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Motivation
What? Where? Why?
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Big Bang
𝑛" − 𝑛"$
𝑛%

~10)*

Still not enough! Where is the 
New Physics?

Sakharov
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CP Violation
Particle states have intrinsic charge and parity eigenvalues, conserved through most SM 

vertices, but violated by the weak interaction.  The violation of the combined charge 
conjugation (C) and parity transformation (P) of particles and antiparticles implies that 

the laws of physics are not the same for matter and antimatter.

Γ 𝐵- → 𝐵- → 𝑋$ ≠ Γ 𝐵- → 𝐵- → 𝑋

Γ 𝐵- → 𝑋 ≠ Γ 𝐵- → 𝑋$

1. Mixing

2. Direct

3. Interference (when mixing and direct share a final state)

New physics can include additional CP violating processes, which may 
couple to the B sector.  Precision measurements of CPV may constrain 
these models



The Top Quark
An open window?
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Top Physics at the LHC

L H C

𝑡 𝑡̅
𝑡 𝑡̅
𝑡

𝑡 𝑡̅

~88% at 𝑠� = 8 TeV ~12% at 𝑠� = 8 TeV
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Top Physics at the LHC
Charge = +8

9

Spin = :
8

Mass ≃ 173 GeV

BR 𝑡 → 𝑊𝑏 ≃ 99.8%

Does not hadronize! (Lifetime shorter than strong 
interaction requires)

Opportunities to study a ‘bare’ quark
• Spin / Polarisation

Cosmic Stability
Electroweak constraints
Couplings to new physics
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Top B Physics

𝒈
𝒃

𝒃G

�̅� 𝒕

𝝂𝑾K

𝑾)

𝒍K

𝝁±

𝝁∓

Lots of tops = lots of 𝒃 + lots of information
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Top B Physics

𝒈
𝒃

𝒃G

�̅� 𝒕

𝝂𝑾K

𝑾)

𝒍K

𝝁∓

Unlike 𝒈𝒈 → 𝒃𝒃G, we know which 
𝒃 we are dealing with! 

The charge of the 𝑊, tagged with a 
lepton, tells you the charge of the 
associated 𝑏-quark at production
(providing you know which 𝑏 you have –
see later)

𝒍K ⇒ 𝒃

𝒍) ⇒ 𝒃G 𝛤 𝐵- → 𝑋

𝛤 𝐵- → 𝑋$
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Semileptonic 𝑏 decay

𝒃

𝝁∓

𝐁𝐑 𝒃 → (… ) → 𝝁 ∼ 𝟐𝟎%

The charge of the soft muon*, tells you the 
charge of the associated 𝑏-quark at decay
(providing you know which 𝑏 you have – see 
later)

So if we know the charge of a 𝑏-quark at production, and the charge 
at decay, we can build up a picture of the full process 

* Semileptonic decays to electrons also exist, but are difficult to 
detect at ATLAS
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Decay modes

• Same Sign (SS)
• 𝑡 → 𝑙Kν	 𝑏 → 𝑏$ → 𝑙K𝑙K𝑋
• 𝑡 → 𝑙Kν	 𝑏 → 𝑐 → 𝑙K𝑙K𝑋
• 𝑡 → 𝑙Kν	 𝑏 → 𝑏$ → 𝑐𝑐̅ → 𝑙K𝑙K𝑋

• Opposite Sign (OS)
• 𝑡 → 𝑙K𝜈	𝑏 → 𝑙K𝑙)𝑋
• 𝑡 → 𝑙K𝜈	(𝑏 → 𝑏$ → 𝑐̅) → 𝑙K𝑙)𝑋
• 𝑡 → 𝑙K𝜈	 𝑏 → 𝑐𝑐̅ → 𝑙K𝑙)𝑋

Comparing these processes with their charge conjugates allows for 
building of inclusive asymmetries sensitive to CP violation:

