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Anomalous like-sign dimuon asymmetry

15

arxiv.org:1106.6308 PRD 84 052007 (2011)

B0B0 B
0

µ+

µ+ X

Ab
sl ⌘

N++
b �N��

b

N++
b + N��

b

= Cda
d
sl + Csa

s
sl aq

sl =
��q

�Mq
tan�qwhere

Y

arxiv.org:1106.6308 PRD 84 052007 (2011)
Cd(s) is the fraction of Bd(Bs) events in the data sample. 
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D0 - Dimuon Charge Asymmetry

• Anomalous Dimuon - 3.9σ 
deviation from SM expectations

• Split the data (blue band, grey 
band):
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TABLE XXIII: Values of Ab
sl with their statistical and sys-

tematic uncertainties obtained for different IP selections.

Selection Sample Central Uncertainty ×102

value ×102 statistical systematic

All events
1µ –1.042 1.304 2.313
2µ –0.808 0.202 0.222

comb. –0.787 0.172 0.093

IP < 50 µm
1µ –3.244 4.101 7.466
2µ –2.837 0.776 1.221

comb. –2.779 0.674 0.694

IP > 50 µm
1µ –0.171 0.343 0.311
2µ –0.593 0.257 0.074

comb. –0.533 0.239 0.100

IP < 80 µm
1µ –1.293 3.282 5.841
2µ -1.481 0.541 0.810

comb. -1.521 0.458 0.501

IP > 80 µm
1µ –0.388 0.280 0.179
2µ –0.529 0.285 0.048

comb. –0.472 0.226 0.091

IP < 120 µm
1µ –1.654 2.774 4.962
2µ –1.175 0.439 0.590

comb. –1.138 0.366 0.323

IP > 120 µm
1µ –0.422 0.240 0.121
2µ –0.818 0.342 0.067

comb. –0.579 0.210 0.094

TABLE XXIV: Mean mixing probability (χd) obtained in sim-
ulation, and the coefficients Cd and Cs in Eq. (2), used for
different selections.

Sample χd(MC) Cd Cs

IP<50 0.059 ± 0.002 0.316 ± 0.021 0.684 ± 0.021
IP<80 0.069 ± 0.002 0.351 ± 0.022 0.649 ± 0.022
IP<120 0.084 ± 0.002 0.397 ± 0.022 0.603 ± 0.022
IP>50 0.264 ± 0.004 0.674 ± 0.020 0.326 ± 0.020
IP>80 0.299 ± 0.004 0.701 ± 0.019 0.299 ± 0.019
IP>120 0.342 ± 0.004 0.728 ± 0.018 0.272 ± 0.018

leptonic neutral B decay. The residual charge asymme-
try of like-sign dimuon events after taking into account
all background sources is found to be

Ares = (−0.246 ± 0.052 (stat) ± 0.021 (syst))%. (57)

TABLE XXV: Measured values of ad
sl and as

sl for different
muon IP thresholds. In each column, the measurements us-
ing the samples with muon IP larger and smaller than the
given threshold are combined. We also give the correlation
ρds between ad

sl and as
sl.

Quantity muon IP threshold
50 µm 80 µm 120 µm

ad
sl × 102 +1.51 ± 0.93 +0.42 ± 0.68 −0.12 ± 0.52

as
sl × 102 −4.76 ± 1.79 −2.57 ± 1.34 −1.81 ± 1.06

ρds −0.912 −0.857 −0.799

It differs by 4.2 standard deviations from the standard
model prediction.

Separation of the sample by muon impact parameter
allows for separate extraction of ad

sl and as
sl. We obtain

ad
sl = (−0.12 ± 0.52)%,

as
sl = (−1.81 ± 1.06)%. (58)

The correlation ρds between these two quantities is

ρds = −0.799. (59)

The uncertainties on ad
sl and as

sl do not allow for the
definitive conclusion that as

sl dominates the value of Ab
sl.

