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Matter dominated Universe  

 

? 
baryogenesis 

To generate asymmetry, 

need three conditions 

(Sakharov): 

• Baryon number 

violation 

• C and CP 

symmetry violation 

• Interactions out of 

thermal equilibrium 

Matter-antimatter 

symmetric big bang 

Can we replicate this in the laboratory? 

Clearly not! 

But perhaps we can shed some light on 

the processes involved 



Overview 

Start with proton-antiproton initial state: 

• Matter/antimatter symmetric 

• CP symmetric 

p 
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Is the final state matter-

antimatter symmetric?  

Tough question! 

Is the production of single 

and same-sign dimuons 

charge symmetric? 

µ+ 

Analysis aim: to determine the 

production asymmetry of single and 

same-sign dimuons, before interactions 

occur in the detector  

Overview 
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We can only measure the 

number of muons triggered, 

reconstructed, and identified 

by our detector… 

…which is made of matter!  

µ+ 

Particles and antiparticles 

have different interactions 

with matter – e.g. more 

K+→µ+ decays than the 

charge conjugate 

Challenge: to correct the ‘raw’ observed 

muon asymmetries for these detector 

effects, to recover the underlying matter-

antimatter asymmetry 

Overview 
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Measurement in a Nutshell 

1) Measure raw asymmetries by counting muons: 

Raw single muon charge asymmetry,      a =  
N(µ+) – N(µ−)  

N(µ+) + N(µ−)  

Raw same-sign dimuon charge asymmetry,      A =  
N(µ+µ+) – N(µ−µ−)  

N(µ+µ+) + N(µ−µ−)  

2) Correct for background asymmetries from detector effects: 

aCP = a - abkg 

ACP = A - Abkg 

Model-independent 

asymmetries – i.e. the 

degree of CP violation in 

muon production 

Notation: single muon quantities are 

always denoted in lower case, 

dimuon in upper case. 

Background asymmetries: dominated 

by different interactions of 

particles/antiparticles in the detector 



Interpretation 

aCP and ACP are model independent observables 

An important part of the analysis is to identify all possible contributions from 

SM processes, and determine their expected effects on aCP and ACP. 

However… 

They do depend on the details of the detector acceptance, 

reconstruction efficiency, event selection… 



Interpretation 

aCP and ACP are model independent observables 

An important part of the analysis is to identify all possible contributions from 

SM processes, and determine their expected effects on aCP and ACP. 

However… 

They do depend on the details of the detector acceptance, 

reconstruction efficiency, event selection… 

In practice, the size of all such effects is very small (especially for single muons) 

and precisely predicted.  



Interpretation 

aCP and ACP are model independent observables 

An important part of the analysis is to identify all possible contributions from 

SM processes, and determine their expected effects on aCP and ACP. 

However… 

They do depend on the details of the detector acceptance, 

reconstruction efficiency, event selection… 

In practice, the size of all such effects is very small (especially for single muons) 

and precisely predicted.  

This makes the measurement a highly sensitive test of the SM. 



CPV in the Standard Model 

CKM Quark mixing matrix: 3 mixing angles 

and one complex phase δ 

Nonzero complex phase ↔ CP violation 

VCKM 

CP transformation:   i → −i  

  

Complex matrix elements different for particle and antiparticle 

interactions  
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CPV in the Standard Model 

CKM Quark mixing matrix: 3 mixing angles 

and one complex phase δ 

Nonzero complex phase ↔ CP violation 

CPV impossible in 2x2 matrix  observation 

of CPV in quark sector motivated three 

generation model (1973) four years before 

discovery of b quark at Fermilab (1977) 

VCKM 

Level of CPV in the SM far too 

small to account for matter-

antimatter asymmetry 

Vital to test CKM matrix and 

search for new sources of CPV 



Standard Model Contributions 

1) CPV in neutral B meson mixing 

μ− 

X 

μ− 

X’ 

(B0, B−, Bs
0, 

Λb, …) 

b hadron 

_ 

_ _ 

Bq
0 Bq

0 

_ 

b  b 

_ 

_ 

Complex phase in CKM matrix    

    Γ[B(s)
0 → B(s)

0 → µ−X]  ≠  Γ[B(s)
0 → B(s)

0 → µ+X] 

_ ? 