P 𝑏 → 𝑙K =
𝑁 𝑏 → 𝑙K

𝑁 𝑏 → 𝑙) + 𝑁 𝑏 → 𝑙K =
𝑁KK

𝑁K) + 𝑁KK =
𝑁KK

𝑁K

P 𝑏$ → 𝑙) =
𝑁 𝑏$ → 𝑙)

𝑁 𝑏$ → 𝑙) + 𝑁 𝑏$ → 𝑙K
=

𝑁))

𝑁)) + 𝑁)K =
𝑁))

𝑁)

P 𝑏 → 𝑙) =
𝑁 𝑏 → 𝑙)

𝑁 𝑏 → 𝑙) + 𝑁 𝑏 → 𝑙K =
𝑁K)

𝑁K) + 𝑁KK =
𝑁K)

𝑁K

P 𝑏$ → 𝑙K =
𝑁 𝑏$ → 𝑙K

𝑁 𝑏$ → 𝑙) + 𝑁 𝑏$ → 𝑙K
=

𝑁)K

𝑁)) + 𝑁)K =
𝑁)K

𝑁)

• Consider number of 
soft muons, 𝑁ab, 
where:

𝛼

𝛽

~7%
~28%

~3%

~55%
~4%

~3%

PRL	110,232002	(2013)
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Charge Asymmetries

𝐴ii =
𝑃 𝑏 → 𝑙K − 𝑃 𝑏$ → 𝑙)

𝑃 𝑏 → 𝑙K + 𝑃 𝑏$ → 𝑙)
=

𝑁KK

𝑁K − 𝑁))

𝑁)

𝑁KK

𝑁K + 𝑁))

𝑁)

𝐴ki =
𝑃 𝑏 → 𝑙) − 𝑃 𝑏$ → 𝑙K

𝑃 𝑏 → 𝑙) + 𝑃 𝑏$ → 𝑙K
=

𝑁K)

𝑁K − 𝑁)K

𝑁)

𝑁K)

𝑁K + 𝑁)K

𝑁)
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Charge Asymmetry
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CP Asymmetries

𝐴ii = 𝑟m𝐴nopmq + 𝑟rr̅𝐴nopmr + 𝑟r𝐴sotmr − (𝑟r + 𝑟rr̅)𝐴sotrq

𝐴ki = �̃�r𝐴nopmr +	 �̃�m𝐴sotmq + (�̃�r + �̃�rr̅)𝐴sotrq

𝐴nopmq = v m→m$→qwx )v(m$→m→qyx)
v m→m$→qwx Kv(m$→m$→qyx)

𝐴nopmr = v m→m$→rx̅ )v(m$→m→rx)
v m→m$→rx Kv(m$→m$→rx)

𝐴sotmq =
v m→qyx )v(m$→qwx)
v m→qyx Kv(m$→qwx)

𝐴sotrq = v r→̅qyxz )v(r→qwxz)
v r→̅qyxz Kv(r→qwxz)

𝐴sotmr =
v m→rxz )v(m$→rx̅z)
v m→rxz Kv(m$→rx̅z)

• CP asymmetries can be extracted from 𝐴ii,𝐴ki

• As defined in PRL	110,232002	(2013):

𝐴nopm
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Existing limits

𝐴ii

𝐴ki

𝐴nopm

𝐴sotmq

𝐴sotrq

𝐴sotmr

Existing limits (2𝜎) (10)8) SM (10)8)
−

< 0.1

< 1.2

< 6.0

−

−

< 10)8

< 10)8

< 10)9

< 10)�

< 10)*

< 10)�
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The D0 anomaly

a

A

-0.010 -0.005 0.000 0.005 0.010
-0.02

-0.01

0.00

0.01

0.02

Adir
b

A d
irc

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.