Our results are consistent with the hypothesis that
the anomalous like-sign dimuon charge asymmetry arises
from semi-leptonic b-hadron decays. The significance of
the difference of this measurement with the SM predic-
tion is not sufficient to claim observation of physics be-
yond the standard model, but it has grown compared to
our previous measurement with a smaller data sample.
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APPENDIX A: COMBINATION OF TWO
MEASUREMENTS USING α SCAN

In this analysis, the value of Ab
sl is obtained from the

linear combination in Eq. (13). The parameter α is se-
lected to minimize the total uncertainty on Ab

sl, taking
into account the correlation among different contribu-
tions to the uncertainty on Ab

sl. This procedure is equiv-
alent to the standard procedure of taking a weighted av-
erage.

To demonstrate this, we consider a model in which we
obtain the quantity x using two measurements a and A.
Suppose that a and A depend linearly on x:

a = kx + b,

A = Kx + B, (A1)

where k, K, b, and B are parameters determined in the
analysis, and correspond to the measurement of Ab

sl. Us-

• Need to investigate in as many 
different ways as possible.

compared to the current experimental precision:

ad
sl = (−4.1 ± 0.6) × 10−4, (3)

as
sl = (1.9 ± 0.3) × 10−5. (4)

The measurement of any significant deviation from zero is hence an unambiguous signal of

new physics, which can lead to order-of-magnitude enhancements of |ad
sl| [9].

The B0 semileptonic mixing asymmetry, ad
sl, has been extensively studied by the B fac-

tories operating at the Υ(4S) resonance, including measurements by the CLEO [10, 11],5

BaBar [12, 13], and Belle [14] collaborations. The current world average of these measure-

ments is [7]:

ad
sl = (−0.05 ± 0.56) × 10−2. (5)

Additional inclusive measurements from LEP [15–17] and D0 [18] are subject to contamina-

tion from B0
s mesons, and the extraction of ad

sl relies upon assumptions about the contribution

from as
sl.10

The recent evidence for a non-zero dimuon charge asymmetry by the D0 experiment is

sensitive to the linear combination of B0 and B0
s mixing asymmetries, with approximately

equal contributions from each source [20]. The measurement constrains a band in the (ad
sl, a

s
sl)

plane, which is inconsistent with the SM point at the 3.9σ level. By dividing the sample

into two components with different relative contributions from B0 and B0
s , the semileptonic15

asymmetries are measured to be:

ad
sl(µµ) = (−0.12 ± 0.52) × 10−2, (6)

as
sl(µµ) = (−1.81 ± 1.06) × 10−2, (7)

where the measurements have a correlation coefficient of −0.799. The above extraction

assumes that any new source of CPV entering the dimuon asymmetry does so through B

mixing. Alternative hypotheses, for example new sources of dimuons from BSM processes,

cannot be excluded.20

Recent searches for CPV in B0
s → J/ψφ decays from the D0 [21], CDF [22], and LHCb [23]

collaborations find agreement of the CP-violating phase φs with SM predictions. Given the

current body of experimental evidence, improved measurements of both ad
sl and as

sl are

3
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Semi-leptonic Charge asymmetries

• Use lepton charge to identify the B-meson flavour 

• Correct for detector and physics background asymmetries

• Scale by the fraction of mixed events (using MC simulations)

• Assume no production asymmetry, no direct CP violation in 
charged D-mesons or B-meson semileptonic decay, only CP 
violation in mixing for B mesons.  
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Kaon Corrections 

• K+ and K− have very different interaction cross sections

• Use the decay K*→ Kπ to measure the asymmetry as a 
function of momentum and η
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Residual Muon and Track Asymmetries 

• The residual muon pT dependent reconstruction asymmetry 
between +ve and -ve tracks is measured using J/ψ → μμ in a 
tag and probe analysis. 

