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Matter Dominance and CP Violation 

The universe that we observe is matter dominated, but we expect that the Big Bang 

produced matter/antimatter equally. 

→ At some point a small asymmetry developed. CP Violation (CPV) is required in 

order to generate such an asymmetry (Sakharov). 

CP violation is naturally included in 

the standard model through the 

quark mixing (CKM) matrix; 

Many different measurements of CP 

violation phenomena are in excellent 

agreement with the SM: 

However, the level of CPV predicted by the SM is far too small to explain the 

observed matter dominance. 

   It is important to look for new sources of CPV 
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Dimuon Charge Asymmetry 
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We measure CP violation in neutral B meson mixing 

using the same-sign dimuon charge asymmetry of 

semileptonic B decays: 

One muon comes from direct 

semileptonic decay b → μ−X 

Second muon comes from direct 

semileptonic decay after neutral B 

meson mixing: B0 → B0 → μ−X 

Asymmetry can occur if mixing rates are different:  R(B0
(s)

→B0 
(s)

) ≠ R(B0 
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Inclusive Muon Charge Asymmetry 

Because any dimuon asymmetry arises from the meson mixing, Ab
sl is equal to the 

charge asymmetry ab
sl
 of "wrong sign" (i.e. oscillated) semileptonic B decays: 

X

0B
0B

' 

ab
sl
 ≡                                                  = Ab

sl 

Γ(B → μ+X) − Γ(B → μ−X) 

Γ(B → μ+X) + Γ(B → μ−X) 

We therefore have two ways of measuring Ab
sl
: 

➢Via dimuon charge asymmetry;  (upper-case symbols in this talk) 

➢Via inclusive muon charge asymmetry. (lower-case symbols) 

No 'opposite side' muon 

requirement: more events, 

more background processes. 
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Ab
sl
 at the Tevatron 

The inclusive muon charge asymmetry can also be defined separately for specific 

flavors, B0
(d)

 and B0
s
, and related to the meson mixing parameters ΔM, ΔΓ, φ: 

 

 

 

Both B0
d and B0

s are produced at the Tevatron, so both contribute to Ab
sl
, yielding 

the SM prediction: 

 

 

 

SM prediction is negligible compared to current experimental precision – any 

significant deviation from zero is an unambiguous signal of new physics. 

 

aq
sl
 ≡                                                       =           tan(φ

q
) 

Γ(B0
q
 → μ+X) − Γ(B0

q
 → μ−X) 

Γ(B0
q
 → μ+X) + Γ(B0

q
 → μ−X) 

Ab
sl
 = (0.506 ± 0.043)ad

sl
 + (0.494 ± 0.043)as

sl
 = ( − 0.023          ) % 

+0.005 
−0.006 

ΔΓ
q 

ΔM
q 
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These results 

6.1 fb-1 

 Inner tracking (silicon sensors + 

scintillation fibers) within 2T solenoid 

magnet; 

Muon tracking detector: multiple planes of 

drift chambers on either side of 1.8T toroid 

magnet; 

Muon scintillators provide time resolution      

of 2-3 ns; 

Detectors made of matter – therefore have 

inherent matter-antimatter asymmetry! 

D0 and CDF record pp collisions at 1.96 

TeV: matter-antimatter symmetric. 

Evidence for an Anomalous Like-sign 

Dimuon Charge Asymmetry (D0) 



For a given magnet polarity, there is a 

charge asymmetry, e.g. from muons 

bending out of the muon detector 

acceptance; 

Trajectory of negative particle in a given polarity  

= trajectory of positive particle with the magnet polarity reversed; 

By separately analyzing four samples corresponding to the different solenoid/toroid 

polarities (++, −−, +−, −+) the overall difference in the reconstruction efficiency 

between positive and negative particles is minimized. 

Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

Changing polarities is an important feature of the 

DØ detector, which significantly reduces 

systematics in charge asymmetry measurements. 
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Reversal of Magnet Polarities 
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Raw Asymmetries 

A ≡                         
N++ − N−−   

N++ + N−−   
a ≡                         

n+ − n−   

n+ + n−   

Like-sign dimuon charge asymmetry Inclusive muon charge asymmetry 

➢ Track-matched muon (|η|<2.2); 

➢ 1.5 < pT < 25 GeV; 

➢ p
T
 > 4.2 GeV or |p

z
| > 6.4 GeV; 

➢ Distance to primary vertex < 3mm 

(5mm) in transverse (beam) direction. 

