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The weak box diagramThe weak box diagram
These two diagrams contribute to mixing in Bd,s system:

The (heavy) top quark dominates the internal loop.
No GIM cancellation (if u,c,t would have the same mass these diagrams would cancel)

Oscillations in Bd versus Bs system: Vtd versus Vts 

Order λ3 Order λ2

→ Much faster oscillation in Bs system (less Cabbibo suppression).

In the D system, the d,s,b quarks in internal loop (no top): small mixing.

Why is are the oscillations in the Bs system so much faster than in Bd?
Why is the mixing in the D system so small?

•  Neutral	   B	   mesons	   (Bs,	   Bd)	   can	   transform	   into	   their	   an,	   –	   par,cles	   before	   they	  
decay.	   The	   ,me	   dependent	  mixing	   of	   the	   flavor	   eigenstates	   is	   governed	   by	   the	  
Schrodinger	  equa,on:	  

	  
	  
	  
	  
•  Observable	  quan,,es	  are	  masses	  and	  differences	  in	  decay	  widths.	  We	  can	  access	  

as	   by	   measuring	   asymmetries	   in	   flavor	   specific	   final	   states	   (for	   example	  
semileptonic	  decays):	  

A	  liXle	  bit	  of	  theory	  
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Untagged	  SL	  asymmetry	   	  	  	  	  	  	  	  	  	  	  produc,on	  
asymmetry	  ≈1%	  

Bs
0 / Bs

0

0.2%	  in	  our	  case	  

decay	  ,me	  acceptance	  
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Ameas ≅
asl
s

2
and	  

What	  we	  measure	  

Effects	  of	  produc,on	  asymmetry	  
diluted	  by	  the	  fast	  Bs	  oscilla,ons	  
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Figure 1: Decay time acceptance function ✏(t).

We have evaluated the integral ratio in Eq. 20 for the case ofD+
s Xµ�⌫ decays, and find58

0.2% for Bs decays. A similar calculation for B0 decays gives 33%. Since the production59

asymmetry is expected to at most a few percent [7, 8]. This reduces the e↵ect on ap to60

the level of about 10�4 for Bs decays, well under our goal of an error on the order of61

10�3. For B0 decays, however, the contribution from the production asymmetry can still62

be significant at the level of about 0.3%.63

4 Analysis Method64

Our goal is to measure the di↵erence between D+
s Xµ�⌫ and D�

s Xµ+⌫, where the D±
s !65

K+K�⇡±. In the first measurement we restrict ourselves to D+
s decaying into �⇡+, in66

order to suppress D+
s background, and also to ensure that the K+K� momentum spectra67

di↵erence has negligible e↵ects on the systematic uncertainty. Actually, this kinematic68

asymmetry is not a large e↵ect even if we consider the entire K+K�⇡+ final state. In the69

following discussion, whenever we reference D+
s or D+

s µ
� charge conjugation is implied.70

4.1 Data sample71

We use Reco10 Stripping17 2011 dataset (
R L = 1 fb�1, listed in Table 1) and the o�-72

cial MC11a simulation, both processed using DaVinci v29r2(3). We require the muon73

in the semileptonic candidate to satisfy the L0 muon trigger requirements (L0 TOS).74

Similarly, we require it to be selected by at least one of the TrackAll, TrackMuon, or Sin-75

gleMuonHighPT HLT1 algorithms. We define two independent samples based on HLT276

criteria. The first sample is selected by any of the muon topological HLT2 triggers, with77

the additional requirement that the candidate � is not selected by the HLT2 inclusive �78

algorithm. The second sample contains events where the candidate � is TOS with respect79

5
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Key	  elements	  of	  the	  analysis	  
•  Determina,on	  of	  the	  signal	  yields	  using	  Magnet	  Up	  (447pb-‐1)	  and	  Magnet	  Down	  