• Tracking asymmetry studied with Ks → ππ, K*→ Ksπ, plus 
other resonances showing no measurable correction 

• See <0.05% effects in MC for pions - apply as a systematic 
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assl in Bs0 → μ+Ds−

• Select Data Sample from 10.4 fb-1 

• Extract raw asymmetry by
fitting Ds resonance in the
invariant mass spectrum:

• Correct for residual muon and 
tracking reconstruction 
asymmetries. 

• Correct for dilution.

• Unblind after corrections are 
finalised

7
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Small Kaon correction due to
Φ-f0(980) interference.

Belle: PRL 108, 071801 (2012)
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The raw asymmetry A

• Non-lifetime biasing cuts + Log 
Likelihood ratio cut
• Blinded sensitivity tests performed
• Sum and difference fitted simultaneously

• F(sum) = Fs(Ds) + Fs(D) + Fb

• F(diff) = AFs(Ds) + ADFs(D) + AbFb

• Apply corrections of 
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 Dilution - (Bs/d)

• Model μDq events with Pythia , EvtGen, & Geant

• Weight events to match

• B meson lifetimes and mixing parameters 

• Bs fraction that have mixed is essentially 50%.

• In Bs analysis  contamination from oscillated Bd’s is 0.5% 
(assuming a 1% asymmetry in Bd implies a 0.005% effect)

9
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• World’s best published
measurement

• Consistent with like-sign 
dimuon result 

• PRL 110, 011801 (2013)
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This
Result

B-factory
averageD0 Dimuon

Analysis

http://www-d0.fnal.gov/Run2Physics/WWW/results/final/B/B12D/

http://www-d0.fnal.gov/Run2Physics/WWW/results/final/B/B12D/
http://www-d0.fnal.gov/Run2Physics/WWW/results/final/B/B12D/
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adsl in Bd0 → μ+D(*)−

• Measure adsl in two channels in a binned lifetime analysis. 
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Analysis Overview 
Two decay channels:      

1) B0→μ+νD−X    with     D−→  K+π−π− 

2) B0→μ+νD*−X    with     D*−→  D0π−, D0→K+π− 

 

 
Raw asymmetries extracted by fitting 
resonances in invariant mass to count 
μD(*)± signal yield: 

Semileptonic mixing asymmetry: 

Abckg: detector-related asymmetries 
(e.g. positive kaons have higher 
detection efficiency). 

FB-osc: dilution from μD(*) 
candidates from other sources 
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D− 

Analysis Overview 
Two decay channels:      

1) B0→μ+νD−X    with     D−→  K+π−π− 

2) B0→μ+νD*−X    with     D*−→  D0π−, D0→K+π− 

 

 
Raw asymmetries extracted by fitting 
resonances in invariant mass to count 
μD(*)± signal yield: 

Semileptonic mixing asymmetry: 

Abckg: detector-related asymmetries 
(e.g. positive kaons have higher 
detection efficiency). 

FB-osc: dilution from μD(*) 
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μ+ 

π− 

π− 

K+ 

νμ 

B0 

D*− 

D0 

Lifetime Bins
-0.10 - 0.00 cm
 0.00 - 0.02 cm

 0.02 - 0.05 cm
 0.05 - 0.10 cm
 0.10 - 0.20 cm
 0.20 - 0.60 cm

VPDL(B)    (cm)
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

VPDL(B)    (cm)
-0.1 0 0.1 0.2 0.3 0.4 0.5 0.6

os
c

0 BF

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
D0 MC, Preliminary



Iain Bertram - Beauty 2013

adsl  in Bd0 → μ+D(*)−

• Measure adsl in two channels in a binned lifetime analysis.

• Use the first two lifetime bins as a control region to test 
corrections as expect no mixing.
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Mass Distributions - 0.10 - 0.20 cm

13

)2)   (GeV/c/) - M(K
D*

//M = M(K6
0.14 0.15 0.16 0.17

)2)   (GeV/c/) - M(K
D*

//M = M(K6
0.14 0.15 0.16 0.17

)2
D

*)
 / 

(0
.5

 M
eV

/c
µ

N
(

0

2

4

6

8

10

12
310×

-1D0 Run II, 10.4 fb

)2)   (GeV/c/) - M(K
D*

//M = M(K6
0.14 0.15 0.16 0.17

)2)   (GeV/c/) - M(K
D*

//M = M(K6
0.14 0.15 0.16 0.17

)2
)  

/ (
0.

