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Neutral B meson mixing

¥ Mass eigenstates are superpositions of 
ßavor eigenstates:

¥ Oscillation and decay description:

¥ Mixing observables
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Precision measurement of ∆md

¥ Oscillation frequency measured with 2.2(0.8) 10                                        decaysB0 → D(∗)−µ+! µX

LHCB-CONF-2015-003

∆Γd ∼ 0

∼ 10−4(SM)
CP violation in mixing

A(t) =
Nunmix(t) −Nmix(t)
Nunmix(t) + Nmix(t)

=
cos(∆mdt)

cosh(∆Γdt/2)
+

a

2

!
1− cos2(∆mdt)

cosh2(∆Γdt/2)

"
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Precision measurement of ∆md

¥ Mixing asymmetry measured with 2.2(0.8) 10                                        decaysB0 → D(∗)−µ+! µX

LHCB-CONF-2015-003

¥ Flavor tagging

PV q_ B0

b → c →s K +

b →X l -
l - OSμ

OSeQvtx

SSK

b  

b  

 u q
_

x  
_

K / π+ + SSπ

same side
opposite side

OSK

P = �tag(1− 2ω)2 ∼ 2.4%

A(t) =
Nunmix(t)−Nmix(t)

Nunmix(t) +Nmix(t)
= cos(! mdt)

6.
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Precision measurement of ∆md

LHCB-CONF-2015-003

¥ Background rejection background rejection with a Multivariate 
ClassiÞer                         
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B+ ! D(∗)−µ+ ! µX+

¥ Flavor tagging

A(t) =
Nunmix(t)−Nmix(t)

Nunmix(t) +Nmix(t)
= cos(∆mdt)

¥ Mixing asymmetry measured with 2.2(0.8) 10                                        decaysB0 → D(∗)−µ+! µX6.
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Precision measurement of ∆md

LHCB-CONF-2015-003

¥ Decay time reconstruction

¥ Background rejection

¥ Flavor tagging

A(t) =
Nunmix (t) ! Nmix (t)

Nunmix (t) +Nmix (t)
= cos(∆mdt)

¥ Mixing asymmetry measured with 2.2(0.8) 10                                        decaysB0 → D(∗)−µ+! µX6.
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¥ The k-factors  are also used to model the decay 
time resolution:

B decay time and resolutions (         and      )

k =
| �preco|
| �ptrue|

1
kav(MB)

t =
L · M P DG

|!p | · kav (M )

¥ The momentum of the B meson cannot be measured 
precisely due to the partial reconstruction of the decay.

¥ The B decay time is corrected using the factor: 
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        adsl∆md

LHCB-CONF-2015-003
 Phys. Rev. Lett. 114 (2015) 041601
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Precision measurement of ∆md

¥ Fit to the mixing asymmetry distributions in four bins of increasing mistag probability

B0 → D−µ+νµX ]-1  [nsdm!
450 500 550

ALEPH (3 analyses)
 19± 6 ±446 

DELPHI (5 analyses)
 11± 18 ±519 

L3 (3 analyses)
 28± 28 ±444 

OPAL (5 analyses)
 15± 18 ±479 

CDF1 (4 analyses)
 27± 33 ±495 

D0 (1 analysis)
 16± 20 ±506 

BABAR (4 analyses)
 4± 6 ±506 

BELLE (3 analyses)
 5± 4 ±509 

LHCb (3 analyses)
 3± 5 ±514 

<0.66) +BABAR (P
 0.25 + 0.26 - 0.25±4.15 

This measurement
 1.3± 2.0 ±503.6 

BABAR (p*>1.3GeV) 
 0.27 + 0.19 - 0.21±4.32 

Average (w/o this meas.)
 3±510 

HFAG
Summer 2014

Bosch, Lange, Neubert and Paz (BLNP)Phys.Rev.D72:073006,2005
/dof = 9.2/11 (CL = 61.00 %)2"

LHCB-CONF-2015-003

∆mHFAG 2015
d

= 505.5± 2.0 ns! 1

! mSM
d = 543± 91 ns! 1

∆md = 503.6± 2.0(stat)± 1.3(syst)ns−1

A.Lenz, arXiv:1409.6963
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Neutral B meson mixing

¥ Mass eigenstates are superpositions of 
ßavor eigenstates:

¥ Oscillation and decay description:

¥ Mixing observables
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Neutral B meson mixing

¥ Mass eigenstates are superpositions of 
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¥ Oscillation and decay description:

¥ Mixing observables
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Standard Model

Semileptonic CP asymmetries

¥  Using semileptonic ßavor speciÞc B meson decays:         

TINY!!!

