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The Standard Model



§ Incorporate neutrino mass in the SM in a natural way

§ More matter than anti-matter

§ Strong CP problem: Why QCD does not break CP?

§ Electric dipole of the neutron: dN~5x10-16 θQCD e cm

§ dN< 3.0x10-26 e cm so θQCD < 10-10

§ naturalness: θQCD O(1) so fine tuning

§ Hierarchy Problem:

§Higgs mass should be 1016 GeV not O(100GeV)

§Planck scale so different from the Electroweak scale

§ Origin of Dark Matter & Dark Energy

What we don’t know...

More matter than anti-matter



§ Electroweak observables put strong 
constraints on the Higgs mass

§ Higgs enters into radiative 
corrections of EW boson

§Only logarithmically

§ Top mass enters 
quadratically…

§ Higgs largest coupling is to the top 
quark

Higgs Mass



Top is so heavy!



Producing top quarks



The LHC: a top quark factory



Top –Antitop production



Top –Antitop production



Experimental methods



§ Top quark is isospin partner of b quark:

§ Charge = +2/3

§ Spin = 1/2

§ Mass = ???

§ mt>mW+mb so dominant decay t→Wb

§ If assume unitarity: B(t →Wb)~100%  

§ Top decays before it feels non-
perturbative strong interaction

§ Can study the bare quark (eg spin)

§ No top-hadrons or tt-quarkonium

§ Top spin transferred to decay products

The SM top quark

(not inc. τ) BR background
dilepton ~5% low
lepton + jets ~30% moderate
all hadronic ~44% high



Example: Lepton+jets tt events
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ATLAS

Weight: 
7000 t 44 m 

22 m 

~108 channels (~2 MB/event)



Top mass measurements

1. Using leptonic invariant mass at 13 TeV using 36 fb-1: JHEP 06 (2023) 019
2. ATLAS+CMS Run 1 combination: submitted to PRL

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2019-13/


Object & Event selection
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≥ 4 jets (anti-kt R=0.4) pT>30 GeV |η|<2.5 

==1 isolated lepton (e or 
μ) pT>27 GeV |η|<2.5  

≥1 b-tagged jet

≥ SMT tagged jet  pT>25 GeV |η|<2.5
(can be same as b-tagged jet, if more 
than 1 SMT, for measurement use the 
one with highest pT muon) 

∆𝑅(𝑙,μ) < 2 (helps 
to select same top 
events)

𝐸T
miss > 30 GeV

𝐸T
miss + mT (𝑊) > 60 GeV 



B-tagging

𝑏

∆𝑅 < 0.4

Jet axis
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Soft Muon Tagger 
(SMT)

b ε = 77%
Light (c) rejection rate = 100 (7)
 

SMT b ε = 50%x20%
SMT light ε = 0.1%

μ

μ pT>8 GeV |η|<2.5
|d0| < 3 mm
|Z0sinθ| < 3mm



“soft” muons

BR(bàμ)~20%

“Hard-lepton”
“W-lepton” “Soft Muon”



SMT calibration & Yields

§ SMT eff calibration: SF data/MC:

§ Use J/Psi and Z data samples

§ SF  vs track and calo activity and vs d0

§ à no trends and SF close to 1.0

§ SMT mistag rate: SF data/MC:

§ Mostly from dif of π/K

§ Light –jet data sample: W+1 jet where jet 
is SMT-tagged but not b-tagged

§ à SF on normalization: 1.10±0.14

§ à scale pT of SMT-tagged jet: 
0.967±0.024 (using pT SMT-tagged jet/ pT 
non-SMT-tagged jet)

§ Background estimations:

§ MC for single top, Z+jets, Diboson

§ Data-driven for: W+jets (using “Charge Asymmetry method”) and Multijet (using “Matrix Method”)

86% signal 88% signal



Opposite Sign vs Same Sign

𝒈
"𝒃

�̅�

𝝂

W+

W-

b

Ι-

μ±

μ±

Different-Top
(DT)

Same-Top (ST)

Out of selected MC tt OS events:
 - 83% same top
 - 10% different top
 - 7% not from top
Out of selected MC tt SS events:
 - 57% same top
 - 41% different top
 - 2% not from top

l- μ-: SS
l- μ+: OS
And c.c.

∆𝑅(𝑙,μ) < 2 helps 
to select same top 
events
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Observable: minv(l, μ)



Observable: minv(l, μ)

(a) Same-top SMT muon (b) Di↵erent-top SMT muon

Figure 1: Illustration of same- and di↵erent-top SMT muons.
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Experimentally observable charge asymmetries are formed by considering the relative di↵erence in the
probability for an initial b- or b-quark to decay via either a positively or negatively charged SMT muon.
Let N↵� represent the number of SMT muons observed with a charge � in conjunction with a W-boson
lepton of charge ↵, where ↵, � = ±1. In the case that an SMT muon is estimated to have originated from
the di↵erent top-quark to the W-boson lepton, the sign of the W-boson lepton, ↵, is flipped in order to
consistently represent the charge of the b-quark at production in both scenarios. In the case of events
where both b-hadrons decay semileptonically and are both experimentally tagged, the event contributes
twice to the asymmetries. A total of four di↵erent probabilities are considered:
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§ Hvq program in Powheg-Box v2 using 
NNPDF3.0NLO 

§ PS and hadronisation: Pythia 8.2 using 
A 14-rb setting based on A 14 ATLAS 
tune