5 
M

eV
/c

+
D

*
-
µ

) -
 N

(
-

D
*

+
µ

N
(

-100

-50

0

50

100

150

200

250

300

350

400
-1D0 Run II, 10.4 fb

)2)    (GeV/c//M(K
1.65 1.7 1.75 1.8 1.85 1.9 1.95 2 2.05

)2)    (GeV/c//M(K
1.65 1.7 1.75 1.8 1.85 1.9 1.95 2 2.05

)2
D

) /
 (4

 M
eV

/c
µ

N
(

0

2

4

6

8

10

12

14

16

18

310×

-1D0 Run II, 10.4 fb

)2)    (GeV/c//M(K
1.65 1.7 1.75 1.8 1.85 1.9 1.95 2 2.05

)2)    (GeV/c//M(K
1.65 1.7 1.75 1.8 1.85 1.9 1.95 2 2.05

)2
 ) 

/ (
4 

M
eV

/c
+

D-
µ

 ) 
- N

(
-

D+
µ

N
(

-300

-200

-100

0

100

200

300

400

500 -1D0 Run II, 10.4 fb



Iain Bertram - Beauty 2013

Extract adsl: PRD 86, 072009 (2012)
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Now fit observed asymmetry (A  −  ABG) to expected VPDL dependence: 

ad
sl Dependence on VPDL 

Constant term: accounts for any 
possible residual asymmetries not 
considered.  

ad
sl: free parameter – depends only 

on VPDL shape of (A  −  ABG). 

μD± 
From fit: 

ad
sl = (0.51 ± 0.86) % 

compare (0.43 ± 0.65) % from 
nominal method 
 
Aconst =  (−0.03 ± 0.23) % 
 
i.e. any residual asymmetries are 
small and insignificant. 

Alternative Extraction

• Fit observed asymmetry (A - Abg) to expected VPDL 
dependence

15

Now fit observed asymmetry (A  −  ABG) to expected VPDL dependence: 

ad
sl Dependence on VPDL 

Constant term: accounts for any 
possible residual asymmetries not 
considered.  

ad
sl: free parameter – depends only 

on VPDL shape of (A  −  ABG). 

μD± 
From fit: 

ad
sl = (0.51 ± 0.86) % 

compare (0.43 ± 0.65) % from 
nominal method 
 
Aconst =  (−0.03 ± 0.23) % 
 
i.e. any residual asymmetries are 
small and insignificant. 

Compare with (0.43 ± 0.65)%
from nominal method 

Consistent with no residual
asymmetries.
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Cross Checks

• Repeat analysis using pairs of 
orthogonal sub-sets of the 
data to check stability

• Forward/Backward

• Forward/Central

• Low/High Momentum

• Early/Late Running

• Also different muon selections, and 
detector coverage

• All measurements are consistent 

16

Cross-Checks 

Repeat entire analyses using pairs of 
orthogonal sub-sets of data, to test 
stability of results. 

 

Split according to: 

• Forward/backward 

• Forward/central 

• Low/high momentum 

• early/late runs 

Plus repeat with different muon 
selection, limited φ range  … 

 

All measurements consistent with 
each other and central value. 

as
sl(test) – as

sl(nominal)      (%) 

B0 

Bs
0 
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Combination of D0 Results

17

• χ2 = 2.80/2 dof

• p-value(SM) = 0.33%
2.9 standard deviations

• assl is 3.1 standard 
deviations from zero

• Combine all three 
measurements with 
correlations 

• Combine all three 
D0 measurements 
(including  correlations) 