(595pb-‐1)	   data	   samples	   of	   almost	   equal	   size,	   which	   allows	   us	   to	   average	   out	  
residual	  charge	  asymmetries	  in	  detec,on	  efficiency	  

•  Analysis	  relies	  on	  muon	  system	  in	  several	  ways,	  thus	  we	  study	  the	  asymmetry	  in	  
the	  fine	  kinema,c	  binning	  in	  muon	  phase	  space	  with	  two	  different	  schemes:	  (px,	  
py)	  and	  also	  using	  (pT,	  φ)	  

•  Detailed	  analysis	  of	  background	  sources:	  Prompt	  charm	  produc,on,	  fake	  muons	  
associated	   with	   real	   Ds	   par,cles	   produced	   in	   b-‐hadron	   decays,	   and	   BèDDs	  
decays	  where	  the	  D	  hadron	  decays	  semileptonically.	  
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Data	  driven	  analysis	  
All	  correc,ons	  are	  derived	  from	  data	  

Almost	  equal	  kaon	  
momentum	  spectra	  
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Figure 1: Invariant mass distributions for: (a) K+K�⇡+ and (b) K+K�⇡� candidates for magnet up, (c)
K+K�⇡+ and (d) K+K�⇡� candidates for magnet down with K+K� invariant mass within ±20 MeV of
the � meson mass. The D+s [yellow (grey) shaded area] and D+ [red (dark) shaded area] signal shapes are
described in the text. The �2/ndf of these fits are 1.28, 1.25, 1.53, and 1.27 respectively, the corresponding
p-values are 7%, 8%, 4%, 7%.

Table 1: Yields for D+s µ� and D�s µ+ events separately for magnet up and down data. These yields contain
very small contributions from prompt Ds and b-hadron backgrounds.

magnet up magnet down
D�s µ+ 38 742 ± 218 53 768 ± 264
D+s µ� 38 055 ± 223 54 252 ± 259

between the Ds momentum and the vector from the primary vertex to the Ds decay vertex must90

be larger than 0.99.91

4. Analysis method92

Signal yields are determined by fitting the K+K�⇡+ invariant mass distributions shown in93

Fig. 1. We fit both the signal D+s and D+ peaks with double Gaussian functions with common94

means. The D+ channel is used only as a component of the fit to the mass spectrum. The average95

mass resolution is about 7.1 MeV. The background is modelled with a second-order Chebychev96

polynomial. The signal yields from the fits are listed in Table 1.97

The detection asymmetry is largely induced by the dipole magnet, which bends particles98

of di↵erent charge in di↵erent detector halves. The magnet polarity is reversed periodically,99

thus allowing the measurement and understanding of the size of this e↵ect. We analyze data100

taken with di↵erent magnet polarities separately, deriving charge asymmetry corrections for the101

two data sets independently. Finally, we average the two values in order to cancel charge any102

residual e↵ects. We use two calibration samples containing muons to measure the relative trigger103

e�ciencies of D+s µ�/D�s µ+ events, and the relative µ�/µ+ identification e�ciencies. The first104

sample contains b ! J/ (! µ+µ�)X decays triggered independently of the J/ meson, and105

where the J/ is selected by requiring two particles of opposite charge have an invariant mass106
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Magnet	  Down	   Magnet	  Down	  



•  The	   μ	   and	   π	   charge	   tracks	   have	   very	   similar	   reconstruc@on	   efficiencies.	  
Par,ally	   reconstructed	   D*+èD0π+,	   D0èK-‐π-‐π+(π+)	   demonstrated	   that	  
tracking	   efficiency	   ra,o	   ε(π+)/ε(π-‐)	   does	   not	   depend	   upon	   par,cle	  
momentum	   and	   pT.	   Since	   π	   and	   μ	   have	   opposite	   charges	   in	   Dsμ,	   the	  
tracking	  asymmetries	  almost	  cancel	  out.	  	  	  
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Data	  driven	  correc,ons	  (I)	  Table 21: Number of signals in full reconstruction versus detected pion momentum for
magnet down data