§ Bottom and charm mixing and decays: 
EvtGen v1.2.0

§ Modelling of momentum transfer 
between b-quark and b-hadron:

§ Pythia8 uses parametric functions to 
describe b fragmentation

§ Fit to e+e- data (applies to pp)

Tt MC simulation

§ Pythia Lund-Bowler fragmentation 
function:

§ a,b: data-fitted parameters, universal 
between light and heavy quarks

§ rb: specific to b quark fragmentation

§ mT: b-hadron transverse mass

§ z: Ez (b-had)/Ez (b) in light-cone reference 
frame

§ Controlled by both ⍺S and rb, since ⍺S=0.127 
in A14, rb needs to be tuned (rb = 0.855)

§ Fit uses A14 tune with e+e- à Z à bb data 
from ALEPH, OPEAL, DELPHI and SLD

§ Use RIVET v3.1.0 and : 

programs, describe this transfer according to phenomenological models, namely the string and cluster
models containing parameters which are tuned to data. The P�����8 program uses parametric functions to
describe the 1-quark fragmentation function, while H�����7 and S����� use a non-parametric model
which handles the complete parton-shower evolution. The free parameters in those models are typically fit
to measurements from 4

+
4
� colliders, and this analysis assumes that the 1-quark fragmentation function is

the same in 4
+
4
� and ?? collisions, as supported by dedicated studies.

The Lund–Bowler parameterisation [77, 78] in P�����8 was used. It is given by
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transverse mass (<⌫ being the 1-hadron mass), and I is the fraction of the longitudinal energy carried by
the 1-hadron with respect to the 1-quark, in the light-cone reference frame. The fragmentation function
is defined at the hadronisation scale and it is evolved by the parton shower to the process scale through
DGLAP evolution equations. In P�����8, the values of 0 and 1 were fit to data sensitive to light-quark
fragmentation [79], such as charged-particle multiplicities, event shapes and scaled momentum distributions.
They are assumed to be universal for light- and heavy-quarks, while the A1 parameter is specific to 1-quark
fragmentation.

The description of the 1-quark fragmentation in the ATLAS A14 tune is improved by fitting for the
StringZ:rFactB P�����8 parameter (corresponding to A1) following the approach given in Refs. [80–83].
The A14 tune sets the parton shower UB to 0.127, whereas the value of 0.1365 is used in Monash [79].
However, both Monash and A14 set A1 = 0.855. Since the 1-quark fragmentation is controlled both by UB

and A1, the procedure described in the following is used to determine a value of A1 more appropriate for a
value of UB = 0.127. The fit uses the A14 tune with 4

+
4
� collision data from the ALEPH, DELPHI and

OPAL experiments at the LEP collider, and from the SLD experiment at the SLC collider [84–87]. The
distribution of G⌫ = 2?⌫ · ?//<

2
/

from semileptonically decaying 1-hadrons in 4
+
4
�
! / ! 11̄ events

is used, where ?⌫ and ?/ are the four-momenta of the 1-hadron and the /-boson, respectively. In the
/ rest frame, </ is twice the beam energy and therefore G⌫ = 2⇢⌫/</ , where ⇢⌫ is the energy of the
1-hadron. The fit is performed using R���� v3.1.0 [88] to implement the measurements. The effect of
the matrix-element corrections for 4+4� ! / ! 11̄6 is taken into account. Eighty simulated samples of
1M 4

+
4
�
! / ! 11̄ events were produced using P�����8 with different values of the A1 parameter in

the interval [0.8-1.4] and compared to the experimental data in HEPDATA format. The extraction of the
best A1 value is performed through a standard binned j

2 test on the experimental G⌫ distribution where
statistical and systematic uncertainties are taken into account for each of the four experiments. In addition,
for the results of ALEPH, DELPHI and OPAL, bin-by-bin correlations are taken into account in the fit
procedure. The SLD experiment did not provide the full covariance matrix for the total uncertainties and
therefore the j

2 fit for this experiment is performed ignoring bin-by-bin correlations. For each experiment,
the j

2 minimisation is performed and the best A1 value and its uncertainty are found. The results are
summarised in Table 1. The values of j2

/ndf for DELPHI and SLD experiments show a poor modelling of
the data by the simulated templates. Therefore, before including these results into a global j2 combination,
the uncertainties found in the A1 parameter for these two cases were rescaled by a factor of ( =

p
j

2/ndf
following the procedure outlined in Ref. [1]. After these uncertainties are rescaled, the four j

2 curves
are summed up to produce a single j

2 curve taking into account the information of all four experiments.
In this approach, the four experiments are considered uncorrelated since the dominant uncertainties on
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§ Result of the fit: rb =1.05 ± 0.02

Tt MC simulation



§ Binned-template (smoothed) profile 
likelihood fit

§ Poisson likelihood model

§ Gaussian-constrained nuisance parameters (pruned)

§ OS and SS simultaneously

§ SS less sensitivity to top mass

Fit to extract top mass

• 3 fit parameters:
• Top mass
• N tt in OS and SS

• Pseudo-experiments: fit is linear, unbiased 
and correct stat unc.

• Slight trend in lepton pT: from boost of 
ttbar, various checks done



§ Detector systematics (JES, lepton ID, b-
tagging SF, etc.)

§ Modelling systematics:

§ Generator: compare with 
Madgraph5_aMC@NLO+Pythia8 (with 
pT(tt) reweighted to the Powheg+P8 one)

§ PS and hadronization:

§ Compare with Herwig 7.1.3 (angle-ordered 
shower alg)

§ rb unc.

