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Neutral Meson Mixing 

The time evolutions of flavor for neutral B mesons (assuming CPT) 
 
 
 
 
 
are obtained by solving the Schrodinger equation: 
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Neutral Meson Mixing 

The time evolutions of flavor for neutral B mesons (assuming CPT) 
 
 
 
 
 
which lead to the flavor-specific asymmetry: 
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Example of a leading order amplitude 

Ad
fs = (�4.1± 0.6)⇥ 10�4

As
fs = (1.91± 0.3)⇥ 10�5

SM predictions from A. Lenz 
arXiv 1205.1444 
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Neutral Meson Mixing 

The time evolutions of flavor for neutral B mesons (assuming CPT) 
 
 
 
 
 
which lead to the flavor-specific asymmetry: 
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New physics models enhance flavor-
specific asymmetries up to O(0.01) in 
both Bs ad Bd mixing.  A D0 result 
[ref] suggested an asymmetry near 
this level.  

Ad
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As
fs = (1.91± 0.3)⇥ 10�5

SM predictions from A. Lenz 
arXiv 1205.1444 
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The LHCb Experiment 
v  912 members from 17 countries in 65 institutes   

The LHCb Detector: 
•  Single arm forward spectrometer 
•  Excellent tracking and vertexing 

•  Impact parameter resolution ~ 20 µm  
(high pT) 

•  Unique hadron PID 
•  Two RICH detectors: π, K, p ID to 100 GeV/c 

•  Muon and Calorimeter systems 
•  Read-out at 40 MHz. pT of muon and ET of 

hadrons and γ’s input to L0 trigger 
•  High level trigger 

•  Input 1 MHz, fully software based, offline 
reconstruction tuned for trigger constraints 

•  Dipole Magnet 
 

•                         Tm, polarity (Up / Down 
     

changed every ~100 pb-1 

 

R
B · d` = 4

this analysis: 
R
Ldt = 1 fb�1

4 DPF 2013 
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•  Measuring Afs requires a flavor-specific final state:  
•  Use semileptonic decays: high BF, Δb = -ΔQ 

•  Ideally, an analysis can tag flavor at production and can use td 
dependence to determine Afs most precisely.  However, 
•  εD2 ~ 3%  
•  decay time resolution is large compared to oscillation time 

•  Use a time-integrated, “untagged” analysis 

Experimental Considerations I 

þ 

R(B ! µ+Xc)�R(B ! µ�Xc)

R(B ! µ+Xc) +R(B ! µ�Xc)
=

Afs

2
+

✓
Ap � Afs

2

◆"
1+

✓
�m

�

◆2
#�1

R(B ! µ+Xc)(t)�R(B ! µ�Xc)(t)

R(B ! µ+Xc)(t) +R(B ! µ�Xc)(t)
=

Afs

2
+

✓
Ap � Afs

2

◆✓
cos�mt

cosh��t/2

◆

Ap ⇠ O(1%) ,

"
1+

✓
�m

�

◆2
#�1

⇠ 0.14%
Last product of terms,  convoluted 
with decay time acceptance, 
introduces asymmetry < 4 x 10-5 
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"  Measure Afs for Bs using time-integrated semileptonic 
asymmetry. 
"  We will develop a time-dependent method for measuring Afs 

for Bd later 

"   Reconstruction efficiencies for particles and 
corresponding antiparticles may differ due to hadronic 
interactions with detector material. 
"  Controlled using calibration channels. 

"   Left/Right asymmetries in detector used in conjunction 
with a dipole magnet may produce charge-dependent 
asymmetries. 
"  Mitigated by changing magnet polarity about every 100 pb-1. 
"  Polarities analyzed separately, then combined. 

Experimental Considerations II 

DPF 2013 6 



Michael D Sokoloff 

mm 

0.
2 

x 
m

m
 

𝑩 ↓𝒔 →𝑫↓𝒔↑+ 𝝁↑− 𝝂             𝑫↓𝒔↑+  →𝝓𝝅↑+         𝝓→𝑲↑+ 𝑲↑−  

beam direction 

Selection requirements 
•  Particle ID 
•  pT cuts 
•  Good          vertex 
•  Good            vertex well separated from 

PV 

  
Measurement of A

s
fs with B

0
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�
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+
X
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"   PDF = double Gaussian with common mean for signal,   

            2nd order Chebyshev polynomial for background 

"   Fitted raw yields 
 
Total statistics: 𝟏𝟖𝟒𝟖𝟏𝟕±𝟒𝟖𝟒      

Signal Yields  - Replace Plots 

Magnet UP 

Magnet DOWN 

|𝐦(𝐊𝐊)−𝐦(𝚽)|<𝟐𝟎  MeV 
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"   Master formula 

"   𝑨↓𝒎𝒆𝒂𝒔↑𝒔   =   𝐍( 𝑫↓𝒔↑− 𝝁↑+ )/𝜺( 𝝁↑+ )−𝐍( 𝑫↓𝒔↑+ 𝝁↑− )/𝜺( 𝝁↑− )/𝐍( 
𝑫↓𝒔↑− 𝝁↑+ )/𝜺( 𝝁↑+ )+𝐍( 𝑫↓𝒔↑+ 𝝁↑− )/𝜺( 𝝁↑− )  − 𝑨↓𝒕𝒓𝒂𝒄𝒌 − 𝑨↓𝒃𝒌𝒈  
 