Pion momentum D

⇤+ events D

⇤� events
2-6 GeV 57886 ± 266 59847 ± 271
6-20 GeV 230179 ± 518 236280 ± 525
20-30 GeV 68251 ± 274 70575 ± 279
30-40 GeV 31301 ± 187 32403 ± 191
40-50 GeV 15395 ± 131 16125 ± 134
50-100 GeV 15412 ± 132 16560 ± 137
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Figure 27: The tracking e�ciency ratio as a function of track momentum, which is deter-
mined from “partial and full” method using D

⇤+ control sample.

ANA-2012-011. In that study we focused on the � dependence of the tracking asymmetry,
illustrated in Fig. 29 and summarized in Table 22. The pattern of the oscillation of
tracking asymmetries across azimuthal angle � is induced by detector acceptance e↵ects.
This geometrical asymmetry can be removed after integrating over ' angle, or averaging

46

Using	  ε(π+)/ε(π-‐),	  we	  determine	  Atrack	  by	  adding	  the	  contribu,ons	  from	  KK	  and	  μπ	  pairs.	  	  



•  Determina,on	  of	  ε(μ+)/ε(μ-‐)	  –	  measure	  rela,ve	  MuID	  and	  trigger	  efficiencies	  	  
–  Kinema,cally	  Selected	  J/ψèμ+μ-‐	  decays	  in	  samples	  triggered	  (TOS)	  by	  hadronic	  B	  

decays	  not	  including	  J/ψ	  in	  the	  final	  state	  
–  Muon	  Selected	  J/ψèμ+μ-‐	  where	  a	  detached	  J/ψ	  is	  found	  by	  combining	  one	  track	  

(probe)	  with	  an	  opposite	  sign	  track	  that	  is	  well	  iden,fied	  as	  a	  muon	  (tag)	  	  
	  
	  
	  
	  

•  ΒèD+μ-‐X	  with	  D+èK-‐π+π+	  for	  soqware	  trigger	  checks	  
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Data	  driven	  correc,ons	  (II)	  

) [MeV]−μ+μm(
3000 3100 3200

Ca
nd

id
at

es
 / 

( 3
 M

eV
 )

210

310

410 LHCb Accepted
Rejected

Figure 2: Invariant µ+µ� mass distributions of the kinematically-selected J/ candidates in magnet up data,
where the red (open) circles represent entries where the muon candidate, kinematically selected, is rejected
and the black (filled) circles those where it is accepted by the muon identification algorithm. The dashed
lines represent the combinatorial background.

consistent with the J/ mass. This sample is called the kinematically-selected (KS) sample. The107

second sample is collected by triggering on one muon from a J/ decay that is detached from the108

primary vertex. It is called muon selected (MS) as it relies on the presence of a well identified109

muon.110

In order to measure the relative ⇡+ and ⇡� detection e�ciencies, we use the ratio of partially111

reconstructed and fully reconstructed D⇤+ ! ⇡+D0, D0 ! K�⇡+⇡+(⇡�) decays. The former112

sample is gathered without explicitly reconstructing the ⇡� particle, and then the e�ciency of113

finding this track in the event is measured. The same procedure is applied to the charge conjugate114

mode, so the relative ⇡+ to ⇡� e�ciency is measured. A detailed description is given in Ref. [20].115

Finally, a sample of D+(! K�⇡+⇡+)µ� candidates is obtained using similar triggers to the116

Dsµ sample. This sample is used to assess charge asymmetries induced by the software trigger.117

The e�ciency ratio ✏µ+/✏µ� in Eq. (6) accounts for losses due to the muon identification118

e�ciency algorithm and the trigger requirements. We measure ✏µ+/✏µ� using the KS and MS119

calibration samples. There are about 0.6 million KS J/ candidates selected in total, and about120