§ Final State Radiation: renormalization and 
factorization scales with rb fitted for each 
(called ⍺S

FSR)

§ Initial State Radiation

§ PDF

§ B production fraction and decay BR 

§ Background modelling/normalizations

Profiled Systematic uncertainties



§ In Pythia: setting to model the 2nd+n 
gluon radiation from b in tàWb

§ RecoilToColoured=off, on or userHook

§ Tune will influence the impact of 
setting

§ RTW and RTT: wider-angle gluon 
radiation and lower gluon emissions: 
change b pT, W pT and angle between W 
and b

§ Top mass extracted from RTT and RTB 
leads to a 0.25 GeV shift: added as extra 
uncertainty outside of the profile 
likelihood fit

Recoil uncertainty: New! 
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Recoil Uncertainty



Result!
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Figure 5: Sensitivity of the <✓` distribution to different input top-quark masses from simulated events, separately for
the OS and SS samples.

reduce the number of statistically insignificant systematic uncertainties affecting the prediction of each of
the signal and background processes. A systematic variation of the <✓` templates is excluded if the total
predicted change is smaller than 0.05% of the nominal bin content for all bins. The impact on the total
estimated uncertainty is smaller than 0.03 GeV.

The top-quark mass determination from the fit is found to be linear and unbiased with respect to the input
top-quark mass hypothesis by means of pseudo-experiments, and its uncertainty from the likelihood ratio
is also checked to ensure it reports the correct statistical coverage. The fit method and the event selection
were optimised to minimise the total uncertainty in <C in a ‘blinded’ approach, i.e. using pseudo-data and
data without knowledge of the best-fit top-quark mass. The fit yields:

<C = 174.41 ± 0.39 (stat.) ± 0.66 (syst.) ± 0.25 (recoil) GeV,

where the statistical, systematic and recoil uncertainties are described in detail in Section 5. Figure 6
shows the post-fit <✓` distributions in the OS and SS samples; a goodness-of-fit test is performed using
the saturated model technique [1, 107] and returns a probability of 56%. Figures 7 and 8 display the
corresponding post-fit plots for the kinematic variables of Figures 3 and 4. The data distributions are well
described by the prediction, with the primary lepton ?T exhibiting a slight trend which is traced to the
boost of the CC̄ system, but which has no appreciable impact on the determined top-quark mass. This was
confirmed by detailed checks, performed by testing the impact of NNLO corrections on the top quark
kinematics, and by performing a test fit including the lepton pT as a second fit variable. In all cases the
impact on the measurement was shown to be well within the quoted modelling uncertainties associated with
ISR effects and ME generator choice. The post-fit uncertainties shown in Figures 7 and 8 are significantly
reduced with respect to the pre-fit ones shown in Figures 3 and 4 due to the CC̄ normalisation being treated
as a free parameter in the fit procedure; the normalisation uncertainty considered at pre-fit level is thus
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A measurement of the top-quark mass (<C ) in the CC̄ ! lepton + jets channel is presented,
with an experimental technique which exploits semileptonic decays of 1-hadrons produced
in the top-quark decay chain. The distribution of the invariant mass <✓` of the lepton,
✓ (with ✓ = 4, `), from the ,-boson decay and the muon, `, originating from the 1-
hadron decay is reconstructed, and a binned-template profile likelihood fit is performed to
extract <C . The measurement is based on data corresponding to an integrated luminosity
of 36.1 fb�1 of

p
B = 13 TeV ?? collisions provided by the Large Hadron Collider and

recorded by the ATLAS detector. The measured value of the top-quark mass is <C =
174.41 ± 0.39 (stat.) ± 0.66 (syst.) ± 0.25 (recoil) GeV, where the third uncertainty arises
from changing the P�����8 parton shower gluon-recoil scheme, used in top-quark decays, to a
recently developed setup.
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ATLAS and CMS measurements
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Run 1 ATLAS+CMS Mass combination
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Indirect top mass measurements

• Can unfold the 
minv(l, μ) 
distribution to get 
differential 
distribution, which 
is then sensitive to 
top pole mass

• Alex Mitov et al 
now obtained the 
NNLO calculations 
needed for this:

• [2210.06078] NNLO B-
fragmentation fits and 
their application to 
$t\bar t$ production and 
decay at the LHC 
(arxiv.org) 

https://arxiv.org/abs/2210.06078
https://arxiv.org/abs/2210.06078
https://arxiv.org/abs/2210.06078
https://arxiv.org/abs/2210.06078
https://arxiv.org/abs/2210.06078
https://arxiv.org/abs/2210.06078


CP violation in b decays using top 
events

1. 8 TeV measurement: JHEP02 (2017) 071  
2. 13 TeV update ongoing

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2017-17/


The Big Bang



Baryogenesis & CP violation

§ Baryogenesis: n(baryons) = n(antibaryons) ~ 10-18 n (photons)

§ But actually in the early universe: for every 109 antibaryons: 109 + 1 baryons, giving 109 
photons + 1 baryon!