Preliminary

D0 assl

D0
adsl

D0 Dimuon
Analysis
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sl
da
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Combination
Standard Model

Including B-Factory adsl
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• χ2 = 1.89/2 dof

• p-value(SM) = 0.34%, 
2.93 standard deviations from SM

• Combine all three 
measurements with 
correlations 

• Average new D0 result with 
HFAG PDG 2012 average of 
B-Factory results: 
adsl = (0.38 ± 0.36)%

• Combine with D0 dimuon and assl

Preliminary
23

TABLE XXIII: Values of Ab
sl with their statistical and sys-

tematic uncertainties obtained for different IP selections.

Selection Sample Central Uncertainty ×102

value ×102 statistical systematic

All events
1µ –1.042 1.304 2.313
2µ –0.808 0.202 0.222

comb. –0.787 0.172 0.093

IP < 50 µm
1µ –3.244 4.101 7.466
2µ –2.837 0.776 1.221

comb. –2.779 0.674 0.694

IP > 50 µm
1µ –0.171 0.343 0.311
2µ –0.593 0.257 0.074

comb. –0.533 0.239 0.100

IP < 80 µm
1µ –1.293 3.282 5.841
2µ -1.481 0.541 0.810

comb. -1.521 0.458 0.501

IP > 80 µm
1µ –0.388 0.280 0.179
2µ –0.529 0.285 0.048

comb. –0.472 0.226 0.091

IP < 120 µm
1µ –1.654 2.774 4.962
2µ –1.175 0.439 0.590

comb. –1.138 0.366 0.323

IP > 120 µm
1µ –0.422 0.240 0.121
2µ –0.818 0.342 0.067

comb. –0.579 0.210 0.094

TABLE XXIV: Mean mixing probability (χd) obtained in sim-
ulation, and the coefficients Cd and Cs in Eq. (2), used for
different selections.

Sample χd(MC) Cd Cs

IP<50 0.059 ± 0.002 0.316 ± 0.021 0.684 ± 0.021
IP<80 0.069 ± 0.002 0.351 ± 0.022 0.649 ± 0.022
IP<120 0.084 ± 0.002 0.397 ± 0.022 0.603 ± 0.022
IP>50 0.264 ± 0.004 0.674 ± 0.020 0.326 ± 0.020
IP>80 0.299 ± 0.004 0.701 ± 0.019 0.299 ± 0.019
IP>120 0.342 ± 0.004 0.728 ± 0.018 0.272 ± 0.018

leptonic neutral B decay. The residual charge asymme-
try of like-sign dimuon events after taking into account
all background sources is found to be

Ares = (−0.246 ± 0.052 (stat) ± 0.021 (syst))%. (57)

TABLE XXV: Measured values of ad
sl and as

sl for different
muon IP thresholds. In each column, the measurements us-
ing the samples with muon IP larger and smaller than the
given threshold are combined. We also give the correlation
ρds between ad

sl and as
sl.

Quantity muon IP threshold
50 µm 80 µm 120 µm

ad
sl × 102 +1.51 ± 0.93 +0.42 ± 0.68 −0.12 ± 0.52

as
sl × 102 −4.76 ± 1.79 −2.57 ± 1.34 −1.81 ± 1.06

ρds −0.912 −0.857 −0.799

It differs by 4.2 standard deviations from the standard
model prediction.

Separation of the sample by muon impact parameter
allows for separate extraction of ad

sl and as
sl. We obtain

ad
sl = (−0.12 ± 0.52)%,

as
sl = (−1.81 ± 1.06)%. (58)

The correlation ρds between these two quantities is

ρds = −0.799. (59)

The uncertainties on ad
sl and as

sl do not allow for the
definitive conclusion that as

sl dominates the value of Ab
sl.