Standard Model Contributions 

1) CPV in neutral B meson mixing 

μ− 

X 

μ− 

X’ 

(B0, B−, Bs
0, 

Λb, …) 

b hadron 

_ 

_ _ 

Bq
0 Bq

0 

_ 

b  b 

_ 

SM predictions very small & precise for both B0 and Bs
0 mesons: 

Quantified as: Γ( Bq
0 → Bq

0 → l+X ) – Γ(Bq
0 → Bq

0 → l−X ) 

_ 

Γ( Bq
0 → Bq

0 → l+X ) + Γ(Bq
0 → Bq

0 → l−X ) 

_ 

_ _ aq
sl ≡  

ad
sl = (−0.041 ± 0.006)%          as

sl = (−0.0019 ± 0.0003)% Lenz & Nierste 

(arXiv:1102.4274) 
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1) CPV in neutral B meson mixing 

μ− 

X 

μ− 

X’ 

(B0, B−, Bs
0, 

Λb, …) 

b hadron 

_ 

_ _ 

Bq
0 Bq

0 

_ 

b  b 

_ 

Contributes ~30% of all same-sign dimuons in 

this analysis. 

Contributes only ~3% of all single muons. 

Any asymmetry from this source 

will be heavily suppressed in the 

single muon case, compared to the 

dimuon measurement 

Common theme: single muon case acts as a ‘signal 

suppressed’ reference sample: expect ~zero asymmetry 

from CPV.  
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Standard Model Contributions 

2) CPV in interference between mixed and direct decays 

μ− 

X 

μ− 

X’ 

(B0, B−, Bs
0, 

Λb, …) 

b hadron 

_ 

_ _ 

Bq
0 

Bq
0 

_ 

b  b 

_ Bq
0 

Interference 

fcp 

Example: 
pp → B+ B0 X 

µ+ X` 

D+ D− 

µ+ X`` 

_ _ 

Oscillated / direct 

decays interfere. 

Γ(B0) ≠ Γ(B0) 

_ 

Degree of CPV proportional to ΔΓq: 

width difference between heavy / 

light Bq
0 eigenstates 



Standard Model Contributions 

2) CPV in interference between mixed and direct decays 

μ− 

X 

μ− 

X’ 

(B0, B−, Bs
0, 

Λb, …) 

b hadron 

_ 

_ _ 

Bq
0 

Bq
0 

_ 

b  b 

_ Bq
0 

Interference 

fcp 

Example: 
pp → B+ B0 X 

µ+ X` 

D+ D− 

µ+ X`` 

_ _ 

Oscillated / direct 

decays interfere. 

Γ(B0) ≠ Γ(B0) 

_ 

Only affects ACP – effect cancels 

completely for single muon case 

 

In practice, Bs
0 mesons have 

negligible effect due to ‘fast’ mixing 

and small angle in sin(2βs) 

 Only B0 case is significant 



Standard Model Contributions 

Predictions from SM: 

aCP / ACP Single muons Like-sign dimuons 

Mixing (−0.0007 ± 0.0002)% (−0.008 ± 0.0002)% 

Interference 0 (−0.035 ± 0.0008)% 

Total (−0.0007 ± 0.0002)% (−0.043 ± 0.001)% 

Tiny compared to experimental precision 



Standard Model Contributions 

Predictions from SM: 

aCP / ACP Single muons Like-sign dimuons 

Mixing (−0.0007 ± 0.0002)% (−0.008 ± 0.0002)% 

Interference 0 (−0.035 ± 0.0008)% 

Total (−0.0007 ± 0.0002)% (−0.043 ± 0.001)% 

Actually 2 (3) components in single muon (dimuon) case: 

ACP = Kd∙a
d

sl + Ks∙a
s
sl + KΓ∙ΔΓd 

After comparing model-independent observables with SM, we can also extract ad
sl, a

s
sl, 

and ΔΓd by calculating the experimental coefficients Kd, Ks, and KΓ. 



Charge asymmetries @ D0 

The D0 data set is uniquely suited for 

charge asymmetry measurements: 

• CP-symmetric initial state: no 

production asymmetries to 

disentangle; 

• Symmetric tracker geometry (~same 

detection efficiencies for +ive, −ive 

tracks)  

• Excellent muon system with wide 

acceptance (|η(μ)| ≤ 2), with 3 layers 

of tracking and scintillation detectors. 

• Low ‘fake rate’ : hadronic 

punchthrough heavily suppressed by 

thick shielding before muon 

detectors. 

D0 Detector 

~12-15 interaction lengths before 

outer muon system 



The D0 data set is uniquely suited for 

charge asymmetry measurements: 

Regular reversal of solenoid (tracking) and 

toroid (muon) magnets cancels detector 

asymmetries to first order 

Typical tracking detectors have 

charge asymmetries of 1-3% 

(range-out, lorentz angle) 

• ~Equal exposure in all four magnet 

polarity configurations (muon toroid 

 tracker solenoid) removes any 

first-order detector asymmetries 

• Perfect cancellation ensured by 

weighting events so that ∑weights is 

identical for all four configurations 

• Polarity weights always > 0.95, and 

total reduction in statistics only ~2%.  