§ Sakharov conditions:

§ 1) baryon number violation

§ 2) C and CP violation

§ 3) departure from thermal equilibrium



CP violation and the CKM matrix

§ Parity is conserved in QED and QCD but 
violated in weak interactions

§ CP violated in weak interactions

§ Need 3rd generation of quarks

η≠ 0 è CP violation
CKM elements not predicted by the SM, 

need to measure them



§ In SM CKM is unitary: V  V=1

§ 3 types of CPV:

§ Direct CP violation: Γ(BàX)≠Γ(BàX)

§ SM: smallest

§ CP violation in mixing (indirect): : Γ(B0àB0àX)≠Γ(B0àB0àX)

§ SM: small

§ CP violation in interference between decays to a common final 
state with and without mixing: Γ(B0àX)≠Γ(B0àB0àX)

§ SM: larger

§ Lots of BSM models predict large CP violation effects: 
fertile group to make precise measurements!

CP violation and the CKM unitarity triangle

1.3. THE KM MATRIX AND THE KM MODEL OF CP-VIOLATION 7

where in going to the second line we have expanded out the doublets in their
components. The result is invariant under (1.8) very much the same way that the
uR and dR terms are. Finally we have the o↵-diagonal terms. For these let us
introduce

�± =
�1 ± i�2

p
2

, and W± =
W 1 ⌥ iW 2

p
2

so that �1W 1 + �2W 2 = �+W+ + ��W� and (�+)12 =
p

2, (��)21 =
p

2, and all
other elements vanish. It is now easy to expand:

qL
1
2g2(�

1W 1 + �2W 2)qL = 1p
2
g2uL /W

+
dL + 1p

2
g2dL /W

�
uL

! 1p
2
g2uL(V †

uL
V

dL
) /W

+
dL + 1p

2
g2dL(V †

dL
V

uL
) /W

�
uL (1.11)

A relic of our field redefinitions has remained in the form of the unitary matrix
V = V †

uL
VdL

. We call this the Kobayashi-Maskawa (KM) matrix. You will also
find this as the Cabibbo-Kobayashi-Maskawa, or CKM, matrix in the literature.
Cabibbo figured out the 2 ⇥ 2 case, in which the matrix is orthogonal and given in
terms of a single angle, the Cabibbo angle. Because Kobayashi and Maskawa were
first to introduce the 3 ⇥ 3 version with an eye to incorporate CP violation in the
model (as we will study in detail below), in these notes we refer to it as as the KM
matrix.

A general unitary 3 ⇥ 3 matrix has 32 complex entries, constrained by 3 com-
plex plus 3 real conditions. So the KM matrix is in general parametrized by 9 real
entries. But not all are of physical consequence. We can perform further transfor-
mations of the form of (1.8) that leave the mass matrices in (1.9) diagonal and non-
negative if the unitary matrices are diagonal with VuL

= VuR
= diag(ei↵1 , ei↵2 , ei↵3)

and VdL
= VdR

= diag(ei�1 , ei�2 , ei�3). Then V is redefined by Vij ! ei(�j�↵i)Vij .
These five independent phase di↵erences reduce the number of independent pa-
rameters in V to 9 � 5 = 4. It can be shown that this can in general be taken to
be 3 rotation angles and one complex phase. It will be useful to label the matrix
elements by the quarks they connect:

V =

0

@
Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

1

A .

Observations:

1. That there is one irremovable phase in V impies that CP is not a symmetry
of the SM Lagrangian. It is broken by the terms uLV /W

+
dL + dLV † /W

�
uL.

To see this, recall that under CP uL�µdL ! �dL�µuL and W+µ ! �W�
µ .

Hence CP invariance requires V † = V T .



§ Opposite Sign (OS):

bàμ decay modes

(a) Same-top SMT muon (b) Di↵erent-top SMT muon

Figure 1: Illustration of same- and di↵erent-top SMT muons.
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Experimentally observable charge asymmetries are formed by considering the relative di↵erence in the
probability for an initial b- or b-quark to decay via either a positively or negatively charged SMT muon.
Let N↵� represent the number of SMT muons observed with a charge � in conjunction with a W-boson
lepton of charge ↵, where ↵, � = ±1. In the case that an SMT muon is estimated to have originated from
the di↵erent top-quark to the W-boson lepton, the sign of the W-boson lepton, ↵, is flipped in order to
consistently represent the charge of the b-quark at production in both scenarios. In the case of events
where both b-hadrons decay semileptonically and are both experimentally tagged, the event contributes
twice to the asymmetries. A total of four di↵erent probabilities are considered:
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§ Same Sign (SS):

(a) Same-top SMT muon (b) Di↵erent-top SMT muon

Figure 1: Illustration of same- and di↵erent-top SMT muons.
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Charge Asymmetries

(a) Same-top SMT muon (b) Di↵erent-top SMT muon

Figure 1: Illustration of same- and di↵erent-top SMT muons.
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where N+ ⌘ N++ + N+� and N� ⌘ N�+ + N�� represent the total number of positively and negatively
charged W-boson leptons respectively. Observable same- and opposite-sign charge asymmetries may be
formed from the probabilities:
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The charge asymmetries, Ass and Aos, are expressed as ratios of probabilities as this ensures that the meas-
urements are independent of any asymmetry that could lead to a di↵erent rate of positively or negatively
charged W-boson leptons being reconstructed. These e↵ects can come about due to tt̄ pair production
asymmetries, reconstruction asymmetries or background asymmetries. Non- tt̄ backgrounds, estimated
from simulation and by data-driven techniques, are subtracted from the data. The data are then unfolded
to a well-defined fiducial region from which the charge asymmetries are measured. The use of a fiducial
region provides a prescription, described below, in which the CP asymmetries may be extracted from
the charge asymmetries, as well as reducing the experimental uncertainties by minimising the extrapol-
ation from the reconstruction-level selection to the particle level. A more traditional dilution approach
would, in this case, be able to measure the charge asymmetries but would then be unable to extract the
CP asymmetries.