1.2 million MS J/ candidates. As the calibration muon spectra are slightly softer than that121

of the signal, we subdivide the signal and calibration samples into subsamples defined by the122

kinematic properties of the candidate muon. We define five muon momentum bins: 6 � 20 GeV,123

20 � 30 GeV, 30 � 40 GeV, 40 � 50 GeV, and 50 � 100 GeV. We further subdivide the signal124

and calibration samples with two binning schemes. In the first, each µ momentum bin is split125

into 10 rectangular regions in qpx and py, where q represents the muon charge and px and py are126

the Cartesian components of the muon momentum in the directions perpendicular to the beam127

axis. The second grid uses 8 regions of muon pT and azimuthal angle � to reduce the sensitivity128

to di↵erences in � acceptance between signal and calibration samples. In this case the first and129

third bins in � are flipped for negative charges, to symmetrize the acceptance in a consistent130

manner with the qpx and py binning. Signal and calibration yields are determined separately in131

each of the intervals both for magnet up and down data. Figure 2 shows the µ+µ� invariant mass132

distribution for the KS J/ events in magnet up data.133

The relative e�ciencies for triggering and identifying muons in five di↵erent momentum bins134

are shown in Fig. 3 for magnet up and magnet down data using the KS calibration sample. They135

are consistent with being independent of momentum. The small di↵erence of approximately 1%136

between the two samples can be attributed to the alignment of the muon stations, which a↵ects137

predominantly the hardware muon trigger.138
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Figure 3: Relative muon e�ciency as a function of muon momentum determined using the kinematically-
selected J/ sample.

The D+s µ� final state benefits from several cancellations of potential instrumental asymme-139

tries that can arise due to the di↵erent interaction cross-sections in the detector material or to dif-140

ferences between tracking reconstructions of negative and positive particles. The µ and ⇡ charged141

tracks have very similar reconstruction e�ciencies. Using the partially-reconstructed D⇤+ cali-142

bration sample, we found that the ⇡+ versus ⇡� relative tracking e�ciencies are independent of143

momentum and transverse momentum [20]. This, along with the fact that ⇡+ and ⇡� interaction144

cross-sections on isoscalar targets are equal, and that the detector is almost isoscalar, implies145

that the di↵erence between ⇡+ and ⇡� tracking e�ciencies depend only upon the magnetic field146

orientation and the detector acceptance. Thus the charge asymmetry ratios measured for pions147

are applicable to muons as well. In the �⇡+µ� final states, the pion and muon have opposite148

signs, and thus the charge asymmetry in the track reconstruction e�ciency induced by imperfect149

⇡µ cancellation, A⇡µ
track, is small. Using the e�ciency ratios ✏⇡+/✏⇡� measured with the D⇤+ cal-150

ibration sample, we obtain A⇡µ
track = (+0.01 ± 0.13)%. A small residual sensitivity to the charge151

asymmetry in K track reconstruction is present due to a slight momentum mismatch between the152

two kaons from � decays arising from the interference with the S-wave component. It is deter-153

mined to be AKK
track = (+0.012±0.004)%. The e�ciency ratios used in determining AKK

track are based154

on ✏⇡+/✏⇡� with a correction derived from the comparison between the Cabibbo-favoured decays155

D+ ! K�⇡+⇡� and D+s ! K0
S ⇡
+, accounting for additional charge asymmetry induced by K156

interactions in the detector. Therefore, the total tracking asymmetry is Atrack = (+0.02 ± 0.13)%.157

5. Backgrounds158

Backgrounds include prompt charm production, fake muons associated with real D+s particles159

produced in b-hadron decays, and B! DDs decays where the D hadron decays semileptonically.160