➢ Both muons must pass inclusive 

muon selection; 

➢ Same charge, same PV; 

➢ M(μμ) > 2.8 GeV to suppress events 

where muons are from same B decay. 

A = (+0.564 ± 0.053) % 

(from 3.731 x 106 dimuon events) 

a = (+0.955 ± 0.003) % 

(from 1.495 x 109 muons) 

Experimentally, we measure two quantities (by event counting): 

 

 

 

Event Selection: 

 

 

 

 

 Results: 
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Extracting Ab
sl 

Both A and a linearly depend on the charge asymmetry Ab
sl 

 

 

 

➢ Abkg and abkg are detector-related background contributions to the measured 

asymmetry; 

➢ Coefficients K and k are small ( < 1 ) due to the effect of charge symmetric 

background processes diluting the semileptonic asymmetry. 

1) Determine the background contributions Abkg and abkg; 

2) Find the coefficients K and k; 

3) Extract the asymmetry Ab
sl. 

 (recall that Ab
sl = ab

sl) 

Our task 

is to: 

a = kAb
sl
  +  a

bkg 

A = KAb
sl
 +  A

bkg 

Final result blinded until all analysis methods were fixed 
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Detector Asymmetries A
bkg

, a
bkg 

a = kAb
sl
  +  a

bkg 

A = KAb
sl
 +  A

bkg 

K±, π± 

μ± 
cτ(K,π) = 3.7m, 7.8m 

These terms account for effects from : 

➢ Decays K± → μ± ν,    π± → μ±ν;    

➢ Hadronic punch-through to the muon detector; 

➢ Muon reconstruction asymmetries; 

➢ Asymmetries in tracks wrongly associated with 

muons. 

 

e.g. for inclusive muon case: 

ν
μ 

Measured directly in 

data, with a reduced 

input from simulation 

a
bkg

 =   f
k
a

k
   +  f

π
a

π
  +  f

p
a

p
   + (1 − f

bkg 
)δ 

kaon pion Proton 

(+ 'fakes') 
Muon reconstruction 

asymmetry fraction 

asymmetry 
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Example: Asymmetry from Kaons 

a
bkg

 =   f
k
a

k
   +  f

π
a

π
  +  f

p
a

p
   + (1 − f

bkg 
)δ 

To determine a
bkg 

and A
bkg

, we need to know 

the 7 parameters a
K,π,p

, f
K,π,p

, δ, and the 

corresponding dimuon parameters. 

These are measured in bins of muon p
T
. 

 

Example: Kaon asymmetry measured using 

decays φ → K+ K− and K*0 → K+π− by 

fitting mass peaks to find asymmetry. 

It is positive, because 'antimatter' kaons 

(K−) are more likely to interact with matter 

in the detector, so have less chance of 

decaying to muons before interaction. 

N(K+→μ+) + N(K−→μ−) 

~6% excess of 

positive kaons 

N(K+→μ+) − N(K−→μ−) 

φ → K+ K− decay 
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Summary of Background Contributions 

We obtain: 

• All uncertainties are statistical only; 

• Dominant effect comes from kaons, as expected; 

• Notice that background contribution is similar for inclusive muon and dimuon 

sample: Abkg ≈ abkg 

a
bkg

 =   f
k
a

k
   +  f

π
a

π
  +  f

p
a

p
   + (1 − f

bkg 
)δ 

A
bkg

 = F
k
A

k
 +  F

π
A

π
 + F

p
A

p
 + (2 − F

bkg 
)Δ 
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Decays contributing to the muon sample include: 

➢ b → μ−X   (including possible oscillations) 

➢ b → c → μ+X (including possible oscillations) 

➢ b → ccq  

➢ cc and bbcc production 

➢ η, ω, ρ0, φ(1020), J/ψ, ψ′ decaying to μ+μ− 

These decays are currently measured with a good precision (see PDG), and this 

input from simulation produces a small systematic uncertainty. 