The charge asymmetries are related to the CP asymmetries [Equations (18)–(22)] via:
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where the decay-chain fractions, ri and eri, represent the relative rates of each channel. The decay-chain
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Backgrounds (tt lepton+jets and SMT)
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Charge asymmetries ingredients
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§ 8 TeV: Kinematic Likelihood fitter, purity: 79%

§ 13 TeV: 3 methods to compare:

§ Simple DR(l, μ), purity: 73%

§ Simple kinematic method: 68%

§ BDT:

§ Including jet features: 82%

§ Not including jet features: 76%

§ Final choice based on total uncertainty of 
measurements

ST/DT AssignmentDeltaR method

• A cut on the DeltaR at 2.05 

• ST Purity = !"
!"#$" = 0.7302

• DT Purity = !%
!%#$% = 0.7219	

• Overall Purity (accuracy) = !"#!%
!"#$"#!%#$% = 0.7261	

• ST Accuracy = !"
!"#$% = 0. 7327

• DT accuracy = !%
!%#$" = 0.7193

Weekly update 7
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BDT score
Leptonic features, 
charge included

Weekly update 4

Leptonic features, no charge

Jet features, charge included
Jet features, no charge

BDT feature importance 

Weekly update 5

Leptonic features, 
charge included

Leptonic features, 
no charge

Jet features, 
no charge

Jet features, 
charge included

E HampshireE Hampshire



Unfolding from reconstruction to particle

configured for the `+jets tt̄ system and optimised for this measurement, with b-tagged reconstructed jets
being fixed into the KLFitter b-jet positions, and allowing a total of five reconstructed jets to enter the
permutations. The top-quark mass was fixed at the MC mass of mtop = 172.5GeV. If a reconstructed b-
tagged jet is mapped to the KLFitter leptonic b-jet position then the SMT muon is considered to be same-
top-like, whereas if the b-tagged jet is mapped to the KLFitter hadronic b-jet position then the SMT muon
is considered to be di↵erent-top-like. In the case of events where both b-hadrons decay semileptonically
and are both experimentally tagged, one SMT muon is considered same-top-like and the other di↵erent-
top-like, and both SMT muons contribute to the charge asymmetries. A misassignment probability of
21% is achieved. No additional systematic uncertainty is associated with the KLFitter as the algorithm is
solely dependent on the four-momenta of the reconstructed objects, which are well described and covered
by the existing systematic uncertainties. A consistent KLFitter performance is achieved across all possible
charge and same- or di↵erent-top configurations, as determined in simulated tt̄ events.

The yield of SMT muons, shown for each charge combination, that are designated as same-top-like is
shown in Figure 3 while those designated as di↵erent-top-like is shown in Figure 4. As stated in Section 1,
for di↵erent-top-like SMT muons, the sign of the W-boson lepton has been flipped in order to consistently
represent the charge of the b-quark at production in both the same- and di↵erent-top scenarios. The
observed data are then combined and unfolded to the particle level via:

Ni =
1
✏i
·

X

j

M
�1
i j · f j

acc · (N j
data � N j

bkg), (26)

where i, j =
�
N++,N��,N+�,N�+

 
and index i runs over the particle level while index j runs over the

reconstruction level. N j
data and N j

bkg are the number of SMT muons observed in data and the estimated

background, respectively. An acceptance term, f j
acc, is applied bin-by-bin to correct for SMT muons that

are present at the reconstruction level, but not at the fiducial level. The acceptance term also includes
backgrounds within the tt̄ sample itself, such as muons originating from light-flavour, pile-up, c ! µ,
initial- and final-state radiation and dilepton tt̄ events. The response matrix,Mi j, is populated exclusively
by SMT muons which are matched between the reconstruction and particle level. Finally, an e�ciency
term, ✏i, is 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.

The response matrix, Mi j, is a discrete 4 ⇥ 4 matrix, shown in Table 3, where non-zero o↵-diagonal
terms can only occur via charge misidentification or via the misassignment of the same- or di↵erent-top
SMT muon classification. Charge misidentification was found to be negligible. Mi j is inverted using
unregularised matrix inversion, as implemented by the RooUnfold [91] program, and is found to show no
bias when artificial asymmetries are injected.
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§ Experimental ones:

§ Leptons, jets, backgrounds, MV1 and SMT 
tagging, etc.

§ Modelling:

§ Usual tt signal modelling:

§ PDF

§ Initial/Final State Radiation

§ Generators (Powheg vs MC@NLO)

§ Parton shower & hadronization (Pythia vs 
Herwig)

§ Specific ones:

§ b-hadron production rates (scale to RPP and 
reweight according to uncertainty)

§ b-hadron to mu decay fractions (scale to RPP 
and reweight according to uncertainty)