Here B denotes any meson or baryon containing a b (or b) quark, and similarly, D denotes161

any hadron containing a c (or c) quark. The prompt background is highly suppressed by the162

requirement of a well identified muon forming a vertex with the D+s candidate. The prompt163

yield is separated from false Ds backgrounds using a binned two-dimensional fit to the mass and164

ln(IP/mm) of the �⇡+ candidates. The method is described in detail in Ref. [19]. Figure 4 shows165

the fit results for the magnet-down D+s µ� candidate sample. From the asymmetry in the prompt166
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Muon	  corrected	  asymmetry	  and	  Ameas	  
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Figure 5: Asymmetries corrected for relative muon e�ciencies, Ac
µ, examined in the five muon momentum

intervals for (a) magnet up data, (b) magnet down data and (c) average, using the KS muon calibration
method. Then (d) magnet up data, (e) magnet down data and (f) average, using the MS muon calibration
method in the two di↵erent binning scheme.

Table 2: Muon e�ciency ratio corrected asymmetry Ac
µ. The errors account for the statistical uncertainties

in the B0
s signal yields.

Ac
µ [%] KS muon correction MS muon correction Average

Magnet px py pT� px py pT�
Up +0.38 ± 0.38 +0.30 ± 0.38 +0.64 ± 0.37 +0.63 ± 0.37 +0.49 ± 0.38
Down �0.17 ± 0.32 �0.25 ± 0.32 �0.60 ± 0.32 �0.62 ± 0.32 �0.41 ± 0.32
Avg. +0.11 ± 0.25 +0.02 ± 0.25 +0.02 ± 0.24 +0.01 ± 0.24 +0.04 ± 0.25

6. Results195

We perform weighted averages of the corrected asymmetries Ac
µ observed in each pT� and196

px py subsample, using muon identification corrections both in the KS and MS sample. The197

results are shown in Table 2. We then perform an arithmetic average of the four values of Ac
µ198

obtained with the two binning schemes chosen and with the two muon correction methods, as-199

suming the results to be fully statistically correlated, and obtain Ac
µ = (+0.04 ± 0.25)%.The200

agreement between the four results obtained with di↵erent combinations of kinematic binning201

and muon calibration methods is good. Possible sources of systematic uncertainties are described202

below.203

In order to cancel remaining detection asymmetry e↵ects, the most appropriate way to com-
bine magnet up and magnet down data is with an arithmetic average [20]. We then perform an
arithmetic average of the four values of Ac

µ obtained with the two binning schemes chosen and
with the two muon correction methods, assuming the results to be fully statistically correlated,
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Figure 5: Asymmetries corrected for relative muon e�ciencies, Ac
µ, examined in the five muon momentum

intervals for (a) magnet up data, (b) magnet down data and (c) average, using the KS muon calibration
method. Then (d) magnet up data, (e) magnet down data and (f) average, using the MS muon calibration
method in the two di↵erent binning scheme.

Table 2: Muon e�ciency ratio corrected asymmetry Ac
µ. The errors account for the statistical uncertainties

in the B0
s signal yields.

Ac
µ [%] KS muon correction MS muon correction Average

Magnet px py pT� px py pT�
Up +0.38 ± 0.38 +0.30 ± 0.38 +0.64 ± 0.37 +0.63 ± 0.37 +0.49 ± 0.38
Down �0.17 ± 0.32 �0.25 ± 0.32 �0.60 ± 0.32 �0.62 ± 0.32 �0.41 ± 0.32
Avg. +0.11 ± 0.25 +0.02 ± 0.25 +0.02 ± 0.24 +0.01 ± 0.24 +0.04 ± 0.25

6. Results195

We perform weighted averages of the corrected asymmetries Ac
µ observed in each pT� and196

px py subsample, using muon identification corrections both in the KS and MS sample. The197

results are shown in Table 2. We then perform an arithmetic average of the four values of Ac
µ198

obtained with the two binning schemes chosen and with the two muon correction methods, as-199

suming the results to be fully statistically correlated, and obtain Ac
µ = (+0.04 ± 0.25)%.The200

agreement between the four results obtained with di↵erent combinations of kinematic binning201

and muon calibration methods is good. Possible sources of systematic uncertainties are described202

below.203

In order to cancel remaining detection asymmetry e↵ects, the most appropriate way to com-
bine magnet up and magnet down data is with an arithmetic average [20]. We then perform an
arithmetic average of the four values of Ac