 
"   Correct event yields for muon related asymmetries 

"   Due to PID and trigger 
"   By use of calibration channels 

"   Determine asymmetry caused by track reconstruction 
"   Due to different interactions of particle/anti-particle with detector and 

to magnet effects  
"   By use of calibration channels 

"   Determine asymmetry caused by background 
"   Prompt and B related 

"   Determine from data 

Analysis Steps 

𝜺(𝝁↑± )= 𝜺↑𝑻𝒓𝒊𝒈𝒈𝒆𝒓 (𝝁↑± )×𝜺↑𝑷𝑰𝑫 (𝝁↑± ) 

 
 
 
 

As
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N(D�
s µ

+)/"(µ+)�N(D�
s µ

+)/"(µ�)
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"(µ±) = "trigger(µ±)⇥ "PID(µ±)

Ac
µ

Master Formula 
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"   Calibration channel: J/ψ  µ+µ- 
"   Two samples used: 

"   Events triggered by hadronic B decays not including 
the J/ψ in the final state                        KS 

"   Events triggered by a single muon       MS 

"   Tag and Probe 
"   Tag = one good muon, probe = track not used in 

trigger + PID + forming a good vertex with the tag 
muon forming a good J/ψ. 

"   Determine PID and trigger efficiencies of µ+ and µ- 
in kinematic bins.  

Muon Related Asymmetry 

Efficiency ratio as  
function of 𝝁  momentum:  
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Tracking Asymmetry 

(π+)	


π-	


π+	


K- 

πs
+

 
D*+ 

D0 

µ±⇡⌥ :

Use partially reconstructed D*+ decays:  
vertex and kinematic constraints determine 
the momentum of the missing π+.  Determine 
tracking efficiency  ratio ε(π+)/ε(π-) as a 
function of momentum. 

Kinematic weighting with signal: 
ATrack(µ

±⇡⌥) = (0.01± 0.13)%

No tracking asymmetry in 
pure ϕ  K+K-.  But S-wave 
K+,K- can interfere. 
N(D� ! K+⇡�⇡�)

N(D+ ! K�⇡+⇡+)
⇥ N(D+ ! K0

S⇡
+)

N(D� ! K0
S⇡

�)
=

"(K+⇡�)

"(K�⇡+)

) ATrack(K
+K�) = (0.012± 0.004)%
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Prompt Ds background estimated from 2-dim fit of ln(IP/mm) as a 
function of m(K+K-π-) 
 
 
 
 
 
 
 
 
 
 
•  Backgrounds from B hadrons 

•  False-µ and Ds from b-hadrons decays 
•  µ and Ds from b-hadron decays 

(e.g.,                                           ) 

Background Asymmetries 

 Ds data, down polarity 

Prompt 𝐃↓𝐬↑  background  

using measurements of branching fractions, b-hadron fractions, production asymmetries 

AUp
bkdg = (+0.14± 0.07)%

ADown

bkdg

= (�0.05± 0.05)%
) Abkgd = (0.04± 0.04)%

B ! DsDX ; D ! µ�X0

Abkgd < 0.01%
Abkgd = (0.01± 0.04)%

Prompt Ds background      
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Putting all together 

  

  

Systematic 
uncertainties: 

As
meas =

N(D�
s µ

+)/"(µ+)�N(D�
s µ

+)/"(µ�)

N(D�
s µ+)/"(µ+)�N(D�

s µ+)/"(µ�)
�Atrack �Abkg

Ac
µ = (0.04± 0.25)%

Sources     σ (Ameas) [%] 
 

Signal modeling and muon correction  0.07 
Statistical uncertainty on efficiency ratios  0.08 
Background subtraction    0.05 
Asymmetry in track reconstruction   0.13 
Different magnet polarity run conditions  0.01 
Software trigger bias (topological trigger)  0.05 
 

Total      0.18 

Afs = 2⇥Ameas = (�0.06± 0.50± 0.36)%
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"     
 

Comparison with other experiments 

See plenary talk by Marina Artuso, 
Physics using the 5 Lighter Quarks 
and Charged Leptons, for additonal 
discussion (Friday, 10:10 AM) 

o  Most precise measurement 
o  In agreement with SM predictions  

Afs = (�0.06± 0.50± 0.36)%
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Summary 

q Afs  final result with 1 fb-1: 
 
 
 

q Significant improvements anticipated: 
 

q  3 fb-1 of Run I data already; 
q Run II (starting 2015) anticipate 5 fb-1 at √s = 13 

TeV, ~ 2 x the √s = 7 GeV B cross section; 
q Run III (after 2018) plan to integrate 50 fb-1 with a 

more efficient trigger; 
q Measure Afs for Bd as well (using a time-

dependent analysis as the production 
asymmetry is order 1% and Δm/Γ is not large). 

 
 
 
 

 
 Afs = (�0.06± 0.50± 0.36)%
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Backup Material 
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Muon Corrected Asymmetry 

𝐊𝐒 𝐌𝐒 

𝐔𝐏  𝐩𝐨𝐥𝐚𝐫𝐢𝐭𝐲 

𝐃𝐎𝐖𝐍  𝐩𝐨𝐥𝐚𝐫𝐢𝐭𝐲 

𝐀𝐯𝐞𝐫𝐚𝐠𝐞 

𝐃𝐢𝐟𝐟𝐞𝐫𝐞𝐧𝐜𝐞 
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