Systematic Uncertainties 8 TeV

e+jets µ+jets `+jets
�tt̄ [pb] 248.0 251.4 249.6
Statistical uncertainty in % ±0.6 ±0.6 ±0.4
Sources of experimental uncertainty in %
Lepton charge misidentification +0.0 �0.0 +0.0 �0.0 +0.0 �0.0
Lepton energy resolution +1.1 �1.0 +1.0 �1.0 +1.0 �1.0
Lepton trigger, reco, identification +2.8 �2.6 +2.1 �2.0 +2.1 �2.0
Jet energy scale +5.2 �5.2 +4.7 �4.6 +5.0 �4.8
Jet energy resolution +0.1 �0.1 +0.3 �0.3 +0.1 �0.1
Jet reco e�ciency +0.1 �0.1 +0.1 �0.1 +0.1 �0.1
Jet vertex fraction +1.0 �1.0 +1.0 �1.0 +1.0 �1.0
Fake lepton estimate +4.7 �4.7 +1.0 �1.0 +2.7 �2.7
Background normalisation +0.2 �0.2 +0.1 �0.1 +0.2 �0.2
W+jets estimate (statistical) +0.0 �0.0 +0.0 �0.0 +0.0 �0.0
Single-top production asymmetry +0.1 �0.0 +0.1 �0.0 +0.1 �0.0
b-tagging e�ciency +2.2 �2.1 +2.2 �2.1 +2.2 �2.1
c-jet mistag rate +0.4 �0.4 +0.4 �0.4 +0.4 �0.4
Light-jet mistag rate +0.1 �0.1 +0.1 �0.1 +0.1 �0.1
SMT reco identification +1.6 �1.5 +1.5 �1.5 +1.5 �1.5
SMT momentum imbalance +1.0 �1.0 +1.0 �1.0 +1.0 �1.0
SMT light-jet mistag rate +0.4 �0.5 +0.4 �0.5 +0.4 �0.5
Sources of modelling uncertainty in %
Hadron-to-muon branching ratio +2.8 �2.6 +2.8 �2.5 +2.8 �2.6
b-hadron production fractions +0.4 �0.3 +0.4 �0.4 +0.4 �0.4
Additional radiation ±5.3 ±3.9 ±4.5
MC generator ±3.0 ±3.1 ±3.0
Parton shower ±2.1 ±1.7 ±1.9
Parton distribution function ±1.1 ±0.8 ±0.9
Total experimental uncertainty +8.3 �8.1 +6.2 �6.0 +6.9 �6.7
Total modelling uncertainty +7.1 �7.0 +6.0 �5.9 +6.5 �6.4
Total systematic uncertainty +11 �11 +8.6 �8.4 +9.4 �9.3
Luminosity uncertainty ±1.9 ±1.9 ±1.9
LHC beam energy ±1.7 ±1.7 ±1.7

Table 2: Measurements of �tt̄ for the e+jets, µ+jets and combined `+jets channels, with systematic uncertainties in
percent.

7 Measurement of charge asymmetries

The data are separated into same- and di↵erent-top-like SMT muons, as illustrated in Figure 1, by a
kinematic likelihood fitter (KLFitter) [90]. The KLFitter places Breit–Wigner mass constraints on the
top-quark and W-boson masses, and permutes reconstructed jets into each possible position in the leading-
order parton representation of the tt̄ system. Transfer functions, motivated by detector geometry, are used
to map reconstructed jets to partons. For each possible permutation a likelihood and event probability
are calculated, and the permutation with the highest event probability is selected. The KLFitter was
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are calculated, and the permutation with the highest event probability is selected. The KLFitter was

16

JHEP02 (2017) 071



§ Statistical uncertainties largest

§ Since asymmetries are ratios, most 
cancel out, remaining ones:

§ IFSR: affects the KLFitter performance, 
modifies the response matrix, so large effect 
on asymmetries

§ PDF

Systematic Uncertainties on the asymmetries 
8 TeV

Ass
⇣
10�2
⌘

Aos
⇣
10�2
⌘

Measured value �0.7 0.41
Statistical uncertainty ±0.6 ±0.35
Sources of experimental uncertainty
Lepton charge misidentification +0.002 �0.002 +0.001 �0.001
Lepton energy resolution +0.09 �0.11 +0.07 �0.06
Lepton trigger, reco, identification +0.004 �0.004 +0.002 �0.002
Jet energy scale +0.10 �0.14 +0.08 �0.06
Jet energy resolution +0.019 �0.019 +0.009 �0.009
Jet reco e�ciency +0.010 �0.010 +0.006 �0.006
Jet vertex fraction +0.09 �0.09 +0.05 �0.05
Fake lepton estimate +0.05 �0.05 +0.025 �0.025
Background normalisation +0.002 �0.002 +0.001 �0.001
W+jets estimate (statistical) +0.003 �0.002 +0.001 �0.002
Single-top production asymmetry +0.016 �0.002 +0.001 �0.009
b-tagging e�ciency +0.008 �0.008 +0.004 �0.004
c-jet mistag rate +0.020 �0.020 +0.013 �0.013
Light-jet mistag rate +0.022 �0.023 +0.013 �0.012
SMT reco identification +0.004 �0.004 +0.004 �0.004
SMT momentum imbalance +0.06 �0.06 +0.04 �0.035
SMT light-jet mistag rate +0.010 �0.009 +0.005 �0.005
Sources of modelling uncertainty
Hadron-to-muon branching ratio +0.04 �0.05 +0.026 �0.022
b-hadron production +0.013 �0.008 +0.003 �0.008
Additional radiation ±0.4 ±0.23
MC generator ±0.05 ±0.025
Parton shower ±0.04 ±0.017
Parton distribution function ±0.22 ±0.13
Total experimental uncertainty +0.19 �0.22 +0.13 �0.11
Total modelling uncertainty +0.5 �0.5 +0.27 �0.27
Total systematic uncertainty +0.5 �0.5 +0.30 �0.29