Charge asymmetries @ D0 



D0 has published 3 previous 

measurements on this topic: 

A Brief History… 

ACP stable (despite significant changes to analysis) and consistently deviating 

from SM prediction of ~0.040%) 



D0 has published 3 previous 

measurements on this topic: 

A Brief History… 

Strong validation that background asymmetries are well understood, and that 

the techniques to measure them are correct and robust. 

Asymmetry in single muons consistent with zero (and SM prediction): 

aCP = (−0.034 ± 0.042 ± 0.079)% (9 fb-1) 



D0 has published 3 previous 

measurements on this topic: 

A Brief History… 

Previous paper (2011) interpreted 

this deviation in terms of CPV in 

Bq
0 mixing; 

Constrains an area in (ad
sl, a

s
sl) 

plane; 

3.9σ from the SM point; 



D0 has published 3 previous 

measurements on this topic: 

A Brief History… 

Previous paper (2011) interpreted 

this deviation in terms of CPV in 

Bq
0 mixing; 

Constrains an area in (ad
sl, a

s
sl) 

plane; 

3.9σ from the SM point; 

Dividing sample into small and 

large IP gives additional 

constraining power 



• Use full D0 data set of 10.4 fb-1 

What’s New? 

Previous publication used 9.0 fb-1 



• Use full D0 data set of 10.4 fb-1 

• Measurement is performed in 3 orthogonal bins of impact parameter (IP), giving 6 

samples for the dimuon case [IP(µ1),IP(µ2)] 

What’s New? 

1) Different IP bins have very different background contributions: both 

the sources, and the resulting magnitudes of abkg and Abkg 

Extraction of background asymmetries can be tested with increased 

rigor, by comparing aCP with zero for all three IP bins. 



• Use full D0 data set of 10.4 fb-1 

• Measurement is performed in 3 orthogonal bins of impact parameter (IP), giving 6 

samples for the dimuon case [IP(µ1),IP(µ2)] 

What’s New? 

Allows us to simultaneously fit the data to extract ad
sl, a

s
sl, and ΔΓd 

2) Different IP bins also have different proportionality coefficients Kd, 

Ks, KΓ for the three main SM sources 



• Use full D0 data set of 10.4 fb-1 

• Measurement is performed in 3 orthogonal bins of impact parameter (IP), giving 6 

samples for the dimuon case [IP(µ1),IP(µ2)] 

• Kinematic binning extended to include both muon pT (as before) and |η| 

What’s New? 

Improves the accuracy of abkg and Abkg measurements (background 

asymmetries depend on the polar angle) 



• Use full D0 data set of 10.4 fb-1 

• Measurement is performed in 3 orthogonal bins of impact parameter (IP), giving 6 

samples for the dimuon case [IP(µ1),IP(µ2)] 

• Kinematic binning extended to include both muon pT (as before) and |η| 

• Additional independent method to extract fractions of muons from kaon and pion 

decay-in-flight/punchthrough 

What’s New? 

Take advantage of momentum and position measurements in muon 

system – muons from DIF/punchthrough typically lose momentum and 

are deflected much more than muons. 



• Use full D0 data set of 10.4 fb-1 

• Measurement is performed in 3 orthogonal bins of impact parameter (IP), giving 6 

samples for the dimuon case [IP(µ1),IP(µ2)] 

• Kinematic binning extended to include both muon pT (as before) and |η| 

• Additional independent method to extract fractions of muons from kaon and pion 

decay-in-flight/punchthrough 

• Allow additional contribution to ACP(SM) from CPV in interference 

What’s New? 

Only recently identified (by the authors) – reduces the discrepancy 

with the SM slightly, but still only accounts for ~20% of the 

observed asymmetry 



• Use full D0 data set of 10.4 fb-1 

• Measurement is performed in 3 orthogonal bins of impact parameter (IP), giving 6 

samples for the dimuon case [IP(µ1),IP(µ2)] 

• Kinematic binning extended to include both muon pT (as before) and |η| 

• Additional independent method to extract fractions of muons from kaon and pion 

decay-in-flight/punchthrough 

• Allow additional contribution to ACP(SM) from CPV in interference 

• Small change in event selection: require additional silicon hit on muon tracks, to 

ensure precise determination of impact parameter (IP)  

 

What’s New? 

