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CP Violation in Mixing

• Asymmetry in “same-sign” muons from decays of mixed 
neutral B mesons:
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Ab
sl ≡

N++ −N−−

N++ + N−−

ab
sl ≡

Γ
�
B̄ → µ+X

�
− Γ (B → µ−X)

Γ
�
B̄ → µ+X

�
+ Γ (B → µ−X)

Grossman, Nir, Raz, 
Phys.Rev.Lett.97:151801,2006.

• Extract in multiple ways

• Time dependent tagged decays (e.g. DØ BS semi-leptonic 
decays lifetime analysis arxiv.org:0904.3907)

• asymmetry in single muon, or same sign dimuon events 

http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0605028
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0605028
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0605028
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0605028
http://arxiv.org/abs/0904.3907
http://arxiv.org/abs/0904.3907
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At the Tevatron

• Inclusive, untagged analysis has contributions form both Bd 
and Bs. Take the measured production fractions (CDF) and 
mixing properties:

• Large contribution from Bs

• Can be written in terms of CP-violating mixing phase:

• and in the SM it is given by: 
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Ab
sl = (0.506± 0.043) ad

sl + (0.494± 0.043) as
sl

aq
sl =

��Γ12
q

��
��M12

q

�� sin θq =
∆Γq

∆Mq
tan θq

Lenz, Nierste, JHEP 0706:072,2007

http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0612167
http://www.slac.stanford.edu/spires/find/hep/www?eprint=hep-ph/0612167
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Outline of Measurement

• Measure both dimuon asymmetry A and inclusive asymetry a:

• Both have contributions from Absl, other process with muons 
and detector related background 

1. Determine the detector and reconstruction backgrounds

• minimal input from simulation

2. Determine the fraction of prompt single and same-sign di-
muons from mixed B decays

3. Exploit the correlations in the backgrounds to minimise the 
systematic uncertainties of Absl

4

A ≡ N++ −N−−

N++ + N−− a ≡ n+ − n−

n+ + n−
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DØ Experiment

• Key facts: 

• Extensive muon coverage - high statistics

• Reversal of magnetic field every two weeks - cancellation 
of most detector related asymmetries
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DØ

• Two magnets: central solenoid + muon system toroid

• Bi-weekly polarity changes ensures ~equal datasets with each 

• Helps cancel most detector-related asymmetries
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Event Selection

• Single muon selection:

• Good muon: reconstructed tracks in central tracker and muon 
system match well, |η| < 2.2 

• 1.5 < pT < 25 GeV (suppress EWK contributions) 

• If pT < 4.2 GeV, require pz > 6.4 GeV (get through toroid) 

• Good match to primary vertex: |dz| < 5 mm, axial dca < 3 mm

• Dimuon selection: 

• Two like-sign muons satisfying all criteria above 

• Match same primary vertex 

• M(μμ) > 2.8 GeV (suppress muons from same B) 

7
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1: Measure A and a

• 3.7 x 106 same-sign dimuon events

• 1.5 x 109 single muon events

• These have significant background contributions:
We need to distinguish between

• Detector/reconstruction backgrounds 
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a ≡ n+ − n−

n+ + n−
= (+0.955± 0.003) %

A ≡ N++ −N−−

N++ + N−− = (+0.564± 0.053) %

A = K ×Ab
sl + Abkg, a = k ×Ab

sl + abkg
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1: Measure A and a

• 3.7 x 106 same-sign dimuon events

• 1.5 x 109 single muon events

• These have significant background contributions:
We need to distinguish between

• Detector/reconstruction backgrounds 

• “Dilution” due to other sources of “prompt” muons 
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a ≡ n+ − n−

n+ + n−
= (+0.955± 0.003) %

A ≡ N++ −N−−

N++ + N−− = (+0.564± 0.053) %

A = K ×Ab
sl + Abkg, a = k ×Ab

sl + abkg



Iain Bertram - PLHC   11 June 2010

2. Detector related Backgrounds

• fK, fπ, fp, FK, Fπ, Fp are the fractions of  kaons, pions and 
protons identified as muons in the single and dimuon samples 

• aK, aπ, ap, AK, Aπ, Ap are their reconstructed charge 
asymmetries 

• fbkg =  fK + fπ + fp, and Fbkg = FK + Fπ + Fp 

• δ and Δ are the muon reconstruction charge asymmetries 
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abkg = fKaK + fπaπ + fpap +
�
1− fbkg

�
δ

Abkg = FKAK + FπAπ + FpAp +
�
1− Fbkg

�
∆

(For dimuons we only consider linear terms in the asymmetry)
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The Importance of Kaons

• Dominant contribution is kaon term: 

• Detector is made of matter 

• Different interaction cross-section for K+ vs K- 

• K+ has substantially lower cross-section because no 
equivalent to    K-N → Yπ 

➡ Large positive asymmetry from K decay in flight & punch-
through 

• Need to measure in data! 