Table 4: Measurements Ass and Aos, in units of 10�2, and breakdown of absolute uncertainties.

and is hereafter referred to as Ab
mix. For any CP asymmetries appearing in both charge asymmetries, the

tighter of the constraints is taken. For Ab
mix the tighter measurement comes solely from the Ass charge

asymmetry. This technique results in the following CP asymmetries:
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Charge Asymmetries: consistent with 0!

where N+ ⌘ N++ + N+� and N� ⌘ N�+ + N�� represent the total number of positively and negatively
charged W-boson leptons respectively. Observable same- and opposite-sign charge asymmetries may be
formed from the probabilities:
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The charge asymmetries, Ass and Aos, are expressed as ratios of probabilities as this ensures that the meas-
urements are independent of any asymmetry that could lead to a di↵erent rate of positively or negatively
charged W-boson leptons being reconstructed. These e↵ects can come about due to tt̄ pair production
asymmetries, reconstruction asymmetries or background asymmetries. Non- tt̄ backgrounds, estimated
from simulation and by data-driven techniques, are subtracted from the data. The data are then unfolded
to a well-defined fiducial region from which the charge asymmetries are measured. The use of a fiducial
region provides a prescription, described below, in which the CP asymmetries may be extracted from
the charge asymmetries, as well as reducing the experimental uncertainties by minimising the extrapol-
ation from the reconstruction-level selection to the particle level. A more traditional dilution approach
would, in this case, be able to measure the charge asymmetries but would then be unable to extract the
CP asymmetries.

The charge asymmetries are related to the CP asymmetries [Equations (18)–(22)] via:
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+ rcc
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where the decay-chain fractions, ri and eri, represent the relative rates of each channel. The decay-chain
fractions are dependent on the fiducial region chosen and are calculated as:
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Nrb
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. (17)

The CP asymmetries related to Bq � Bq mixing and direct CP-violating b- and c-decays are defined as:
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fractions are dependent on the fiducial region chosen and are calculated as:

rb =
Nrb

Nrb + Nrc + Nrcc

, erb =
Nerb

Nerb + Nerc + Nercc

, (15)

rc =
Nrc

Nrb + Nrc + Nrcc
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Nerb + Nerc + Nercc

, (16)

rcc =
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Nrb + Nrc + Nrcc

, ercc =
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Nerb + Nerc + Nercc

. (17)

The CP asymmetries related to Bq � Bq mixing and direct CP-violating b- and c-decays are defined as:

5

configured for the `+jets tt̄ system and optimised for this measurement, with b-tagged reconstructed jets
being fixed into the KLFitter b-jet positions, and allowing a total of five reconstructed jets to enter the
permutations. The top-quark mass was fixed at the MC mass of mtop = 172.5GeV. If a reconstructed b-
tagged jet is mapped to the KLFitter leptonic b-jet position then the SMT muon is considered to be same-
top-like, whereas if the b-tagged jet is mapped to the KLFitter hadronic b-jet position then the SMT muon
is considered to be di↵erent-top-like. In the case of events where both b-hadrons decay semileptonically
and are both experimentally tagged, one SMT muon is considered same-top-like and the other di↵erent-
top-like, and both SMT muons contribute to the charge asymmetries. A misassignment probability of
21% is achieved. No additional systematic uncertainty is associated with the KLFitter as the algorithm is
solely dependent on the four-momenta of the reconstructed objects, which are well described and covered
by the existing systematic uncertainties. A consistent KLFitter performance is achieved across all possible
charge and same- or di↵erent-top configurations, as determined in simulated tt̄ events.

The yield of SMT muons, shown for each charge combination, that are designated as same-top-like is
shown in Figure 3 while those designated as di↵erent-top-like is shown in Figure 4. As stated in Section 1,
for di↵erent-top-like SMT muons, the sign of the W-boson lepton has been flipped in order to consistently
represent the charge of the b-quark at production in both the same- and di↵erent-top scenarios. The
observed data are then combined and unfolded to the particle level via:

Ni =
1
✏i
·

X

j

M
�1
i j · f j

acc · (N j
data � N j

bkg), (26)

where i, j =
�
N++,N��,N+�,N�+

 
and index i runs over the particle level while index j runs over the

reconstruction level. N j
data and N j

bkg are the number of SMT muons observed in data and the estimated

background, respectively. An acceptance term, f j
acc, is applied bin-by-bin to correct for SMT muons that

are present at the reconstruction level, but not at the fiducial level. The acceptance term also includes
backgrounds within the tt̄ sample itself, such as muons originating from light-flavour, pile-up, c ! µ,
initial- and final-state radiation and dilepton tt̄ events. The response matrix,Mi j, is populated exclusively
by SMT muons which are matched between the reconstruction and particle level. Finally, an e�ciency
term, ✏i, is 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.

The response matrix, Mi j, is a discrete 4 ⇥ 4 matrix, shown in Table 3, where non-zero o↵-diagonal
terms can only occur via charge misidentification or via the misassignment of the same- or di↵erent-top
SMT muon classification. Charge misidentification was found to be negligible. Mi j is inverted using
unregularised matrix inversion, as implemented by the RooUnfold [91] program, and is found to show no
bias when artificial asymmetries are injected.

The observed charge asymmetries are given in Equations (27) and (28) and are found to be compatible
with zero:

Ass = �0.007 ± 0.006 (stat.) +0.002
�0.002

�
expt.