 

 

 

a – a
bkg

  = k Ab
sl 

A – A
bkg

 = K Ab
sl 

k is found to be much smaller than K, because 

many more non-oscillating b- and c-quark 

decays contribute to the inclusive asymmetry. 

k = 0.041 ± 0.003 

K = 0.342 ± 0.023 

Dilution by Non-Contributing Processes 

Factors k and K account for muons from 

sources which are fully symmetric, and only 

contribute to the denominator in Ab
sl 

. 
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Contribution of Ab
sl in the inclusive 

muon asymmetry a is suppressed by: 

 k = 0.041 ± 0.003; 

therefore a is mainly (96%) determined 

by the background asymmetry a ≈ abkg; 

We measure abkg in data, and we can 

verify how well it describes the 

observed asymmetry a, as a function of 

muon p
T
; 

We get χ2/d.o.f. = 2.4/5 for the 

difference between these two 

distributions; 

Excellent agreement between the expected and observed 

values of a , including pT dependence 

14 

Closure Test 



Ab
sl
 is extracted separately from both inclusive muon (a) and dimuon (A) methods: 

 

 

 

Here's the clever part... 

The background fractions a
bkg

 and A
bkg

 are strongly correlated (same sources 

contribute to both), so we can construct a linear combination such that the total 

uncertainties are minimised: 
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Results: Part I 

From a:  Ab
sl
 = [ +0.94   ± 1.12 (stat.)   ± 2.14 (syst.) ] % 

From A: Ab
sl
 = [ −0.736 ± 0.266 (stat.) ± 0.305 (syst.) ] % 

A′ ≡ A – α∙a   =   (K – α∙k)Ab
sl
 + (A

bkg
 – α∙a

bkg
) 

For α≈1, this term (and associated 

uncertainties) almost vanishes, since 

Abkg ≈ abkg. 

For α≈1, this term remains 

significant, since K >> k 



From A' = A −α a  we obtain: 

 

 

This result differs from the SM prediction, [– 0.023 ± 0.006 ] %, by ~3.2 σ. 

Measured asymmetry favours the production of matter over antimatter in 

semileptonic decays of oscillated neutral B mesons. 
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Results: Part II 

 

 

 

 

 

Ab
sl
 = [ – 0.957 ± 0.251 (stat.) ± 0.146 (syst.) ] % 

Scan over total uncertainty on final 

measurement, yields α = 0.959. 

Reduces overall systematic 

uncertainty  – precision is now 

statistically limited. 



Ab
sl Combined Ab

sl Dimuon Ab
sl Inclusive 

D
o

m
in

an
t u

n
certain

ties 

Dominant uncertainty changes from systematic → statistical 
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Minimising Uncertainties... 
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Comparison with other Measurements 

SM 

In this analysis we measure a linear 

combination of ad
sl and as

sl: 

 

 

Obtained result agrees well with 

other measurements of ad
sl and as

sl. 

 

The value of as
sl
 can also be extracted, 

using additional input from ad
sl
: 

 

 

SM value is ( +0.0021 ± 0.0006 )% 

s

sl

d

sl

b

sl aaA 494.0506.0 

as
sl
 = ( −1.46 ± 0.75 )% 



•Obtained value of as
sl can be further translated into a 2D constraint on the 

CP violating phase υs and ΔΓs; 

•The contours are in excellent agreement with independent measurements 

of υs and ΔΓs in Bs→J/ψφ decay (CDF and D0); 

 

• Precision of current measurement is statistically dominated: 

– Now have 50% more integrated luminosity to be analysed (6.1fb-1 → 9fb-1); 

– Added new dimuon trigger optimised for this analysis in recent data; 
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Future Analysis Improvements (1) 

Minimum muon momentum required 
to penetrate toroid and calorimeter to 
reach outer muon chambers 

Looser pz cut 

• Event selection improved to give ~12% 

larger yield, while maintaining signal purity. 

– Looser ‘rectangular cuts’ momentum 

criteria, increases sample size by 25% 

– Require tighter matching between muon 

track and central track: reduce contribution 

from decay-in-flight. 

 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

• Largest uncertainties from kaon fractions.  

– Published measurement uses K*0 →K±π∓ mass 
fits to separately measure fK and FK.  

– New technique instead measures R = FK/fK, by 

fitting a linear combination of mass distributions 

(dimuon – R*inclusive), where R is the coefficient 

which minimizes signal peak.   

– Takes advantage of correlated uncertainties in 

inclusive and dimuon cases (i.e. same 

backgrounds and resolution in K*0 mass fits); 

– R measured separately in two independent 

channels (K*0→K±π∓, K→µ; KS→π±π ∓, π→µ). 