• Other asymmetries are ~10x smaller (but measure as well!)
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abkg = fKaK + fπaπ + fpap +
�
1− fbkg

�
δ

Abkg = FKAK + FπAπ + FpAp +
�
1− Fbkg

�
∆
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Kaon Asymmetry Background

• Sources of Kaon in single muon sample

• Kaon decays, punch through, tracking overlap, etc. 

• Find Φ(1020) →K+K-, and K*0→K+π- where K identified as a muon
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Compare K+ and K- and 
subtract. 

Results from φ and K* 

agree well, combine

4.2 GeV < μ pT < 7 GeV
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Fraction of Kaons in Sample

• Can measure fK*0, FK*0 

• Extract fK, FK from

• Use simulation to confirm pion 
reconstruction ε is the same 
for K*+ and K*0 if K+/KS is 
reconstructed
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ρ0 → π+π−

Single Muon Sample

fK =
N(KS)

N (K∗+ → KSπ+)
fK∗0

FK =
N(KS)

N (K∗+ → KSπ+)
FK∗0

= fK/fK*
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Pion and Proton Background Asymmetry 

• aπ, ap, Aπ and Ap are measured using KS → ππ and Λ→pπ

• These are all determined in “muon” pT bins.

• Asymmetries in the dimuon sample are derived taking into 
account the slightly different muon pT distributions:

14

aK aπ ap

(5.51 ± 0.11)% (0.25 ± 0.10)% (2.3 ± 2.8)%

FKAK =
4�

i=0

F i
µF

i
KaiK



Iain Bertram - PLHC   11 June 2010

Other Backgrounds

• Use nπ/nK and np/nK from simulation to derive fπ, fp, Fπ and Fp 
from fK and FK (with a check on nK in data to evaluate 
uncertainties)

• Also adjust for the probabilities for a π, p, K to be 
reconstructed as a muon (from φ, KS, Λ decays)

15
Gustaaf Brooijmans Evidence for an Anomalous Like-Sign Dimuon Asymmetry - FPCP 2010

Other Background Fractions
• Use n!/nK and np/nK from simulation to derive f!, fp, F! 

and Fp from fK and FK (with a check on nK in data to 

evaluate uncertainties)

• Also adjust for the probabilities for a !, p, K to be 

reconstructed as a muon (from ", KS, # decays)

14
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Background Summary

• Putting everything together, the detector & reconstruction 
backgrounds are:
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Background Summary

• Putting everything together, the detector & 

reconstruction backgrounds are:

15

(1-fbkg) fK f! fp

(58.1±1.4)% (15.5±0.2)% (25.9±1.4)% (0.7±0.2)%

aKfK a!f! apfp

(+0.854 ± 0.018)% (+0.095 ± 0.027)% (+0.012 ± 0.022)%

AKFK A!F! ApFp

(+0.828 ± 0.035)% (+0.095 ± 0.025)% (+0.000 ± 0.021)%

Simulation (not used) gives very similar results

(Statistical uncertainties only)

Simulation gives similar results (not used)
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Muon Reconstruction Asymmetry

• Use dimoun triggers, and 
examine J/Ψ
• Measure Asymmetry in 

muon & track and in dimuon 
events

δ = (-0.076 ± 0.028)% 
Δ = (-0.068 ± 0.023)%

• Direct benefit of reversing 
polarity of magnet

17

abkg = fKaK + fπaπ + fpap +
�
1− fbkg

�
δ

Abkg = FKAK + FπAπ + FpAp +
�
1− Fbkg

�
∆
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3 Dilution Factors

• Many processes contribute 
to the “physics single and 
same sign dimuon samples in 
the denominator

•  Only the oscillating term 
produces a signal

• k, K are determined with 
simulations

• Decay processes are well 
measured

18

17

TABLE IX: Corrections due to background asymmetries
fKaK , fπaπ, and fpap for different pT bins. The last line
shows the weighted averages obtained using weights given by
the fraction of muons in a given pT interval f i

µ in the inclusive
muon sample. Only the statistical uncertainties are given.