Necessary to ensure abkg and Abkg are accurate for all IP regions 



• Single muon (dimuon) sample collected using single muon (dimuon) triggers; 

• Simple cuts chosen to improve muon purity: 

• Standard track and muon ID / quality cuts 

• 1.5 < pT < 25 GeV,   |η| < 2.2 

• pT > 4.2 GeV  or  |pz| > 5.4 GeV 

• Transverse IP < 0.3cm, longitudinal DCA < 0.5cm 

Event Selection 

With these selections, we collect 2  109 single muons 

Raw asymmetry:     a = (0.670 ± 0.002)% 



• Single muon (dimuon) sample collected using single muon (dimuon) triggers; 

• Simple cuts chosen to improve muon purity 

• Dimuon sample has additional requirements: 

• Muons have same charge 

• M(µµ) > 2.8 GeV 

• For events with >2 muons (~0.7% of cases), two highest-pT muons are selected 

Event Selection 

With these selections, we collect 6  106 same-sign dimuons 

Raw asymmetry:     A = (0.101 ± 0.040)% 



• 3 IP regions: 

• IP1:    0 < IP < 50µm 

• IP2:   50 < IP < 120µm 

• IP3:  120 < IP < 3000µm 

IP and Kinematic Binning 

6 bins in dimuon sample, denoted 

IP11, IP12, IP13, IP22, IP23, IP33 



• 3 IP regions: 

• IP1:    0 < IP < 50µm 

• IP2:   50 < IP < 120µm 

• IP3:  120 < IP < 3000µm 

IP and Kinematic Binning 

6 bins in dimuon sample, denoted 

IP11, IP12, IP13, IP22, IP23, IP33 

• 9 kinematic regions: 

• 3 in central region |η| < 0.7:       pT bin edges: {1.5, 5.6, 7.0, 25} GeV 

• 2 in intermediate region 0.7 < |η| < 1.2:    pT bin edges: {1.5, 5.6, 25} GeV 

• 4 in forward region |η| > 1.2:      pT bin edges: {1.5, 3.5,4.2, 5.6, 25} GeV 

 Actually make 27 (54) separate measurements of single muon (dimuon) asymmetry 



For the single muon case: 

Background Asymmetries 

aCP = a - abkg aCP
i(IP) = ai(IP) – abkg

i(IP) 

9 kinematic bins i, 

3 IP regions 

Background asymmetry is sum of four contributions: 

abkg
i(IP) = fk

i(IP)∙ak
i  +  fπ

i(IP)∙aπ
i  + fp

i(IP)∙ap
i  + aµ

i  



For the single muon case: 

Background Asymmetries 

aCP = a - abkg aCP
i(IP) = ai(IP) – abkg

i(IP) 

9 kinematic bins i, 

3 IP regions 

1) K→µ : Charged kaon decay-in-flight or hadronic punchthrough to muon system  

abkg
i(IP) = fk

i(IP)∙ak
i  +  fπ

i(IP)∙aπ
i  + fp

i(IP)∙ap
i  + aµ

i  

Fraction of muons from K→µ 

in this IP and kinematic bin 
Background asymmetry of K→µ caused by 

detector effects: independent of muon IP 



For the single muon case: 

Background Asymmetries 

aCP = a - abkg aCP
i(IP) = ai(IP) – abkg

i(IP) 

9 kinematic bins i, 

3 IP regions 

2) π→µ : Charged pion decay-in-flight or hadronic punchthrough to muon system  

abkg
i(IP) = fk

i(IP)∙ak
i  +  fπ

i(IP)∙aπ
i  + fp

i(IP)∙ap
i  + aµ

i  



For the single muon case: 

Background Asymmetries 

aCP = a - abkg aCP
i(IP) = ai(IP) – abkg

i(IP) 

9 kinematic bins i, 

3 IP regions 

3) p→µ : Proton hadronic punchthrough to muon system, and fake muons  

abkg
i(IP) = fk

i(IP)∙ak
i  +  fπ

i(IP)∙aπ
i  + fp

i(IP)∙ap
i  + aµ

i  



For the single muon case: 

Background Asymmetries 

aCP = a - abkg aCP
i(IP) = ai(IP) – abkg

i(IP) 

9 kinematic bins i, 

3 IP regions 

4) Residual muon reconstruction asymmetry for all other (non X→µ) muons 

abkg
i(IP) = fk

i(IP)∙ak
i  +  fπ

i(IP)∙aπ
i  + fp

i(IP)∙ap
i  + aµ

i  

≡ [1 – fk
i(IP) – fπ

i(IP) – fp
i(IP) ] ∙ δ  

All other muons Muon reconstruction 

asymmetry 

 