Consistent results for two cases. 

– Gives 30% improvement in ζ(FK). 
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K*0 →K±π∓, K→µ 

Future Analysis Improvements (2) 

Remove sensitivity to resonant 
background model and mass 

resolution, by constructing ‘null 
fit’ combination of inclusive and 
dimuon histograms – signal and 

resonant backgrounds vanish 



•Obtained value of as
sl can be further translated into a 2D constraint on the 

CP violating phase υs and ΔΓs; 

•The contours are in excellent agreement with independent measurements 

of υs and ΔΓs in Bs→J/ψφ decay (CDF and D0); 
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Future Analysis Improvements (3) 

• Additional measurements made of Ab
sl in two orthogonal samples, based on 

muon impact parameter: 

– ‘Small-IP’ sample has much smaller contribution from ad
sl, since few B0

d 

mesons mix on these short timescales:  (ΔMd)
-1 ≈ 40*(ΔMs)

-1 ≈ 600µm: 

 i.e.      Ab
sl  ≈ 0.40*ad

sl + 0.60*as
sl  for IP < 120µm 

  ≈ 0.75*ad
sl + 0.25*as

sl  for IP > 120µm 

– Can help to identify source of asymmetry; 

– Suggested by Gronau and Rosner (Phys. Rev. D82, 077301 (2010)). 

• Many more cross-checks performed to ensure background asymmetry is 

well-understood – e.g. repeating ‘closure test’ in bins of pseudorapidity. 

• Anticipate ~30% reduction in final uncertainty on Ab
sl, taking all updates 

into account: 3.2σ → ?? 

Central value still blinded in new measurement 
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 Inner tracking (silicon sensors + wire drift 

chamber) up to radius 140cm within 1.4T 

solenoid magnet; 

Muon system: 8 layers of scintillators and 

drift chambers, with coverage |η| < 1; 

Impact Parameter resolution of 40 μm. 

First step towards measuring the dimuon 

charge asymmetry using a complementary 

technique at CDF.  

Integrated mixing probability: 

 

 

 

Denominator includes all B mesons, 

numerator is only B0 and B0
s. 

Extracted from ‘raw’ dimuon ratio, R: 

Measurement of the Integrated B meson 

Mixing Probability χ (CDF) 

𝝌 =
𝜞(𝑩𝟎 → 𝑩𝟎 → 𝒍

+
𝑿)

𝜞(𝑩 → 𝒍
±

𝑿)
 

𝑹 =
𝑵(𝒃𝒃 → 𝝁

±
𝝁

±
)

𝑵(𝒃𝒃 → 𝝁 ± 𝝁∓)
 

Like-sign 

dimuons 

Opposite-sign 

dimuons 
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Key aspects of analysis: 

• Understand backgrounds for both like-sign and opposite-sign dimuon samples: 

• cc production with semileptonic decays; 

• Charmonium and bottomonium decays; 

• Light-quark production with decay-in-flight (DIF) K→μ, π→µ; 

• Drell-Yan; 

• Hadronic punch-through. 

• Use variable with good separation between bb events and backgrounds – impact 

parameter (IP). Allows background fractions to be extracted by fitting the data to 

their shape templates. 

• Shape of b and c decays extracted from simulation; 

• Shape for prompt (light quark) decays extracted from data [ϒ(1S) sample] 

• ++ and −− samples fitted separately to confirm DIF contributions are properly 

       modelled (different due to K+ and K– interaction lengths) 

 

Measurement of the Integrated B meson 

Mixing Probability χ (CDF) 
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Results: 

• Binned, two-dimensional, maximum likelihood fit to distribution of IP(μ1,μ2) 

 

Measurement of the Integrated B meson 

Mixing Probability χ (CDF) 

Opposite-sign Like-sign ++ Like-sign -- 

Accounting for effect of sequential decays b → c → µ, which also produce like-sign muons: 

R = 0.467 ± 0.008 ± 0.007   χ = 0.126   ± 0.008  

(1444 pb-1)       (LEP:  χ = 0.1259 ± 0.0042) 

Already useful: D0 dimuon asymmetry update will now use the LEP 
value of χ in extracting contribution from sequential decays. 
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Conclusions 

• D0 finds evidence for CP violation in B meson mixing; 

➢ Inconsistent with the SM at a 3.2σ level; 

➢ Favors the production of matter over antimatter; 

• Final measurement is robust against changes in event selection; 

• Backgrounds are well-understood, and can explain the p
T
 dependence of raw 

inclusive muon asymmetry a. 