Bin fKaK × 102 fπaπ × 102 fpap × 102

0 +0.760 ± 0.353
+0.095± 0.076 −0.061 ± 0.060

1 +0.600 ± 0.040
2 +0.889 ± 0.023 +0.033± 0.030 +0.020 ± 0.026
3 +0.968 ± 0.054

+0.337± 0.109 +0.053 ± 0.067
4 +0.946 ± 0.081
All +0.854 ± 0.018 +0.095± 0.027 +0.012 ± 0.022

TABLE X: Corrections due to background asymmetries
FKAK , FπAπ and FpAp for different pT bins. The last line
shows the weighted averages obtained using weights given by
the fraction of muons in a given pT interval F i

µ in the dimuon
sample. Only the statistical uncertainties are given.

Bin FKAK × 102 FπAπ × 102 FpAp × 102

0 +0.953 ± 0.501
+0.086± 0.069 −0.056 ± 0.054

1 +0.594 ± 0.061
2 +0.910 ± 0.048 +0.030± 0.027 +0.019 ± 0.024
3 +0.741 ± 0.106

+0.294± 0.098 +0.046 ± 0.058
4 +1.332 ± 0.176
All +0.828 ± 0.035 +0.095± 0.025 +0.000 ± 0.021

XIII. ASYMMETRIES aS AND AS

In the absence of new particles or interactions, the only
non-instrumental source of the asymmetries aS and AS is
the semileptonic charge asymmetry Ab

sl given by Eq. (5).
Both aS and AS are proportional to Ab

sl, through the
coefficients

cb ≡ aS/A
b
sl, (50)

Cb ≡ AS/A
b
sl, (51)

which are determined from simulation.
The decays producing an S muon in the inclusive muon

sample, and their weights relative to the semileptonic
decay b → µX [11], are listed in Table XI. All weights
are computed using simulated events. The main process,
denoted as T1, is the direct semileptonic decay of a b
quark. It includes the decays b → µX and b → τX ,
with τ → µX . The weights w1a and w1b for semileptonic
decays of B mesons with and without oscillations are
computed using the mean mixing probability

χ0 = f ′
dχd0 + f ′

sχs0, (52)

where f ′
d and f ′

s are the fractions of B0
d and B0

s mesons
in a sample of semileptonic B-meson decays, and χd0 and
χs0 are the B0

d and B0
s mixing probabilities integrated

over time. We use the value χ0 = 0.147±0.011 measured
at the Tevatron and given in [2, 23]. The second process
T2 concerns the sequential decay b → c → µX . For

TABLE XI: Heavy quark decays contributing to the inclu-
sive muon and like-sign dimuon samples. Abbreviation “nos”
stands for “non-oscillating,” and “osc” for “oscillating.” All
weights are computed using the MC simulation.

Process Weight
T1 b → µ−X w1 ≡ 1.
T1a b → µ−X (nos) w1a = (1− χ0)w1

T1b b̄ → b → µ−X (osc) w1b = χ0w1

T2 b → c → µ+X w2 = 0.113 ± 0.010
T2a b → c → µ+X (nos) w2a = (1− χ0)w2

T2b b̄ → b → c → µ+X (osc) w2b = χ0w2

T3 b → cc̄q with c → µ+X or c̄ → µ−X w3 = 0.062 ± 0.006
T4 η,ω,ρ0,φ(1020), J/ψ,ψ′ → µ+µ− w4 = 0.021 ± 0.001
T5 bb̄cc̄ with c → µ+X or c̄ → µ−X w5 = 0.013 ± 0.002
T6 cc̄ with c → µ+X or c̄ → µ−X w6 = 0.660 ± 0.077

simplicity we use the same value of χ0 to compute the
weights w2a and w2b of non-oscillating and oscillating
sequential decays b → c → µX . The process T3 is the
decay of a b hadron to a cc̄ pair, with either the c or c̄
quark producing a muon, while T4 includes the decays of
short-lived mesons η, ω, ρ0, φ(1020), J/ψ, and ψ′ to a
µ+µ− pair. We take into account both the decays of b
hadrons to these particles and their prompt production.
The process T5 represents four-quark production of bb̄cc̄
with either the c or c̄ quark decaying to a muon. The
decays of b or b̄ quark to a muon in this process and
the four-quark production of bb̄bb̄ are taken into account
through processes T1, T2, and T3. Finally, the process
T6 involves cc̄ production followed by c → µX decay.
We separate the processes T5 and T6 because only T5

contributes to the like-sign dimuon sample, while both
T5 and T6 contribute to the inclusive muon sample.

The uncertainty in the weights of different processes
contains contributions from the uncertainty in the mo-
mentum of the generated b hadrons and from the un-
certainties of branching fractions for b-hadron decays.
We reweight the simulated b-hadron momentum to get
agreement of the of muon momentum spectrum in data
and in MC, and the difference in weights is assigned as
the systematic uncertainty on the momentum distribu-
tion. The uncertainties in the inclusive branching frac-
tions B → µX , B → cX and B → c̄X taken from [2] are
propagated into the uncertainties on the corresponding
weights. We assign an additional uncertainty of 10% to
the weights w5 and w6 due to the uncertainties on the
production cross sections of cc̄ and bb̄cc̄ processes.