6

𝑨𝒅𝒊𝒓𝒃𝒍 ~(𝟎. 𝟑	 ± 𝟎. 𝟏)%
𝑨𝒅𝒊𝒓𝒄𝒍 ~(𝟎. 𝟗 ± 𝟎. 𝟑)%

Inclusive like-sign dimuon asymmetry

 [%]d
sla

3− 2− 1− 0 1

 [%
]

s sla
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D
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X
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C
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𝑨𝐦𝐢𝒙𝒃 (𝒂𝐬𝐥𝒃 ) = −𝟎. 𝟒𝟗𝟔 ± 𝟎. 𝟏𝟔𝟖 %

𝑨𝒎𝒊𝒙𝒃 = 𝒇𝒔𝒂𝐬𝐥𝒔 + 𝒇𝒅𝒂𝒔𝒍𝒅

LHCb-PAPER-2016-013PRD 87, 074036 (2015)

PRD 89, (2014) 012002



Technique
All about the machinery
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ATLAS
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Event Selection
Electrons Muons

Jets Overlap removal

b-tagging

• 𝑝� ≥ 25 GeV
• 𝜂rq < 2.47 with crack veto
• Etcone20 @ 90%	&& Ptcone30 @ 90%

• Energy and momentum isolation
• Exactly 1 electron and 0 muons

• 𝑝� ≥ 25 GeV
• 𝜂 < 2.5
• Etcone20 ≤ 4 GeV && Ptcone30 ≤ 2.5 GeV

• Energy and momentum isolation
• Exactly 1 muon and 0 electrons

• ≥ 4 anti-𝑘�4 jets
• 𝑝� ≥ 25 GeV and 𝜂 < 2.5
• For jets with 𝑝� < 50 GeV

• Jet	Vertex	Fraction > 0.5

• Remove jet if ∆𝑅 𝑗, 𝑒 < 0.2
• Remove electron if ∆𝑅 𝑗, 𝑒 < 0.4
• Remove muon if ∆𝑅 𝑗, 𝑒 < 0.2

• No missing 𝐸� or 𝑊 transverse mass cuts are applied
• 𝑏-tagging performed with MV1	at 85%	working	point
• SMT algorithm is applied to MV1@85%	𝑏-jets



27 September 2017Jacob Kempster - University of Birmingham 20

Event Signature

𝒈
𝒃

𝒃G

�̅� 𝒕

𝝂𝑾K

𝑾)

𝒍K

𝝁±

𝝁∓
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B-Tagging

𝑏

∆𝑅

Jet 
axis

𝜇±

MUON 
SPECTROMETER

CALORIMETERS

INNER 
DETECTOR

ID Track

MS 
Track

Vertex (Lifetime) 
Taggers

Soft Muon Tagger 
(SMT)

𝜀°±� ≈ 90%
𝜀³´,°±� ≈ 0.2%

𝜀±µ: ≈ 85%
𝜀³´,±µ: ≈ 10%
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Soft Muon Tagger

𝑏

∆𝑅

Jet 
axis

𝜇±

MUON 
SPECTROMETER

CALORIMETERS

INNER 
DETECTOR

ID Track

MS 
Track

• SMT Muon is a combined track between the 
Muon Spectrometer (MS) and Inner Detector 
(ID)

• (Selected) SMT Muon Requirements:
• Standard quality cuts (Pixel hits, holes….)
• ∆𝑅 (jet, µ) < 0.5
• 𝑝� > 4 GeV

• Momentum Imbalance    𝑴𝑰 = 	𝒑
𝑰𝑫)𝒑𝑴𝑬

𝒑𝑰𝑫
< 𝟎. 𝟏

• Significance of difference between momentum 
measurements, from the ID track and an 
extrapolation of the MS track back to the ID (ME).