• Several improvements and additions now in progress – hope for updated 

result soon. 

• CDF demonstrated power of their IP-fitting method to extract integrated 

mixing probability χ; 

• Method can be used to extract asymmetries in future.  

Further reading:      PRD 82.032001;  PRL.105.081801 

     CDF Public Note 10335 
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CDF Integrated Mixing Probability: 

➢ Result with looser tracking criteria. 

D0 Dimuon Charge Asymmetry: 

➢ D0 Combination of (ΔΓ
s
,φ

s
); 

➢ Consistency Tests 

➢ Mass dependence of asymmetry; 

➢ Mixing theory; 

➢ Additional details on measurement; 

Extra Slides 
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Integrated Mixing Probability with Looser 

Tracking Criteria 

Long-standing puzzle: CDF Run I measurement 

of χ measured value much higher than LEP 

(~1.8 compared to ~1.1); 

New result uses tighter tracking requirements 

(hits in more silicon layers), and agrees with 

LEP value; 

Additional background from large-IP muons 

needs to be included to properly extract bb 

fraction in ‘standard SVX’ sample, otherwise χ 

is overestimated; 

‘Ghost’ contribution not fully understood – but 

majority assigned to fake muons / DIF / long-

lived baryons. 

‘standard SVX’ 
track selection 

R = 0.466 ± 0.018    742pb-1 

(R = 0.467 ± 0.011 for ‘tight SVX’) 



•Obtained value of as
sl can be further translated into a 2D constraint on the 

CP violating phase υs and ΔΓs; 

•The contours are in excellent agreement with independent measurements 

of υs and ΔΓs in Bs→J/ψφ decay (CDF and D0); 

 

•The value of as
sl can be further translated into a 2D constraint on the CP 

violating phase υs and ΔΓs; 

•The contours are in excellent agreement with independent measurements 

of υs and ΔΓs in Bs→J/ψφ decay (CDF and D0); 

 

28 
FPCP Conference 

24th May 2011 

aq
sl
 =           tan(φ

q
) 

ΔΓ
q 

ΔM
q 

Constraining B0
s
 Mixing Parameters 



•This measurement and the result of the DØ analysis in Bs→J/ψφ can be 

combined together; 

•This combination excludes the SM value of υs at more than 95% C.L. 
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Combination of Results 
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• Compare the expected and observed raw 

dimuon charge asymmetry A for different 

invariant masses M(μμ); 

• Expected and observed asymmetries 

agree well for  

Ab
sl = −0.00957; 

•Agreement is over the entire M(μμ) range 

– supports B physics as the source of 

anomalous asymmetry. 

Dependence on the dimuon mass is well 

described by the analysis method. 

30 

Dependence on Dimuon Mass 
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We modify the selection criteria, or 

use a sub-set of the data, to test the 

stability of the final result: 

• 16 tests in total are performed; 

• There is significant variation of the 

raw asymmetries A and a (up to 

140%) due to changes in the 

background composition; 

• However, Ab
sl remains stable in all 

tests. 

The developed method is stable and gives a consistent 

result after modifying selection criteria over a wide range. 

31 

Consistency Tests 
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Consistency Tests A – C 
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Consistency Tests D – F 



FPCP Conference 

24th May 2011 
34 

Consistency Tests G – J 
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Consistency Tests K – N 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 
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Ab
sl and CP violation 

A non-zero value of Ab
sl means that the semileptonic decays of B

q
0 and B

q
0 

are different; 

It implies CP violation in mixing; 

 This occurs only due to mixing in the Bd and Bs systems; 

 i.e. meson spends more time in B0
q
 state (bs) than B0

q
 (bs); 

Quantity describing CP violation in mixing is the complex phase q of the 

B0
q (q = d,s) mass matrix: 

 

 

 

 

aq
sl is related with the CP violating phase q as: 
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Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 
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Muon Reconstruction Asymmetry 

Final piece of the equation needed to determine a
bkg

 and A
bkg

; 

• Reversal of toroid and solenoid polarities cancels 1st-order detector effects; 

• Quadratic terms in detector asymmetries still can contribute into the muon 

reconstruction asymmetry; 