Our results are consistent with the hypothesis that
the anomalous like-sign dimuon charge asymmetry arises
from semi-leptonic b-hadron decays. The significance of
the difference of this measurement with the SM predic-
tion is not sufficient to claim observation of physics be-
yond the standard model, but it has grown compared to
our previous measurement with a smaller data sample.
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APPENDIX A: COMBINATION OF TWO
MEASUREMENTS USING α SCAN

In this analysis, the value of Ab
sl is obtained from the

linear combination in Eq. (13). The parameter α is se-
lected to minimize the total uncertainty on Ab

sl, taking
into account the correlation among different contribu-
tions to the uncertainty on Ab

sl. This procedure is equiv-
alent to the standard procedure of taking a weighted av-
erage.

To demonstrate this, we consider a model in which we
obtain the quantity x using two measurements a and A.
Suppose that a and A depend linearly on x:

a = kx + b,

A = Kx + B, (A1)

where k, K, b, and B are parameters determined in the
analysis, and correspond to the measurement of Ab

sl. Us-

Before these analyses

D0 assl

New 
WA
adsl

D0 Dimuon
Analysis

arXiv:1207.1158

http://arxiv.org/abs/1207.1158
http://arxiv.org/abs/1207.1158
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• Presented new measurements of adsl and assl in exclusive final states. 

• Both are the world’s most precise single experiment measurements.

• Both measurements are consistent with the anomalous like-sign 
dimuon charge asymmetry

• Combined value of assl is significantly different from the SM 
(-1.73 ± 0.56)% :   3.1 standard deviations from zero. 

• Final update on anomalous like-sign dimuon asymmetry this summer 
hopefully (effectively doubling statistics for IP measurement).
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sl
da

-0.04 -0.02 0 0.02

sls a
-0.04
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0

0.02

sl
sD0 a

sl
sPreliminary LHCb a

sl
dD0 a

sl
dB Factory a

) 68% C.L.
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(IPsl
bA

) 68% C.L.
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(IPsl
bA

Combination
Standard Model

Charge Asymmetries via mixing in Semileptonic Bd,s Decays
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p-value(SM) = 1.4%
2.5 standard deviations
χ2 = 4.14/2 dof

D0

B-factory
average

D0 Dimuon
Analysis

LHCb

D0

• Preliminary LHCb result 

• D0 assl result

• All results are consistent

• χ2 = 0.80 for assl combination 

• Average of Bs0 → μ+Ds− 

assl results:

• Combine with preliminary D0 
and B-Factory adsl and D0 like 
sign dimuon charge asymmetry ☛

LHCb-CONF-2012-022

PRL 110, 011801 (2013)
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Combination Details

• Page 16: Only using D0 Results

• Make full use of the correlations between uncertainties of 
the IP dependence of the like sign dimuon anomalous like-
sign dimuon charge asymmetry.

• The adsl and assl measurements are assumed to be 
independent as they are dominated by the statistical 
uncertainty (There is correlation in some of the systematic 
uncertainties).  
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Combination Details

• Page 16: D0 Anomalous Dimuon Asymmetry, D0 adsl and assl 

and B-factory combination of adsl.

• We combine the D0 and B-Factory values of adsl before 
carrying out the 2-D combination. 

• The combined D0 and B-Factory values of adsl is: 
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Combination Details

• Page 16: D0 Anomalous Dimuon Asymmetry, D0 adsl and assl 

and B-factory combination of adsl.

• Current HFAG average has uncertainties of 
adsl: 0.33% and assl: 0.64% including previous D0 
measurements. 

• Our combination
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sl
da

-0.04 -0.02 0 0.02

sls a

-0.04

-0.02

0

0.02

sl
sAverage D0, LHCb  a

sl
dB Factory a

) 68% C.L.
>120

(IPsl
bA

) 68% C.L.
<120

(IPsl
bA

Combination
Standard Model

Combination with LHCb
• HFAG PDG 2012 

average of 
B-Factory results: 
adsl = (-0.05 ± 0.56)%
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• p-value(SM) = 0.69%
2.7 standard deviations
χ2 = 1.57/2 dof

• assl is 2.1 standard 
deviations from zero