• Main fakes:
• Decay-in-flight of charged pions and 

kaons
• Punch-through of charged hadrons

• Calibrated using Tag and Probe in 
𝐽 𝜓⁄ → 𝜇𝜇 decays
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Momentum Imbalance

Signal

Fakes

Efficiency from Tag 
and Probe on 𝐽 𝜓⁄ →
𝜇𝜇 and 𝑍 → 𝜇𝜇
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Backgrounds
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Detector / Physical asymmetries

There are many sources of asymmetries which must be considered: 

𝒕�̅� ”charge asymmetry”
• From interference of NLO diagrams in 𝑞𝑞$ → 𝑡𝑡̅
• Small effect at LHC (dominated by 𝑔𝑔 → 𝑡𝑡̅), 

• 𝐴r = 0.9 ± 0.5 % [Eur.	Phys.	J.	C	(2016)	76:	87]

• Cutting on pseudorapidity (including detector 
acceptance) leads to unequal numbers of tops 
and anti-tops

• Leads to unequal numbers of initial 𝑏 and 𝑏$
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Detector / Physical asymmetries
There are many sources of asymmetries which must be considered: 

𝑏

∆𝑅

Jet axis

𝜇±

MUON 
SPECTROMETER

CALORIMETERS

INNER 
DETECTOR

ID Track

MS 
Track

The multivariate tagger
• May have charge-dependent tagging 

efficiencies or fake rates
• Would lead to unequal numbers of initial 𝑏

and 𝑏$

The soft muon tagger
• May have charge-dependent tagging 

efficiencies or fake rates
• Would lead to unequal numbers of final 𝝁K

and 𝝁)

Lepton reconstruction
• Lepton charge-dependent tagging efficiencies or fake 

rates?
• Would lead to unequal numbers of initial 𝑏 and 𝑏$
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Detector / Physical asymmetries
• Consider number of 

SMT muons, 𝑁ab, 
where:

𝛼

𝛽So 𝑁a is simply the 
number of 𝑊K 𝑏
or 𝑊) 𝑏$

𝐴ii =
𝑃 𝑏 → 𝑙K − 𝑃 𝑏$ → 𝑙)

𝑃 𝑏 → 𝑙K + 𝑃 𝑏$ → 𝑙)
=

𝑁KK

𝑁K − 𝑁))

𝑁)

𝑁KK

𝑁K + 𝑁))

𝑁)

Dealing with probabilities makes asymmetries 
independent of numbers of initial 𝑏 and 𝑏$: 
𝒪(≤ 1%)
• 𝑡𝑡̅ charge asymmetry
• Multivariate tagger charge-characteristics
• Lepton reconstruction charge-characteristics

Still vulnerable to the SMT affecting 
numbers of final 𝝁K and 𝝁):
𝒪(≤ 1%)
• 𝜀°±� is charge-dependent, scale 

factors are provided separately
• Fake rate is not charge-dependent
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Which top?

𝒈
𝒃

𝒃G

�̅� 𝒕

𝝂𝑾K

𝑾)

𝒍K

𝝁±

𝝁∓

Different-
Top
(DT)

Same-Top 
(ST)

Same-Top:        𝒍K ⟹ 𝒃

Different-Top:   𝒍K ⟹ 𝒃G 𝑵K) ⟹ 𝑵))

𝑵K) ⟹ 𝑵K)All 
good!       

Flip lepton 
charge
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Kinematic Likelihood Fitter (KLFitter)

KLFitter permutes reconstructed jets (label 𝒊) between four 
possible positions in 𝒍+jets decay.  Fits kinematics of all 
objects to minimise likelihood.

Transfer functions – account for measurement 
resolutions of energies and angular information

Breit-Wigner functions– provide constraints 
on mass reconstruction

NIMA 748 (2014)
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Unfolding

• 𝑓ÅÆÆÇ = Applied bin-by-bin to correct for SMT muons 
that are present at the reconstruction level, but 
not at the fiducial level.

• 𝑀ÇÉ= Discrete 4x4	Response Matrix.  Corrects for 
migrations between 4 CA bins, these are caused 
by mistakes in ST/DT identification due to KLF 
performance or due to charge mis-ID on the 
triggered leptons (extremely small effect)

• :
ÊË

= Applied bin-by-bin to the unfolded data to 
correct for SMT muons that are present at the 
particle-level, but not at the reconstruction level.