• Detector asymmetries for a given magnet polarity adet ≈ O(1%); 

• Therefore, we can expect the residual reconstruction asymmetry : 

 

a
bkg

 =   f
k
a

k
   +  f

π
a

π
  +  f

p
a

p
   + (1 − f

bkg 
)δ 

A
bkg

 = F
k
A

k
 +  F

π
A

π
 + F

p
A

p
 + (2 − F

bkg 
)Δ 

δ ≈ Δ ≈ O (0.01%) 
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Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 
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We measure the muon reconstruction 

asymmetry using J/ψ→μμ events, 

where a muon is combined with any 

track of opposite charge: 

 

To be compared with: 

n(μ+ t−) − 

n(μ− t+) 

n(μ+ t−) + 

n(μ− t+) 
δ = (- 0.076 ± 0.028) % 

Δ = (- 0.068 ± 0.023) % 

a = (+ 0.955 ± 0.003) % 

A = (+ 0.564 ± 0.053) % 
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Muon Reconstruction Asymmetry 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 
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• The largest background asymmetry comes from the charge asymmetry of 

kaon tracks identified as muons (aK, AK); 

• Interaction cross section of K+ and K− with the detector material is 

different, especially for kaons with low momentum: 

             @ p(K) = 1 GeV: σ(K−d) ≈ 80 mb  σ(K+d) ≈ 33 mb 

     This is because the reaction K−N→Yπ has no K+N analogue; 

• Hence K+ mesons travel further in the detector on average, having a 

greater probability of decaying to muons, or punching through to the muon 

system – the asymmetries a
K
 and A

K
 should be positive. 

a
bkg

 =   f
k
a

k
   +  f

π
a

π
  +  f

p
a

p
   + (1 − f

bkg 
)δ 

A
bkg

 = F
k
A

k
 + F

π
A

π
 +  F

p
A

p
 + (2 − F

bkg 
)Δ 
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Kaon Detection Asymmetry 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 
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Starting from the inclusive muon sample... 

1) Define sources of kaons from resonances which can be fitted to extract 

signal size (two independent samples): 

K*0 → K+π−  φ(1020) → K+K− 

2) Require that the kaon is identified as a muon, e.g.: 

3) Build the mass distribution separately for positive and negative kaons; 

4) Compute asymmetry in the number of observed events; 

K*

0 
π
− 

K
+ 

ν

μ μ
+ 

kaon usually decays 

outside tracking detector 

– so momentum is 

correctly measured. 
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Measuring Kaon Asymmetry 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 
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φ → K+ K− decay 

N(K+→μ+) + N(K−→μ−) 

Excess of 

positive kaons 

N(K+→μ+) − N(K−→μ−) 

For each channel, K*0 and υ(1020), the 

asymmetry is determined is bins of kaon 

transverse momentum. 

The results for both channels agree (χ2 of 

difference is 5.4/5 degrees-of-freedom), 

so they are combined to produce a
K

. 

The same-sign dimuon asymmetry A
K

 is 

then determined algebraically from a
K
, 

based on the two p
T
 values of the muons. 

Typical kaon 

asymmetry is ~ 4-6% 
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Measuring Kaon Asymmetry 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

FPCP Conference 

24th May 2011 

The same strategy is used to determine aπ , ap , Aπ and Ap. 

● KS → π+ π− is used to measure pion asymmetry; 

● Λ → p π−    is used to measure proton asymmetry. 

 

 

 

 

In fitting with expectations, the kaon asymmetry is positive, and forms 

the largest contribution. 
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Pion and Proton Asymmetry 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

Fractions fK , FK measured using the decay K*0 →K+π−: 

• Kaon is required to be identified as a muon: Combine with pion and fit invariant 

mass distribution to extract fraction of muons from K*0 →K+π−, K+→µ decays. 

• Measure separately for inclusive and like-sign dimuon samples; 

 
Like-sign dimuon sample: 

FPCP Conference 

24th May 2011 
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K*0 →K±π∓ 

Use analogous decay K*+→KSπ+, to cancel 

unknown quantities ε0, R(K*0), and test 

assumptions in data/MC.  

