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Figure 1:  Overview of the most 
precise measurements of 𝑎&'( , 𝑎&')

(related to 𝐴&'+ ), with DØ for 
comparison  

Figure 2:  Required values of 𝐴,-.+/ , 
𝐴,-.0/ to satisfy the DØ 

measurement assuming SM 𝐴&'+

DØ Interperetation as Mixing CPV
𝐴&'+ > 3𝜎 with SM

DØ Interperetation as Direct CPV
𝐴,-.+/ ~0.3% ,  𝐴,-.0/ ~1.0%

Motivation
CPV expected in b-quark decays in 𝑡𝑡̅ final states:

Mixing  ::  𝑃(𝑏 → 𝑏> → 𝑙@𝑋) vs  𝑃(𝑏> → 𝑏 → 𝑙C𝑋)
Direct   ::  𝑃(𝑏 → 𝑙@𝑋) vs  𝑃(𝑏> → 𝑙C𝑋)

LHC provides 𝐵(,)F decays from 𝑡𝑡̅:  Alternative source, 
kinematics and energy regime to 𝑏-factories
Very clean technique for measuring CPV in 𝐵(,)F decays
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Figure 3:  Decay 

topology with SMT 
muons, showing 

‘SameTop’ (ST) and  
‘DifferentTop’ (DT) 

event types

Opposite Sign (OS)
𝑡 → 𝑙@ν	 𝑏 → 𝑏> → 𝑙@𝑙@𝑋
𝑡 → 𝑙@ν	 𝑏 → 𝑐 → 𝑙@𝑙@𝑋
𝑡 → 𝑙@ν	 𝑏 → 𝑏> → 𝑐𝑐̅ → 𝑙@𝑙@𝑋

𝑡 → 𝑙@ν	𝑏 → 𝑙@𝑙C𝑋
𝑡 → 𝑙@ν	 𝑏 → 𝑏> → 𝑐̅ → 𝑙@𝑙C𝑋
𝑡 → 𝑙@ν	 𝑏 → 𝑐𝑐̅ → 𝑙@𝑙C𝑋

Existing limits
Standard model predicts:

𝐴)), 𝐴O) < 	10CQ
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Current limits (indirect):
𝐴R-S
T < 	10CV

𝐴,-.+/ < 	 1.2×10CY

𝐴,-.0/ < 	 6.0×10CY
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Figure 4:  The 
Soft Muon 

Tagger (SMT)

Figure 5:  Reconstructed event, four jets, a 
lepton and missing energy (ν)

𝑊-lepton provides 𝑏-quark 
charge at production, but 

must know which top decay 
leads to the SMT jet

𝑨𝒔𝒔(𝒐𝒔) 𝑨𝐦𝐢𝐱,𝑨𝐝𝐢𝐫 =
𝑷 𝒃 → 𝒍@(C) − 𝑷(𝒃n → 𝒍C(@))
𝑷 𝒃 → 𝒍@(C) + 𝑷(𝒃n→ 𝒍C(@))
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Top provides 𝒃-charge at production
Sensitivity to 𝑨𝒅𝒊𝒓𝒃𝒍 , 𝑨𝒅𝒊𝒓𝒄𝒍 , 𝑨𝒅𝒊𝒓𝒃𝒄

Predicted Sensitivity at 8 TeV (Statistical)
𝑨𝐦𝐢𝐱
𝒒 < 	 𝟏𝟎C𝟐 𝑨𝐝𝐢𝐫𝒃𝒍 < 	 𝟏.𝟎×𝟏𝟎C𝟐

𝑨𝐝𝐢𝐫𝒄𝒍 < 	 𝟏.𝟎×𝟏𝟎C𝟐 𝑨𝐝𝐢𝐫𝒃𝒄 → 𝟏.𝟎×𝟏𝟎C𝟐
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SameTop (ST) or DifferentTop (DT)?
Kinematic Fitting using a likelihood approach [7]

[6]

• KLFitter permutes reconstructed jets between four possible 
positions in 𝑙+jets decay 

• 𝑊-boson light jets and 𝑏-jets
• Transfer functions account for measurement resolutions
• Breit-Wigner functions provide constraints

• 𝐵𝑊 𝑚/z 𝑀| , 			𝐵𝑊(𝑚/z}|𝑀�)
• Uses B-Tagging information in jet assignment
• 16 fitted object kinematics used to minimise likelihood for 

each jet permutation
• Energy of four quarks and lepton
• Missing energy assigned to a neutrino
• Angular properties of four quarks

Purity ~80% [7]
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Figure 1: The Ac
dir and Ab

dir semileptonic decay asymmetries needed in order to reproduce the
measured values of inclusive semileptonic and same-sign dimuon asymmetries a (in thick contours)
and A (in thin contours) (results for A0 closely resemble those for A) using the SM predicted value
for the inclusive wrong-sign semileptonic asymmetry Ab

sl (the weights and parameters of Ref. [3] have
been used). The 1�(2�) bands are marked with full (dashed) contours.

correlations), while there is a slight 1.2� di↵erence between the values of Ac
dir extracted the same way.

Although the values extracted from A0 are even bigger, they are expected to be highly correlated
with the ones from the other two observables, and we do not attempt to assign a statistical meaning
to these di↵erences.

One can imagine that both Ab
dir and Ac

dir may di↵er from zero. It is then useful to compute the
dependence of aS , AS and A0

S on the three CP asymmetries (to first order), yielding:

aS = Ab
sl(0.061± 0.004) +Ab

dir(�0.535± 0.028) +Ac
dir(�0.454± 0.028) , (16a)

AS = Ab
sl(0.474± 0.023) +Ab

dir(�1.421± 0.024) +Ac
dir(�0.527± 0.025) , (16b)

A0
S = Ab

sl(0.312± 0.023) +Ab
dir(�0.849± 0.061) +Ac

dir(�0.250± 0.038) , (16c)

where the relevant systematical and statistical uncertainties have been combined in quadrature. We
see that the observables aS , AS , A

0
S exhibit similar sensitivities to the three types of CP violation.

This clearly indicates that the interpretation of these quantities in terms of neutral-meson mixing
requires a further check of the absence of CP violation in decays at a similar level to the uncertainties
quoted for Ab

sl.
Assuming the SM value of Ab

sl, the experimental values of aS and AS set constraints in the
(Ab

dir, A
c
dir) plane, as illustrated in Fig. 1. One can see that the sensitivity of the observables to Ab

dir
is larger than that to Ac

dir, explaining that a larger asymmetry in charm is required to reproduce the
DØ value for the dimuon asymmetry. Since our analysis does not include all the relevant correlations,
we do not attempt at combining the two constraints statistically, even though this could be done
easily by the DØ collaboration.
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𝑨𝒔𝒔(𝒐𝒔) =�𝑟�𝐴R-S,,-.
T

�

𝑨𝒔𝒔(𝒐𝒔) are simple functions of 
the direct and mixing CPV 
parameters

LHC 𝒕�̅� data provides a clean source of 𝒃-
quarks with unambiguous production charge 

for CP violation studies. 
Possible to measure CP violation asymmetries 

Sensitivity to direct CP violation parameters
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