¥ SM predictions:

assl = (1 .9 ± 0.3) × 10! 5

adsl = (−4.1 ± 0.6)× 10−4

asl =
N(B̄→B → f)−N(B→B̄ → f̄)

N(B̄→B → f) +N(B→B̄ → f̄)

¥ Experimental landscape without LHCb

B0

B 0

f
f

B0

New asymmetries (and ∆Γd ) measurements needed
 arXiv:1409.6963

A. Lenz and U. Nierste, arXiv:1102.4274
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 factoriesB

Standard Model

Semileptonic CP asymmetries

¥  Using semileptonic ßavor speciÞc B meson decays:         

TINY!!!

¥ SM predictions:

assl = (1 .9 ± 0.3) × 10! 5

adsl = (−4.1 ± 0.6)× 10−4

asl =
N(B̄→B → f)−N(B→B̄ → f̄)

N(B̄→B → f) +N(B→B̄ → f̄)

¥ Experimental landscape without LHCb

B0

B 0

f
f

B0

adsl and assl measurement from LHCb using 3 fb
! 1

of data
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Semileptonic CP asymmetries @ LHCb

¥  Using semileptonic ßavor speciÞc B meson decays:         

asl =
N(B̄→B → f)−N(B→B̄ → f̄)

N(B̄→B → f) +N(B→B̄ → f̄)
B0

B 0

f
f

B0

¥ Untagged charge asymmetry:         

Ameas(t) =
Γ(f, t) − Γ( øf, t)
Γ(f, t) + Γ( øf, t)

=
aq

sl

2
−

aq
sl

2
cos(∆mqt)

cosh(∆Γqt/2)

No need to know the ßavor of the B meson at the production
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Hadron production asymmetries

AP =
σ(B̄)− σ(B)

σ(B̄) + σ(B)

Ameas(t) =
Γ(f, t) − Γ( øf, t)
Γ(f, t) + Γ( øf, t)

=
adsl
2

−
�
AP +

adsl
2

� cos(∆mdt)
cosh(∆Γdt/2)

p
p
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decay time [ps]
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Time-dependent:

¥ Time-dependent Þt to disentangle 
the CP violating asymmetry from the 
B  production asymmetry

¥ Independent determination of the 
detection asymmetries  with control 
samples

asl
2

AD

¥ Untagged, time dependent, charge asymmetry of the Þnal state particles:

0

simulation

−2(Ap +
asl
2
)

Ameas(t) =
Γ(f, t)− Γ( ¯f, t)

Γ(f, t) + Γ( ¯f, t)
=

adsl

2
+AD −

!
AP +

adsl

2

" cos(∆mdt)

cosh(∆Γdt/2)

t

AP =
σ(B̄)− σ(B)

σ(B̄) + σ(B)

 Phys. Rev. Lett. 114 (2015) 041601

adsl

major experimental 
challenge for many 

measurements
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Time-integrated: 

¥ Untagged, time integrated semileptonic asymmetry:       

¥ Fast       oscillation dilutes second term below precision of this measurement  

¥ Signal yields for each charge extracted from 
KK! invariant mass distributions        

¥ Correct raw asymmetry for detection and 
background asymmetries

∼ 10! 4

B0
s

Ameas =
! (f )− ! (f̄ )
! (f ) + ! (f̄ )

=
as
sl

2
+ AD−

�
AP +

as
sl

2

� �
eΓstcos(" mst)�(t)dt�

eΓstcosh("! st/ 2)�(t)dt
� �� �

¥                           analysis 

assl

B 0
s ! Dsµνµ X

L = 1 fb−1

Phys. Lett. B 728 (2014) 607-615

as
sl = (! 0.06± 0.50(stat)± 0.36(syst))%

1.8  10                                   decays5.
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Time-integrated: 

¥ Untagged, time integrated semileptonic asymmetry:       

¥ Fast       oscillation dilutes second term below precision of this measurement  

∼ 10! 4

B0
s

Ameas =
! (f )− ! (f̄ )
! (f ) + ! (f̄ )

=
as
sl

2
+ AD−

�
AP +

as
sl

2

� �
eΓstcos(" mst)�(t)dt�

eΓstcosh("! st/ 2)�(t)dt
� �� �

¥                             analysis 

assl

assl
2

=
S +B

S
(Ameas −AD)−

B

S
Abkg

¥ Inclusion of the full KK! Dalitz region

¥ Novel techniques to control detection asymmetries

COMING 
SOON ...B 0

s ! Dsµνµ X

L = 3 fb−1
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Data samples

¥                                  decays in Run-I
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¥                                  decays in Run-IB0
s → D−

s µ
+νµX

¥ Using the full KK! Dalitz region for 3 fb−1

adsl assl

A factor 6 MORE SIGNAL wrt 1 fb -1
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Detection asymmetries

¥ Sources of asymmetry:

¥ Different interaction with the detector material

¥ Detector inefÞciency/mis-alignment/inhomogeneities

¥ Evaluated by using data-driven techniques on dedicated samples

¥ Detection/reconstruction asymmetry of the Þnal state:

AD =
�(f)− �(f̄)

�(f) + �(f̄)

E.g. : charged 

kaons

20



Detection asymmetries

¥ Sources of asymmetry:

¥ Different interaction with the detector material

¥ Detector inefÞciency/mis-alignment/inhomogeneities

¥ Evaluated by using data-driven techniques on dedicated samples

¥ Detection/reconstruction asymmetry of the Þnal state:

AD =
�(f)− �(f̄)

�(f) + �(f̄)

E.g. : charged 

kaons

B
μ

K

+

PV
π

D

π

νμ
0

+
-

-
-

adsl

AKπ measured using prompt D± ! K± ! ∓! ±

and D± ! K0
S ! ± decays

K +

~(1.0 +/- 0.1)%
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¥ Need to account for all possible detection and reconstruction asymmetries: 
nuclear interaction, particle identification, tracking, trigger 

B
μ

K

+

PV D

π

νμ
0

+
-

- K -

s

s

Detection asymmetries

¥ Novel tag-and-probe method using  using                          decays combined 
with the method using partially reconstructed                                         decays

J/ψ ! µ+ µ!

assl

AD = Aµπ
(track) +Aπ

(PID|track) +AKK
(track+PID) +Aµ

(PID+L0|track)

µ+

π−

D∗ → (D0 → Kπππ)π

expected uncertainty on Aµπ
(track ) < 0.1% in 3 fb−1 analysis

22
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Results

(assl = ( −0.06± 0.50(stat) ± 0.36(syst))%)

 Phys. Rev. Lett. 114 (2015) 041601

COMING SOON ...

Phys. Lett. B 728 (2014) 607-615

expected as
sl = (X.XX ± 0.2(stat) ± 0.25(syst))%

adsl = (! 0.02± 0.19(stat)± 0.30(syst))%

23
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Results

(assl = ( −0.06± 0.50(stat) ± 0.36(syst))%)

 Phys. Rev. Lett. 114 (2015) 041601

COMING SOON ...

Phys. Lett. B 728 (2014) 607-615

source ! (%)
AD 0.26

B+ bkg 0.13
" b bkg 0.07

fit model 0.05
other bkg 0.04

quadratic sum 0.30

source ! (%)

tracking asym. 0.26

muon asym. 0.16

fit model 0.15

backgrounds 0.10

quadratic sum 0.36

adsl = (! 0.02± 0.19(stat)± 0.30(syst))%

~0.16

E.g. : 

 Phys. Rev. Lett. 114 (2015) 041601
Phys. Lett. B 728 (2014) 607-615

adsl assl

3 fb−1

expected as
sl = (X.XX ± 0.2(stat) ± 0.25(syst))%
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Results

(assl = ( −0.06± 0.50(stat) ± 0.36(syst))%)

 Phys. Rev. Lett. 114 (2015) 041601

COMING SOON ...

Phys. Lett. B 728 (2014) 607-615

source ! (%)
AD 0.26

B+ bkg 0.13
" b bkg 0.07

fit model 0.05
other bkg 0.04

quadratic sum 0.30

source ! (%)

tracking asym. 0.26

muon asym. 0.16

fit model 0.15

backgrounds 0.10

quadratic sum 0.36

adsl = (! 0.02± 0.19(stat)± 0.30(syst))%

E.g. : limited by control sample 
statistics (0.19%)

limited by assumptions, e.g. 
production asymmetries

 Phys. Rev. Lett. 114 (2015) 041601
Phys. Lett. B 728 (2014) 607-615

adsl

3 fb−1

expected as
sl = (X.XX ± 0.2(stat) ± 0.25(syst))%

~0.16
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B+ Production asymmetry

¥ Samples:                                        and B+ → [K −π+]π+ B + → [K ! π+ π! π+ ]π+

¥ Charge asymmetry: 

¥ Production asymmetry 

¥ Expected uncertainty ~ 0.33% (8 TeV), 0.47% (7 TeV) 
to be compared with 0.6%
(systematic on       ~0.07% (8 TeV) ~0.09% (7 TeV)

And Measurement of ACP (B± ! J/ψK±)

∆ACP = AJψK
CP −ADπ

CP = AJψK
meas −ADπ

meas + δAKπ
D

B → Dπ

deÞning

and assuming no CPV in                   decays

adsl

AB u
meas =

N(B− → D0π−)−N(B+ → D̄0π+)

N(B− → D0π−) +N(B+ → D̄0π+)

AP(B
+) = AB u

meas −AD −AD π±

CP

26



Summary and perspectives

¥ B   mixing frequency: worldÕs best measurement and uncertainty well below the 
theory uncertainty

¥ Semileptonic asymmetries:

¥ Run-I measurement of       is coming soon!