 
0*

)K(

)(
* K

S

S
K f

KN

KN
f

 




Kaon Fractions fK and FK 

Then convert fK*0 , FK*0 to fK, FK: 

 fK*0 = fK * ε0 * R(K*0) 

Pion reconstruction efficiency 
Fraction of kaons from 
K*0 decay 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

Measurement of fK , FK 

•Fractions fK , FK are measured using the decays K*0 →K+π− selected in 

the inclusive muon and like-sign dimuon samples respectively; 

•Kaon is required to be identified as a muon; 

•We measure fractions fK*0 , FK*0; 

 Inclusive muon sample like-sign dimuon sample 

FPCP Conference 

24th May 2011 
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Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

FPCP Conference 

24th May 2011 

Peaking background contribution 

•Decay ρ0→π+π− produces a peaking background in the (Kπ) mass, 

because one pion can be misidentified as a kaon; 

•The mass distribution from ρ0→π+π−  is taken from simulation. 

ρ0→π+π− 
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Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

FPCP Conference 

24th May 2011 

To convert these fractions to fK , FK, we need to know the fraction R(K*0) 

of charged kaons from K*0 →K+π− and the efficiency to reconstruct an 

additional pion ε0 : 

 

0

0*

0*0

0*

0* )(;)(  KRFFKRff KKKK 

What we measure 

What we need 

Fraction of kaons which 

originate from K*0 decay 

Efficiency to reconstruct an 

additional charged pion track 
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Measurement of fK , FK 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

FPCP Conference 

24th May 2011 

We also select decay K*+ →KSπ+; 

•We have: 

 

 

 

cKK
KRNN

S
)( *

*



Fraction of K
S
 mesons 

which originate from K*+ 

decay 

Efficiency to reconstruct an 

additional charged pion track 
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Measurement of fK , FK 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

FPCP Conference 

24th May 2011 

R(K*+) = R(K*0) due to isospin 

invariance: 

➢ Verified with the available data on 

production of K*+ and K*0 in  

jets at different energies (PDG); 

➢ Also confirmed by simulation; 

➢ Related systematic uncertainty 7.5% 

 

ε0 = εc because the same criteria are used to select the pion in 

K*+→KSπ+ and K*0 →K+π− 

➢ Verified in simulation; 

➢ Related systematic uncertainty 3%; 
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Measurement of fK , FK 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

FPCP Conference 

24th May 2011 

With these conditions applied, we obtain fK , FK as: 

 

 

 

 

➢The same values N(KS ), N(K*+) are used to measure fK , FK ; 

We assume that the fraction R(K*0) of charged kaons coming from K*0 →K+π− 

decay is the same in the inclusive muon and like-sign dimuon sample; 

➢We verified this assumption in simulation; 

We assign a 3% systematic uncertainty due to this assumption; 
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Measurement of fK , FK 



Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 
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Measurement of fπ , fp , Fπ , Fp 

Fractions fπ , fp , Fπ , Fp are obtained using  fK and FK with an additional 

input from simulation on the ratio of multiplicities nπ/nK and np/nK: 

FPCP Conference 

24th May 2011 
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Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

FPCP Conference 

24th May 2011 

Measurement of fπ, Fπ 

•We use as an input: 

➢Measured fractions fK , FK; 

➢Ratio of multiplicities of pion and kaon nπ /nK in QCD events taken from 

simulation; 

➢Ratio of multiplicities of pion and kaon Nπ /NK in QCD events with one 

additional muon taken from simulation; 

➢Ratio of probabilities for charged pion and kaon to be identified as a muon: 

P(π→μ)/ P(K→μ) ; 

➢Systematic uncertainty due to multiplicities: 4% 

•We obtain fπ , Fπ as: 
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Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

FPCP Conference 

24th May 2011 

Measurement of P(π→μ)/ P(K→μ) 

The ratio of these probabilities is measured using decays KS →π+ π− and 

(1020)→K+K− ; 

•We obtain: 

 

029.0540.0)(/)(   KPP
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Changing polarities is an important feature of the 

DØ detector, which reduces significantly 

systematics in charge asymmetry measurements. 

FPCP Conference 

24th May 2011 

Summary of Background Composition 

We get the following background fractions in the inclusive muon sample: 

 

 

 

➢ Uncertainties for both data and simulation are statistical only; 

➢ Simulation fractions are given as a cross-check only, and are not used in the 

analysis; 

➢ Good agreement is found between data and simulation, within the systematic 

uncertainties assigned; 

➢ Fractions for same-sign dimuon sample are extracted similarly. 

f
bkg

 = fK + fπ + fp 
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