the mistag are defined as:

εk =
Wk + Rk

Rk + Wk + Uk
, ωk =

Wk

Rk + Wk
,
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Figure 21: Mistag distribution for correctly (left) and wrongly (center) muon tagged
B+ → J/ψ(µµ)K+ signal events. On the right the dependence of the measured mistag
on the probability of mistag is represented. The best fit calibration curve ωµ(ηµ) =
p0µ + p1µ(ηµ − η̄µ) is superimposed.

9.3 Flavour tagging Calibration with B0→ J/ψ(µµ)K∗0(Kπ) events

The mistag rate can be measured in real data in the B0 → J/ψ(µµ)K∗0(Kπ) channel
through a fit to the flavour oscillations of the B0 mesons as a function of proper time.
The flavour of the B0 meson at production is determined from the tagging algorithms,
while the flavour at decay is determined by the K∗0 flavour, which is in turn defined by
the kaon charge.

The event selection described in 6 is used for this study. In this case a large fraction
of the background events is due to prompt J/ψ production where no dependence of the
reconstructed B flavour on the reconstructed proper time is expected. However part of
the background is due to mis-reconstructed B0 events, where a dependence on proper time
is expected. The mistag rate is also expected to be different in the various background
components. In order to separate signal from background events both the mass and the
time distribution are used. Only flavour tagged events are used. The PDF used to describe
the B0→ J/ψK∗0 data is the sum of signal and background PDFs.

The observables are the B0 candidate mass m, which is the invariant mass of the µµKπ
system (in GeV/c2), the B0 candidate reconstructed proper-time t (in ps) and the mixing
state q (q = +1 for unmixed and q = −1 for mixed state). The signal PDF is given by:

S(m, t, q) =

�
1

2τB0
e
− t

τ
B0

�
1 + q(1− 2ωS) cos(∆mdt)

��
⊗R(t; µt, σt1, σt2, fres G1)

×G(m; µG1, σG1) , (68)

where τB0 is the B0 lifetime, ωS is the mistag fraction and ∆md is the oscillation frequency.
The proper-time resolution function is given by a double Gaussian while the mass is
described by a single Gaussian.

Three types of background are considered in this study: a prompt component, where
all final state tracks come directly from the primary vertex; events where the J/ψ really
comes from a long-living particle, but the K∗0 is made out of prompt tracks and events
where three out of four tracks come from a long-living particle, namely a B meson. For
all types of backgrounds the B mass distribution is described as a decreasing exponential,
but with different slope parameters. In the prompt component the reconstructed proper
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where Rk, Wk and Uk are the number of correctly tagged, incorrectly tagged and untagged
events, respectively.

The combined mistag is obtained as:

ωcomb =

�
1−

�
εcomb
eff /εcomb

tag

�
/2 .

This quantity is useful as a reference value to indicate the mistag equivalent to the use of
these five samples. The average performances reported in the tables are those obtained
for all events not sorted into categories.

As discussed in [39], the combination of the tagging information can be performed in
different ways. As a consequence two calibration procedures can be envisaged.

B0
s→ J/ψ(µµ)φ(KK)

εtag(1− 2ω)2 % εtag % ω %

Individual taggers
µ 0.76± 0.05 5.77± 0.08 31.9± 0.6
e 0.38± 0.04 2.91± 0.06 32.0± 0.9

Kopp 1.25± 0.07 15.06± 0.12 35.6± 0.4
Ksame 2.39± 0.10 26.37± 0.15 34.9± 0.3
Qvtx 1.09± 0.07 44.35± 0.17 42.1± 0.2

Combination of opposite side taggers only
cat#1 0.34± 0.04 28.18± 0.15 44.5± 0.3
cat#2 0.51± 0.04 6.89± 0.08 36.4± 0.6
cat#3 0.68± 0.05 4.79± 0.07 31.1± 0.7
cat#4 0.89± 0.05 3.57± 0.06 25.1± 0.8
cat#5 0.90± 0.05 2.18± 0.05 17.9± 0.9

Average 2.18± 0.10 45.61± 0.17 39.07± 0.24
Combined 3.32± 0.11 45.61± 0.17 36.51± 0.24

Combination of all taggers
Average 4.45± 0.14 55.71± 0.17 35.88± 0.21

Combined 6.23± 0.15 55.71± 0.17 33.27± 0.21

Table 15: Results of flavour tagging obtained for B0
s → J/ψφ events passing Level-0, for

the individual taggers and for their combination. Average: result from the global tagging
decision for all events together. Combined: results after splitting into the 5 categories
and summing the effective efficiencies. Uncertainties are statistical.

Procedure A
For each sample of events tagged by a specific tagger i (i= opposite side muon, electron,
kaon, inclusive secondary vertex, same side tagger) a mistag rate can be defined from
the number of events correctly and incorrectly tagged, for that tagger. More than one
tagger can be available per event. In order to deal with exclusive sub-samples of events,
they can be sorted into categories according to which taggers have fired (e.g. only muon,
muon and kaon etc.), following the criteria described in [38]. In the control channel the
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Semileptonic asymmetry

φSM
s = 2 arg(V ∗

ts Vtb)− 2 arg(VcbV ∗
cs) + δPenguins = −2βs + δPenguins

φs = φSM
s + φ∆

s , (1)

∆Γs = 2|ΓSM
12 | cos(φSM

s12 + φ∆
s ) , (2)

afs =
|ΓSM

12
|

|MSM
12

|
sin(φSM

s12 + φ∆
s )

|∆s|
. (3)

In the above equations, afs is the flavour specific asymmetry and

φSM
s12 = arg

�
−

MSM
12

ΓSM
12

�
. (4)

In the Standard Model, φSM
s12 = (3.40

+1.32

−0.77
)× 10−3 rad while

2βs = (3.6 ± 0.2)× 10−2 rad.
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Semileptonic Asymmetry
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Semileptonic asymmetry
1 fb−1 of LHCb, [R. Lambert]

assumes Ab central value and no NP in B0
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LHCb, 1 fb-1 [ thesis R. Lambert]
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