For the single muon case: 

Background Asymmetries 

aCP = a - abkg aCP
i(IP) = ai(IP) – abkg

i(IP) 

9 kinematic bins i, 

3 IP regions 

4) Residual muon reconstruction asymmetry for all other (non X→µ) muons 

abkg
i(IP) = fk

i(IP)∙ak
i  +  fπ

i(IP)∙aπ
i  + fp

i(IP)∙ap
i  + aµ

i  

Similar relation for dimuon case, allowing two muons to be in different kinematic bins 



Main background asymmetries:   Kaon and pion decay-in-flight to muons 

μ+ 

ν K+ 

μ+ 

ν π+ 

cτ = 3.7m cτ = 7.8m 

~17% of single muons 

~6.5% of muons in dimuon sample 

~32% of single muons 

~12.5% of muons in dimuon sample 

Background Asymmetries 



Main background asymmetries:   Kaon and pion decay-in-flight to muons 

μ+ 

ν K+ 

μ+ 

ν π+ 

cτ = 3.7m cτ = 7.8m 

Positive kaons have smaller interaction cross-section than 

negative kaons in matter 

K+ more likely to survive to decay into muons 

N(K+→μ+) > N(K−→μ−) 

K−N→Yπ 

K+N→ 

@ p(K) = 1 GeV 

σ(K−d) ≈ 80mb 

σ(K+d) ≈ 33mb 

Background Asymmetries 



Main background asymmetries:   Kaon and pion decay-in-flight to muons 

μ+ 

ν K+ 

μ+ 

ν π+ 

cτ = 3.7m cτ = 7.8m 

Expect all other sources to be much smaller than K→µ asymmetry 

Background Asymmetries 



K→µ Asymmetry (aK) 

Choose dedicated channels with charged 

kaon(s) in the final state: 

• K*0 → K+π− 

• φ → K+K− 

Require that kaon is identified as a muon, 

using the same conditions as for the main 

sample. 

Build distributions for sum (NK+ + NK−) 

and difference (NK+ − NK−), and fit to 

extract asymmetry. 

Performed in kinemetic bins. 

Similar method used for pion and proton 

asymmetries. 

φ → K+K− 

(NK+ + NK−)  

(NK+ − NK−) 



K→µ asymmetry:   +3% → +8% 

Determined using K*0 → K−π+ and φ→K+K− decays, 

where K±→µ±, and comparing yields for K+ vs K−  

π→µ asymmetry:   −1.5% → +1.5% 

From KS
0 → π+π− decays, where π±→µ± 

p→µ asymmetry:   −20% → +20% 

From Λ0 → pπ− decays, where p→µ  

(comprises only ~0.5% of muons)   

Residual muon asymmetry:   −0.8% → +0.2% 

From J/ψ→ µµ decays, using tracker information only, 

and comparing muon ID efficiency for µ+ vs µ−  

Central 

|η| Forward 



Weighted average over all 

kinematic bins: 

aK = (+5.10 ± 0.10) % 

aπ = (−0.06 ± 0.08) % 

ap = (−1.43 ± 3.42) % 

δ = (−0.13 ± 0.02) % 

K→µ asymmetry:   +3% → +8% 

Determined using K*0 → K−π+ and φ→K+K− decays, 

where K±→µ±, and comparing yields for K+ vs K−  

π→µ asymmetry:   −1.5% → +1.5% 

From KS
0 → π+π− decays, where π±→µ± 

p→µ asymmetry:   −20% → +20% 

From Λ0 → pπ− decays, where p→µ  

(comprises only ~0.5% of muons)   

Residual muon asymmetry:   −0.8% → +0.2% 

From J/ψ→ µµ decays, using tracker information only, 

and comparing muon ID efficiency for µ+ vs µ−  



BG asymmetries (aK etc) are independent of the impact parameter 

IP Dependence of Backgrounds 

Detector effects insensitive to micrometer shifts in the muon origin 

But… BG fractions (fK etc) are strongly dependent on the IP: 

• Background muons typically have 

small IP 

• Muons from HF decay can have 

significant non-zero IP 

• Expect fK etc to decrease for higher-

IP samples. 

BG: small IP 

HF decays: larger IP 



{ 
Single Muon Sample 

aCP closure tests 



Background Fractions 

K→µ 

π→µ 

p→µ 

Measured directly in data using dedicated 

channels – much like asymmetries. 