𝑁Ìos
Ç =

1
𝜖Ç
ÎÏ𝑀ÇÉ

): Î 𝑓ÅÆÆ
É 𝑁sÅÐÅ

É − 𝑁ÑÒÓ
É

�

É

Fiducial particle

Reco Detector

All truth events

𝑓ÅÆÆ

𝜖Ç

𝑀ÇÉ

𝑓ÅÆÆ
É ≡

𝑁tÕÆÖ∧ØÅtÐ
𝑁tÕÆÖ

É

𝜖Ç ≡
𝑁tÕÆÖ∧ØÅtÐ
𝑁ØÅtÐ

É
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Measure and extract

𝐴ii =

𝑁KK

𝑁K − 𝑁))

𝑁)

𝑁KK

𝑁K + 𝑁))

𝑁)

𝐴ki =

𝑁K)

𝑁K − 𝑁)K

𝑁)

𝑁K)

𝑁K + 𝑁)K

𝑁)

Extracting	four	CP	parameters	from	two	variables	is	a	nightmare	in	fitting	– massively	
under-constrained.
However	since	all	are	individually	expected	to	be	zero,	it	is	reasonable	to	consider	
each	one	by	itself	to	set	simple	limits:

𝐴nopm =
𝐴ii

𝑟m + 𝑟rr̅
𝐴sotmq =

𝐴ki

�̃�m
𝐴sotrq =

−𝐴ii

𝑟r + 𝑟rr̅

𝐴sotmr =
𝐴ii

𝑟r

When a CP asymmetry may be extracted from either 𝐴ii or 
𝐴ki, the tighter constraint is selected
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Systematics

Experimental Modelling
PDG 
Corrections
(Re-
weighting)

Largest systematic
Affects the KLFitter performance

(Largest change to response 
matrix)



Results
Less talking, more doing
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Kinematic Distributions



27 September 2017Jacob Kempster - University of Birmingham 35

Kinematic Distributions
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Charge Asymmetry

𝐴ii =

𝑁KK

𝑁K − 𝑁))

𝑁)

𝑁KK

𝑁K + 𝑁))

𝑁)

𝐴ki =

𝑁K)

𝑁K − 𝑁)K

𝑁)

𝑁K)

𝑁K + 𝑁)K

𝑁)
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𝑊 → 𝑐𝑠 → 𝜇

𝒈
𝒃

𝒃G

�̅� 𝒕

𝝂𝑾K

𝑾)

𝒍K

𝝁±

𝝁∓



27 September 2017Jacob Kempster - University of Birmingham 38

𝑊 → 𝑐𝑠 → 𝜇

𝝂𝑾K

𝑾)

𝒍K
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𝑊 → 𝑐𝑠 → 𝜇

𝝂𝑾K

𝑾)

𝒍K

𝒄$

𝒔
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𝑊 → 𝑐𝑠 → 𝜇

𝝂𝑾K

𝑾)

𝒍K

𝒄$

𝒔𝝁) • Opposite Sign
• Different Top

• But we charge flip-
different top events

• “Same-Sign”
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𝑊 → 𝑐𝑠 → 𝜇
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𝑊 → 𝑐𝑠 → 𝜇



27 September 2017Jacob Kempster - University of Birmingham 43

Charge Asymmetry

𝐴ii

𝐴ki

𝐴nopm

𝐴sotmq

𝐴sotrq

𝐴sotmr

Existing limits (2𝜎) (10)8)Data (10)8) SM (10)8)
−0.7 ± 0.8
0.4 ± 0.5

−2.5 ± 2.8

0.5 ± 0.5

1.0 ± 1.0

−1.0 ± 1.1

−

< 0.1

< 1.2

< 6.0

−

−

< 10)8

< 10)8
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Results

At	𝟐𝝈 the constraints made by this analysis are stronger than the existing limit on 𝑨𝒅𝒊𝒓𝒄𝒍

This the first direct experimental constraint on 𝑨𝒅𝒊𝒓𝒃𝒄 .
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Charge Asymmetry results
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Summary

• CP-sensitive same- and opposite-sign charge asymmetries have 
been measured.