µ obtained with the two binning schemes chosen and
with the two muon correction methods, assuming the results to be fully statistically correlated,

8

Atrack	  =	  (+0.02	  ±	  0.13)%	  
Abkg	  	  	  =	  (+0.05	  ±	  0.05)%	  
Aμ

c	  	  	  	  	  =	  (+0.04	  ±	  0.25)%	  

asls	  =	  (-‐0.06	  ±	  0.50	  ±	  0.36)%	  

and obtain Ac
µ = (+0.04 ± 0.25)%. Finally, we correct for tracking e�ciency asymmetries and

background asymmetries, and obtain

Ameas = (�0.03 ± 0.25 ± 0.18)%,

where the first uncertainty reflects statistical fluctuations in the signal yield and the second re-
flects the systematic uncertainties. This gives

as
sl = (�0.06 ± 0.50 ± 0.36)%.

We consider several sources of systematic uncertainties on Ameas that are summarized in Ta-204

ble 3. By examining the variations on the average Ac
µ obtained with di↵erent procedures, we205

assign a 0.07% uncertainty, reflecting three almost equal components: the fitting procedure, the206

kinematic binning and a residual systematic uncertainty related to the muon e�ciency ratio cal-207

culation. We study the e↵ect of the fitting procedure by comparing results obtained with di↵erent208

models for signal and background shapes. In addition, we consider the e↵ects of the statistical209

uncertainties of the e�ciency ratios, assigning 0.08%, which is obtained by propagating the un-210

certainties in the average Ac
µ. The uncertainties a↵ecting the background estimates are discussed211

in Sec. 5. Possible changes in detector acceptance during magnet up and magnet down data212

taking periods are estimated to contribute 0.01%. The software trigger systematic uncertainty is213

mainly due to the topological trigger algorithm and is estimated to be 0.05%. These uncertainties214

are considered uncorrelated and added in quadrature to obtain the total systematic uncertainty.215

Table 3: Sources of systematic uncertainty on Ameas.

Source �(Ameas)[%]
Signal modelling and muon correction 0.07
Statistical uncertainty on the e�ciency ratios 0.08
Background asymmetry 0.05
Asymmetry in track reconstruction 0.13
Field-up and field-down run conditions 0.01
Software trigger bias (topological trigger) 0.05
Total 0.18

9

Applying	  correc,ons	  for	  tracking	  
asymmetry	  &	  backgrounds:	  
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asl	  according	  to	  D0	  

•  3.1σ	   from	  Standard	  Model	  
predic,on	   using	   also	   μ+μ+	  
versus	  μ-‐μ-‐	  

•  Source:	  Borrisov	  talk,	  CERN	  
Oct.	  29	  2013	  	  

asls	  =	  (-‐1.33	  ±	  0.58)%	  
asld	  =	  (-‐0.09	  ±	  0.29)%	  
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Anomalous	  CP	  viola,on	  in	  B0	  decays:	  
LHCb	  and	  B-‐factories	  results	  	  

LHCb	  asls	  results	  

•  This	   is	   the	   most	   precise	  
measurement	  of	  asls	  

•  In	  good	  agreement	  with	  the	  
Standard	   Model	   predic,on	  
(Lenz,	  arXiv:1205.1444)	  

	  
	  
•  We	   are	   inc lud ing	   ( in	  

progress)	   the	   2x-‐1	   of	   2012	  
data	  sample	  to	  this	  analysis	  	  

asls	  =	  (-‐0.06	  ±	  0.50	  ±	  0.36)%	  

B	  factory	  result	  
asld	  =	  (-‐0.02	  ±	  0.31)%	  asls	  =	  (0.0019	  ±	  0.0003)%	  

asld	  =	  (-‐0.0410	  ±	  0.0006)%	  