¥ A number of improvements are available to improve the        measurement

¥ Increase in the statistics of the samples to come...

assl
adsl

(about at least 15% reduction of the current systematic uncertainty is expected)

At the end of Run-II uncertainties on        and         are expected to be 
~50-60% of the current Run-I uncertainties

With additional 50 fb   (upgrade), uncertainties on         and         are 
expected to be at the order of one per mille or below

-1

0

With the current techniques and tools:

adsl

adslassl

assl
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Backup
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        Measurement: Tracking asymmetriesadsl
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¥ EfÞciency of track reconstruction depends 
on the momentum of the particle

Atracking(µ+π−) =
�

µ p T range
Pµ (pT )dpT Atracking(µ+, pT )

+
�

π pT range
Pπ(pT )dpT Atracking(π−, pT )

Atracking(µ+, pT ) = −Atracking(! −, pT )

Atracking(µ
+π−) =

� ∞

0
(Pµ(pT ) ! Pπ(pT ))Atracking(µ

+, pT )dpT

w(pT (π)) =
Pµ(pT (π))

Pπ(pT (π))

¥ Checked with pseudo-experiments
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        Measurement: #π detection asymmetry

¥ Transverse momentum dependence of the tracking efÞciencies

re-weight the data sample to obtain a good overlapping kinematic phase 
space between # and π . Residual asymmetry (0.00 +/- 0.02)% 

¥ Muon-ID and trigger asymmetries : A tag-and-probe method is applied to J/ $%##  decays 

Few per-mille corrections, depending on run period, magnet polarity. Overall uncertainty 0.04%
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        Measurement: Kπ detection asymmetry

¥ Using prompt D+ decays into K!! and K  ! S

¥ Re-weighting needed to map: the K!  pair of the control sample to match the signal, the D 
kinematics to cancel the D production asymmetry, the pion in the two control samples. 

¥ Neutral kaon asymmetry :

AK ! = (1 .15± 0.08(stat) ± 0.07(syst))%

¥ Main contribution: nuclear kaon interaction, the method accounts for all possible 
sources of detection asymmetry

Reweighted (for the D+ mode)

A(KS) = (0.054 ± 0.011)%

AKπ ≡ �(K+π−)− �(K−π+)

�(K+π−) + �(K−π+)

= A(D → Kππ)

−A(D → KSπ)

−A(KS)

JHEP 07 (2014) 041 

adsl
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        Measurement: Backgrounds

¥ Main background:  

fractions and shapes are taken from simulation and measured Branching Fractions.

corrected by the CP asymmetry (PDG 2014)

¥ Other backgrounds: Λ0
b → D(∗)−µ+Xn

from production ratio, 
efficiency ratio

B + → D (∗)−µ+ X +

fB+(D
!" µ+X+) = (8.8 ± 2.2)% f B +(D−µ+X +) = (12.7 ± 2.2)%

fΛ0
b
∼ 2%

Phys. Rev.D89 (2014) 032001
JHEP 07(2014) 103

Phys. Rev.D85 (2012) 032008

branching ratio of Λ0
b → Λ+

c π
− and Λ0

b → D 0pπ−
subtracting kaon and proton detection 
asymmetries

raw asymmetry in ! 0
b → J/! pK+

arXiv:1408.0978B+ production asymmetry from LHCb measurement using B+! J/$ K+ decays

AP(B
+) = (! 0.6± 0.6)%

AP(! 0
b) ∼ (−0.9± 1.5)%

adsl

32

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.032001
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.89.032001
http://download.springer.com/static/pdf/796/art%25253A10.1007%25252FJHEP07%2525282014%252529103.pdf?auth66=1408612386_6c2705606b5bb358a1ef3f0a97b786ea&ext=.pdf
http://download.springer.com/static/pdf/796/art%25253A10.1007%25252FJHEP07%2525282014%252529103.pdf?auth66=1408612386_6c2705606b5bb358a1ef3f0a97b786ea&ext=.pdf
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.032008
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.85.032008
http://arxiv.org/abs/1408.0978
http://arxiv.org/abs/1408.0978


        Measurement: Systematic uncertainties

¥ Leading contribution: 
uncertainty on the 
measurement of the 
detection asymmetries 

¥ B+ background second largest contribution. Different strategy foreseen for the future
¥ In general the systematics related to the Þt model  are small.

Atrg,PID
µ

Atrk residual
µ!

statistical systematic

0.18% 0.13%

0.06% 0.06%

0.07%0.07%

0.04%0.04%

AKπ

Anucl
π

example (for D+ mode)
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        Measurement: Results (II)

AP(7 TeV) = (! 0.66 ± 0.26(stat) ± 0.22(syst))%

AP(8 TeV) = (! 0.48 ± 0.15(stat) ± 0.17(syst))%
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