• The first analysis to use this technique to measure CPV in 𝑏- and 𝑐-
quark decays

• The charge asymmetries and CP asymmetries presented are
consistent with the Standard Model expectations.

• This analysis produced the first experimental constraint of 𝐴sotmr , 
strengthened the existing 2𝜎 on 𝐴sotrq and provided an equivalent 
constraint on 𝐴sotmq .

• The largest uncertainty on all asymmetry measurements reported is 
statistical.

• The largest systematic uncertainty is additional radiation.

(JHEP 02 (2017) 071)
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Outlook
• A repeat analysis at 13 TeV (e.g. 100	fb):) has the potential to 

reduce the statistical uncertainty by a factor of 4

• If you focused on the systematics (e.g reduce IFSR by 1/3)
• Total uncertainties could be reduced by a factor 2.5!

• Additional statistics would potentially allow for a time-dependent 
analysis

• Secondary vertex tagger provides 𝑏-decay time



Thanks for your attention

Jacob Kempster
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Backup
The bonus stuff
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Kinematic Distributions
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Kinematic Distributions
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Charge asymmetry
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Data and Software
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Sakharov
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Still not 
enough!

Where is the 
New Physics?



Background determination - W+Jets
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• W+jets is	charge	asymmetric	– very	important	to	this	analysis
• Data	driven	W+jets estimate

• Scaling	factors	determined	in	2-jet	exclusive	region
• Flavour fractions,	CA	normalisation and	scale	factors	extrapolated	into	a	4-jet	inclusive	

region
• Full	profiled	W+jets:

• Scale	factor	determined	for	each	and	every	systematic
• Approx.	350	SF	per	channel	(195	SF	for	the	PDF)
• Any	W+jets variation	absorbed	into	all	other	systematics

• W+jets performed	for	3	tagging	combinations
• MV1@85%,	SMT,	MV1@85%+SMT
• Monitor	interplay	between	different	taggers
• Overall	systematic	effects	are	reduced	by	combination



W+Jets methodology
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Systematic uncertainties

61

• We	apply	the	standard	top	group	systematics:
• 4-momenta	smearing
• Scale	factors
• Signal	modelling

• We	considered	additional	systematic	uncertainties:
• Electron	charge	mis-ID

• Official	e/𝛾 tool	used,	up-to-date	calibration
• Muon charge	mis-ID	is	negligible	and	not	considered
• Production	of	𝐵Ý,i- ,	𝐵K,	and	𝐵-baryons	in	MC	does	not	match	PDG

• è Re-weighting	for	PYTHIA	and	HERWIG
• 𝑏 → 𝜇 branching	fractions	in	MC	does	not	match	PDG

• è Re-weighting	for	PYTHIA	and	HERWIG
• Single	top	production	asymmetry

• More	tops	producted than	anti-tops
• Uncertainty	on	theoretical	cross-section
• è Varying	𝑡 or	𝑡̅ rate	within	theoretical	uncertainties



Scale factors applied
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4-momentum shifting systematics
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Cross-section measurement
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• Measuring	𝜎��̅ demonstrates	that	we	understand	the	data
• Good	agreement	with	theory	and	other	measurements

• Only	published	papers	are	listed	in	the	comparison	table

• This	is	included	in	the	paper
• It	demonstrates	that:

• We	understand	our	backgrounds
• We	understand	our	modelling

𝝈𝒕�̅� = 𝟐𝟓𝟎 ± 𝟏 𝐒𝐭𝐚𝐭. )𝟐𝟑
K𝟐𝟒 𝐒𝐲𝐬𝐭. ± 𝟓 𝐋𝐮𝐦𝐢. ± 𝟒 𝐁𝐞𝐚𝐦 	𝐩𝐛

𝜎��̅ = 242.4 ± 1.7 Stat. ± 5.5 Syst. ± 7.5 Lumi. ± 4.2 Beam 	pb
𝜎��̅ = 260 ± 1 Stat. )89