Overall fraction of K/π→µ events also 

measured using muon system variables 

Kinematic bins 



Background Fractions 

K→µ 

π→µ 

p→µ 

Measured directly in data using dedicated 

channels – much like asymmetries. 

Overall fraction of K/π→µ events also 

measured using muon system variables 

e.g. fit X = p(muon) / p(track) 

K/π→µ 

Good agreement with default method – used 

to assign systematic uncertainties 

Kinematic bins 



Background Fractions 

K→µ 

π→µ 

p→µ 

Some variation across kinematic regions 

Significant changes between IP regions: 

Kinematic bins 

(%) IP=1 IP=2 IP=3 

fK 20.30±0.34 7.71±0.24 2.69±0.14 

fπ  39.13±2.09 15.39±0.83 5.32±0.30 

fp  0.73±0.21 0.28±0.09 0.08±0.09 

BG fractions reduce by factor ~8 for 

highest IP region 

(stat. uncertainties only) 



Asymmetry aCP 

(%) IP=1 IP=2 IP=3 

K→μ  +1.037±0.029 +0.385±0.017 +0.134±0.010 

π→μ  −0.022±0.040 −0.019±0.016 −0.007±0.006 

p→μ  −0.010±0.012 −0.004±0.005 −0.001±0.001 

aμ  −0.050±0.009 −0.102±0.017 −0.128±0.021 

abkg  +0.954±0.053 +0.250±0.027 −0.001±0.023 

a +0.930±0.003 +0.277±0.006 −0.049±0.005 

aCP −0.024±0.053±0.075 +0.018±0.028±0.024 −0.048±0.024±0.011 
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Background asymmetry from kaons dominates at low/moderate IP 



Asymmetry aCP 

(%) IP=1 IP=2 IP=3 

K→μ  +1.037±0.029 +0.385±0.017 +0.134±0.010 

π→μ  −0.022±0.040 −0.019±0.016 −0.007±0.006 

p→μ  −0.010±0.012 −0.004±0.005 −0.001±0.001 

aμ  −0.050±0.009 −0.102±0.017 −0.128±0.021 

abkg  +0.954±0.053 +0.250±0.027 −0.001±0.023 

a +0.930±0.003 +0.277±0.006 −0.049±0.005 

aCP −0.024±0.053±0.075 +0.018±0.028±0.024 −0.048±0.024±0.011 

At large IP, BG asymmetries from kaons and muon reconstruction are similar in size, 

and of opposite sign 
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Contributions from pions and protons are very small for all IP bins 
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 Background asymmetry changes by ~factor 100 from low to high IP 

This trend is exactly matched by the observed raw asymmetry 



Asymmetry aCP 

(%) IP=1 IP=2 IP=3 

K→μ  +1.037±0.029 +0.385±0.017 +0.134±0.010 

π→μ  −0.022±0.040 −0.019±0.016 −0.007±0.006 

p→μ  −0.010±0.012 −0.004±0.005 −0.001±0.001 

aμ  −0.050±0.009 −0.102±0.017 −0.128±0.021 

abkg  +0.954±0.053 +0.250±0.027 −0.001±0.023 

a +0.930±0.003 +0.277±0.006 −0.049±0.005 

aCP −0.024±0.053±0.075 +0.018±0.028±0.024 −0.048±0.024±0.011 

The CP asymmetry is consistent with zero for all IP regions, within an overall 

precision of: 

  aCP(all IP) = −0.032±0.042±0.061 



Asymmetry aCP 

The consistency of aCP with zero is an 

important closure test 

All sources of CPV will be highly suppressed 

in this sample 

Can also compare a and abkg in each of the 9 

kinematic bins 
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IP1 region 

a varies by ~1.5% 

aCP≈0 within 0.05% 



Asymmetry aCP 

The consistency of aCP with zero is an 

important closure test 

All sources of CPV will be highly suppressed 

in this sample 

Can also compare a and abkg in each of the 9 

kinematic bins 

IP2 region 

a varies by ~1.0% 

aCP≈0 within 0.03% 



Asymmetry aCP 

The consistency of aCP with zero is an 

important closure test 

All sources of CPV will be highly suppressed 

in this sample 

Can also compare a and abkg in each of the 9 

kinematic bins 

IP3 region 

a varies by ~0.5% 

aCP≈0 within 0.05% 



Conclusions on aCP 

Raw asymmetry varies by several % between different IP and kinematic bins 

This behavior is exactly replicated by the expected background asymmetry  

 Compelling validation of the techniques used to extract background 

asymmetries and fractions 

 Provides confidence that the 

backgrounds in the dimuon 

asymmetry are accurately determined 



{ 
Same-sign Dimuon Sample 

Results 



ACP Results 

Many of the same trends as observed in the single muon case: 