Among all processes listed in Table XI, the process T1b

is directly related to the semileptonic charge asymmetry
Ab

sl(see Appendix A for details). The process T2b pro-
duces the flavor-specific charge asymmetry Afs. We set
Afs = −Ab

sl, where the negative sign appears because the
charge of the muon in the process T2b is opposite to the
charge of the muon in the process T1b. No other process
contributes to the charge asymmetry and therefore they
just dilute the value of Ab

sl. The coefficient cb is found

A−Abkg = K ×Ab
sl

a− abkg = k ×Ab
sl

K = 0.342± 0.023

k = 0.041± 0.003
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Closure Test

• a is dominated by 
background

• Use it as a closure test:

• Do we reproduce the 
pT dependence of the 
background asymmetry

• ✔ YES!

19

a ≡ n+ − n−

n+ + n−
= (+0.955± 0.003) %

a− abkg = k ×Ab
sl k = 0.041± 0.003

abkg = (0.917± 0.45)%
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Minimising the Uncertainty

• The single muon asymmetry dominated by background, and 
background systematic is dominant. 

• Use a to constrain background

• Choose α to minimise uncertainty of Absl

• α will be close to 1 since uncertainty highly correlated

20

A� = (A− αa) = (K − αk)Ab
sl + (Abkg − αabkg)
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4. Reducing the Uncertainty

• Single muon asymmetry completely dominated by 

background, and background systematic is dominant

• Use a to constrain background asymmetry uncertainty in dimuons

• Choose ! to minimize uncertainty on Absl

• ! will be close to 1 since the backgrounds are highly correlated

19

A’ = (A-!a) = (K-!k)Ab
sl + (Abkg - !abkg)

Abkg = (+0.815 ± 0.070)%

abkg = (+0.917 ± 0.045)%
Minimum: ! = 0.959

α = 0.959
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Result

• Systematic uncertainty reduced by more 
than two! 

• Result is ~3.2 σ from SM

21

Ab
sl = (−0.957± 0.251 (stat)± 0.146 (syst))%
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Cross Check - dimuon Mass

• Compare the expected and 
observed dimuon charge 
asymmetry for different 
dimuon mass bins

• Completely different 
background distribution

• data inconsistent with Absl = 0

• No sign of “bump” in 
distribution

22

No tagging, so cannot guarantee it 
comes from B - it is consistent though
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Consistency

23
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Consistency

• This measurement has 
contributions from Bd and Bs

• Can take adsl from B factories 
and extract assl:

• assl can then be translated 
into constraints on φs, ΔΓs

24

Overlaid

Ab
sl = (0.506± 0.043) ad

sl + (0.494± 0.043) as
sl

assl = (−1.46± 0.75)%

assl(SM) = (+0.0021± 0.0006)%
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World Average assl 

25

HFAG
End 09

World Average
1-! band

-3.0 -2.0 -1.0 0.0 1.0 2.0 3.0

sl
sA

-0.08 -0.04 0 0.04 0.08

ASL(Bs)

Average -0.0085 ±0.0058

D0 DsµX(tagged)
(5 fb"1)

-0.0017 ±0.0091 +0.0014-0.0017 ±0.0091  -0.0015

D0 µµ
(6.1 fb"1)

-0.0146 ±0.0051 ±0.0056

CDF µµ
(1.6 fb"1) prel.

0.0226 ±0.0208 +0.01710.0226 ±0.0208  -0.0170

CDF µµ
(Run I)

0.0967 ±0.2832 +0.14930.0967 ±0.2832  -0.1490

Heavy Flavour
Averaging Group

This result
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Conclusions

• We have made a new measurement of the like sign dimuon 
asymmetry which is significantly different from zero!

• Assuming the source of the asymmetry is B-physics, we 
obtain

• This result is consistent with all other measurements of CP 
violation in B mixing, but inconsistent with the SM at 99.8% 
CL (3.2 σ)

• It was obtained using very little 
input from simulation, and all tests 
show excellent consistency

26

Ab
sl = (−0.957± 0.251 (stat)± 0.146 (syst))%
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Extras

27
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Consistency Checks

• We modify selection 
criteria, or use a part of 
sample to test the 
stability of result

• 16 tests in total are 
performed

• Large variation of raw 
asymmetry A (up to 
140%) due to variation 
of background!
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Uncertainties
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Reversing Magnetic Field

30