K88 Syst. ± 8 Lumi. ± 4 Beam 	pb

𝜎��̅ = 239 ± 2 Stat. ± 11 Syst. ± 6 Lumi. 	pb
𝜎��̅ = 257 ± 3 Stat. ± 24 Syst. ± 7 Lumi. 	pb
𝜎��̅ = 275.6 ± 6.1 Stat. ± 37.8 Syst. ± 7.2 Lumi. 	pb

𝜎��̅ = 252.0 ± 11.7)ï.ðKð.ñ	pbTheory prediction
ATLAS 𝑒𝜇
ATLAS 𝑙 + jets

CMS 𝑒𝑒, 𝜇𝜇, 𝑒𝜇
CMS 𝑒𝜏, 𝜇𝜏
CMS all 
hadronic



𝜎��̅ systematics
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Detector / Physical Asymmetries

66

ATLAS is made of matter
• Kaons (and other hadrons) have different 

interaction lengths than their antiparticles
• When considering nuclear interactions, the 𝐾)

has more hyperon (strange-quark) final states 
than 𝐾K

• 𝐾K is therefore more likely to produce a muon 
final state, or to punch-through and fake a 
muon

• Leads to unequal numbers of fake 𝝁K and 
𝝁)

𝑲) + 𝒏 → 𝜦𝟎 + 𝝅)

𝑲) + 𝒑 → 𝜮K + 𝝅)



Kinematic Likelihood Fitter (KLFitter)
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Achieves approximately 80%	correct separation 
between ST and DT events!

Optimization:
• Allow for up to 5 reconstructed 

jets
• Correct 𝑏-jet four-momenta for 

semileptonic decay 
components (𝜈)

• Fix top mass (172.5	GeV)
• Veto 𝑏-tagged jets in light-

flavour positions
• Do not cut on the likelihood

• No additional ST - DT 
separation

• No additional signal –
background separation

II.Physik-UniGö-Dipl-2010/04 



Unfolding
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• Fiducial volume: Provides a prescription for extracting CP 
asymmetries from Charge asymmetries

• MC determination of the decay chain fractions 𝑟Ç

𝐴ii = 𝑟m𝐴nopmq + 𝑟rr̅𝐴nopmr + 𝑟r𝐴sotmr − (𝑟r + 𝑟rr̅)𝐴sotrq

𝐴ki = �̃�r𝐴nopmr +	 �̃�m𝐴sotmq + (�̃�r + �̃�rr̅)𝐴sotrq

• Minimizes systematic uncertainties by avoiding extrapolating to 
full phase space

• Low energy QCD very poorly modelled

• Allows for correction of KLFitter mistakes (ST vs DT) using a 
response matrix



Fiducial volume
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Electrons Muons

Jets Overlap removal

b-tagging

• Dressed 4-momenta used
• 𝑝� ≥ 25 GeV
• 𝜂 < 2.5
• Exactly 1 electron and 0 muons

• Dressed 4-momenta used
• 𝑝� ≥ 25 GeV
• 𝜂 < 2.5
• Exactly 1 muon and 0 electrons

• ≥ 4 anti-𝑘�4 jets formed from all stable 
MC particles

• 𝑝� ≥ 25 GeV and 𝜂 < 2.5

• Remove jet if ∆𝑅 𝑗, 𝑒 < 0.2
• Remove electron if ∆𝑅 𝑗, 𝑒 < 0.4
• Remove muon if ∆𝑅 𝑗, 𝑒 < 0.2

• No missing 𝐸� or 𝑊 transverse mass cuts are replied
• ∆𝑅 to match B-hadron with 𝑝� ≥ 5 GeV
• SMT muon with B-hadron and top quark in ancestral 

history



Unfolding
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𝑖 = Fiducial Index
𝑗 = Reconstruction Index

Off-Diagonal = Charge mis-ID (negligible)

Diagonal = KLFitter performance



Decay chain fractions (Obtained from simulation)

71

Same Sign

Opposite Sign

(Best measured in a well-defined fiducial volume)



Decay chain fractions
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Charge asymmetry results
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Charge asymmetry results
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CP asymmetry results

75