• Significant reduction in BG asymmetries at higher IP 

• Kaon asymmetry dominates at low IP 

• Muon reconstruction is largest correction at large IP 

• Pion and proton asymmetries negligible (<10−4) 



ACP Results 

Major difference: global offset between 

observed raw asymmetry A and expected 

background abkg 

ACP = (−0.235 ± 0.064 ± 0.055)% 

Trend observed for all IP regions 

Also consistently deviating from the SM 

prediction 

ACP consistent in all bins, despite raw 

asymmetry varying between +0.7%→ −0.5% 



ACP Results in Kinematic Bins 

Significant variation in raw asymmetry A 

across kinematic bins 

General trend is closely followed by Abkg 

All bins show consistent ACP: 

Bin 10 shows overall result 

χ2 = 7.6 / 8 d.o.f 



All 54 ACP Measurements 



ACP Conclusions 

Combining all 9 IP measurements (3 single 

muon + 6 same-sign dimuon) 

χ2 = 36.5 / 9 d.o.f 

4.1σ evidence for non-zero charge 

asymmetry 

Fit assuming zero CP violation gives:  

χ2 = 31.0 / 9 d.o.f 

3.6σ disagreement with SM 

predictions 

Fit to the SM predictions:  



{ 
Interpretation of Results 

Fitting data to extract CPV parameters 



Interpretation 

aCP(IP) = kd(IP)∙ad
sl + ks(IP)∙as

sl 

ACP(IP) = Kd(IP)∙ad
sl + Ks(IP)∙as

sl + KΓ(IP)∙ΔΓd 

Assuming the observed asymmetry comes from ‘known’ sources: 

 aCP and ACP can be related to 3 parameters: 
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Interpretation 

aCP(IP) = kd(IP)∙ad
sl + ks(IP)∙as

sl 

ACP(IP) = Kd(IP)∙ad
sl + Ks(IP)∙as

sl + KΓ(IP)∙ΔΓd 

Measured asymmetries, and five coefficients, are each dependent on the IP region.  

 

We have: 

• 9 independent measurements of aCP (3) + ACP (6) 

• 9 sets of coefficients determined from simulation 

• 3 CPV parameters to extract 

Assuming the observed asymmetry comes from ‘known’ sources: 

 aCP and ACP can be related to 3 parameters: 

 Highly overconstrained system of equations – goodness of fit will indicate how 

well this 3 parameter model fits the data  



3 Parameter Fit 

      ad
sl  = (−0.62 ± 0.43)% 

      as
sl  = (−0.82 ± 0.99)% 

ΔΓd/Γd  = (+0.50 ± 1.38)% 

ρds = −0.61 

ρdΔΓ = −0.03 

ρsΔΓ = +0.66 

Disagrees with the SM point 

at the 3.0σ level 

Visualised by projecting onto (ad
sl,a

s
sl) 

plane at the SM prediction of ΔΓd/Γd  

(SM value of +0.42% agrees with the 

central value of the fit) 

χ2/d.o.f. = 10.1/6 



Influence of CPV in Mixing (ΔΓd/Γd) 

Both mixing asymmetries as
sl and ad

sl have been recently measured with decent 

precision (D0, LHCb, BaBar) 

In contrast, ΔΓd/Γd is poorly constrained experimentally: 

ΔΓd/Γd = (+1.5 ± 1.8)% 

We can repeat the fit with ΔΓd/Γd fixed to 

this world average 

Mixing asymmetries are then in agreement 

with SM within 1.9σ 

 



Influence of CPV in Mixing (ΔΓd/Γd) 

Both mixing asymmetries as
sl and ad

sl have been recently measured with decent 

precision (D0, LHCb, BaBar) 

In contrast, ΔΓd/Γd is poorly constrained experimentally: 

ΔΓd/Γd = (+1.5 ± 1.8)% 

We can repeat the fit with ΔΓd/Γd fixed to 

this world average 

Mixing asymmetries are then in agreement 

with SM within 1.9σ 

Important to perform independent 

measurements of ΔΓd/Γd  



Combination with Other D0 Results 

Combining results with D0 

measurements of as
sl and ad

sl: 
      ad

sl  = (−0.09 ± 0.29)% 

      as
sl  = (−1.33 ± 0.58)% 

ΔΓd/Γd  = (+0.79 ± 1.15)% 

ρds = −0.34 

ρdΔΓ = +0.24 

ρsΔΓ = +0.55 

χ2/d.o.f. = 4.4/2 

Filled ellipses show combination 

Disagrees with the SM point 

at the 3.1σ level 

Most precise measurements of 

all three parameters 

ad
sl : PRD 86, 072009 (2012) 

as
sl : PRL 110, 011801 (2013) 



Combination with Other Experiments 

Combining results with other 

experimental constraints 
      ad

sl  = (−0.09 ± 0.21)% 

      as
sl  = (−0.83 ± 0.43)% 

ΔΓd/Γd  = (+1.51 ± 0.91)% 

ρds = −0.25 

ρdΔΓ = +0.23 

ρsΔΓ = +0.47 χ2/d.o.f. = 4.3/3 

Disagrees with the SM point 

at the 2.9σ level 

BaBar, Belle: ad
sl PRL 111, 101802 (2013),  

HFAG, arXiv:1207.1158 [hep-ex] 

LHCb: as
sl  PLB 728 607 (2013) 

Belle: ΔΓd / Γd PRD 85, 071105 (2012) 

Good consistency between 

measurements 



Conclusions 

Final update of the single and dimuon asymmetry 

measurements from the D0 experiment 

Dimuon asymmetry measured in 6 bins of IP – 

consistently deviating from zero (4.1σ) 

Significantly different from the SM predictions 

(3.6σ) 

Techniques validated in kinematic and IP bins 

using single muon sample 
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Conclusions 

Final update of the single and dimuon asymmetry 

measurements from the D0 experiment 

Dimuon asymmetry measured in 6 bins of IP – 

consistently deviating from zero (4.1σ) 

Significantly different from the SM predictions 

(3.6σ) 

Techniques validated in kinematic and IP bins 

using single muon sample 

Model independent measurement – can be 

sensitive to new sources of CPV, beyond those 

‘SM-like’ ones considered here 

Thanks for listening! 



Further Reading 

PRD74, 092001 (2006) 

PRD82, 032001 (2010) 

PRD84, 052007 (2011) 

PRD89, 012002 (2014) 

Final results (as presented today) 

Published on January 14th 2014 

Also a phenomenological paper (by the authors) 

discussing SM sources of aCP and ACP: 
PRD87, 074020 (2013) 



{ 
Further Details 

Asymmetries, fractions, techniques 



K→µ Fraction (fK, FK) 

For all muons in sample, combine with a 

second (oppositely charged) track, and 

build mass distribution assuming 

K+(→µ+)π− hypothesis. 

Fit distribution to extract K*0 yield – and 

hence fraction of muons from K*0 decay 

(fK*0) 

Convert this to the full kaon fraction fK: 

• Account for pion reconstruction 

acceptance/efficiency 

• Correct for fraction of kaons coming 

from K*0 decays. 

Second channel K*±→KS
0π+ allows these 

corrections to be made more precisely, 

taking advantage of ratios. Performed separately for single and dimuon 

samples, and in kinematic and IP bins 

K*±→KS
0π+  

K*0→K+(→µ+)π−  



Second Method: Total K/π→µ Fraction 

Build distributions using information from 

the muon system, which discriminate 

between ‘prompt’ muons and K/π→µ 

muons. 

e.g.    X = p(muon system) / p(track) 

 

Cannot distinguish between kaons and 

pions – instead determine total (fK+fπ) and 

compare to measurement from K*0 

method. 



Second Method: Total K/π→µ Fraction 

Build distributions using information from 

the muon system, which discriminate 

between ‘prompt’ muons and K/π→µ 

muons. 

e.g.    Y = |θ(muon system) − θ(track)| 

 

Cannot distinguish between kaons and 

pions – instead determine total (fK+fπ) and 

compare to measurement from K*0 

method. 



Second Method: Total K/π→µ Fraction 

Two-component fit to the data in each 

kinematic and IP bin 

Consistent with each other (X vs Y) and 

with results of K*0 method 

Differences between methods used to 

assign a systematic uncertainty. 

χ2 / d.o.f. = 48/48 

χ2 / d.o.f. = 42/59 



Second Method: Total K/π→µ Fraction 

Two-component fit to the data in each 

kinematic and IP bin 

Consistent with each other (X vs Y) and 

with results of K*0 method 

Differences between methods used to 

assign a systematic uncertainty. 

Method All IP IP=1 IP=2 IP=3 

Local variables (%) 42.56±0.87 55.10±0.94 22.73±1.15 8.51±0.14 

K*0  method (%) 46.73±1.76 60.19±2.21 23.38±1.01 8.09±0.47 

relative difference (%) −8.92±3.90 −8.46±3.71 −2.78±6.47 5.19±6.35 