�
± 0.005 (model) , (27)

Aos = 0.0041 ± 0.0035 (stat.) +0.0013
�0.0011

�
expt.

�
± 0.0027 (model) . (28)

Both the statistical and systematic correlations between Ass and Aos are estimated to be ⇢ss,os = �1.0.
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Connecting charge asymmetries with CP ones

where N+ ⌘ N++ + N+� and N� ⌘ N�+ + N�� represent the total number of positively and negatively
charged W-boson leptons respectively. Observable same- and opposite-sign charge asymmetries may be
formed from the probabilities:

Ass =
P

�
b! `+

�
� P

⇣
b! `�

⌘

P (b! `+) + P
⇣
b! `�

⌘ , Aos =
P

�
b! `�

�
� P

⇣
b! `+

⌘

P (b! `�) + P
⇣
b! `+

⌘ , (11)

Ass =

 
N++

N+
�

N��

N�

!

 
N++

N+
+

N��

N�

! , Aos =

 
N+�

N+
�

N�+

N�

!

 
N+�

N+
+

N�+

N�

! . (12)

The charge asymmetries, Ass and Aos, are expressed as ratios of probabilities as this ensures that the meas-
urements are independent of any asymmetry that could lead to a di↵erent rate of positively or negatively
charged W-boson leptons being reconstructed. These e↵ects can come about due to tt̄ pair production
asymmetries, reconstruction asymmetries or background asymmetries. Non- tt̄ backgrounds, estimated
from simulation and by data-driven techniques, are subtracted from the data. The data are then unfolded
to a well-defined fiducial region from which the charge asymmetries are measured. The use of a fiducial
region provides a prescription, described below, in which the CP asymmetries may be extracted from
the charge asymmetries, as well as reducing the experimental uncertainties by minimising the extrapol-
ation from the reconstruction-level selection to the particle level. A more traditional dilution approach
would, in this case, be able to measure the charge asymmetries but would then be unable to extract the
CP asymmetries.

The charge asymmetries are related to the CP asymmetries [Equations (18)–(22)] via:

Ass = rbAb`
mix + rc

⇣
Abc

dir � Ac`
dir

⌘
+ rcc

⇣
Abc

mix � Ac`
dir

⌘
(13)

Aos =erbAb`
dir +erc
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mix + Ac`
dir

⌘
+erccAc`

dir (14)

where the decay-chain fractions, ri and eri, represent the relative rates of each channel. The decay-chain
fractions are dependent on the fiducial region chosen and are calculated as:
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The CP asymmetries related to Bq � Bq mixing and direct CP-violating b- and c-decays are defined as:
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Ab`
mix =

�
⇣
b! b! `+X

⌘
� �
⇣
b! b! `�X

⌘

�
⇣
b! b! `+X

⌘
+ �
⇣
b! b! `�X

⌘ , (18)

Abc
mix =

�
⇣
b! b! cX

⌘
� �
⇣
b! b! cX

⌘

�
⇣
b! b! cX

⌘
+ �
⇣
b! b! cX

⌘ , (19)

Ab`
dir =

�
�
b! `�X

�
� �
⇣
b! `+X

⌘

� (b! `�X) + �
⇣
b! `+X

⌘ , (20)

Ac`
dir =

�
�
c! `�XL

�
� �
�
c! `+XL

�

� (c! `�XL) + � (c! `+XL)
, (21)

Abc
dir =

� (b! cXL) � �
⇣
b! cXL

⌘

� (b! cXL) + �
⇣
b! cXL

⌘ , (22)

where X (XL) denotes an inclusive hadronic final state with no leptons, and with both light and charm
quarks (with light quarks only).

2 The ATLAS detector

The ATLAS detector at the LHC covers the pseudorapidity1 range |⌘| < 4.9 and the full azimuthal angle
�. It consists of the following main subsystems: an inner tracking system immersed in a 2 T magnetic
field provided by a superconducting solenoid, electromagnetic (EM) and hadronic calorimeters, and a
muon spectrometer incorporating three large superconducting toroid magnets composed of eight coils
each. The inner detector (ID) is composed of three subsystems: the pixel detector, the semiconductor
tracker and the transition radiation tracker. The ID provides tracking information in the pseudorapidity
range |⌘| < 2.5, calorimeters measure energy deposits (clusters) for |⌘| < 4.9, and the muon spectrometer
records tracks within |⌘| < 2.7. A three-level trigger system [24] is used to select interesting events.
It consists of a level-1 hardware trigger, reducing the event rate to at most 75 kHz, followed by two
software-based trigger levels, collectively referred to as the high-level trigger, yielding a recorded event
rate of approximately 400 Hz on average, depending on the data-taking conditions.

3 Object and event selection

The results are based on proton–proton collisions collected with the ATLAS experiment at the LHC at a
centre-of-mass energy of

p
s = 8TeV in 2012. The total integrated luminosity available for the analysis

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of
�R ⌘

p
(�⌘)2 + (��)2.
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Figure 1: Illustration of same- and di↵erent-top SMT muons.
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=

N��
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�
b! `�
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=
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�
b! `�

�

N (b! `�) + N (b! `+)
=

N+�
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=

N+�
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⇣
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=
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⇣
b! `+

⌘ =
N�+
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=
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rb = 0.200+0.017
�0.016 (Model) (75)

rc = 0.715+0.027
�0.023 (Model) (76)

rcc̄ = 0.085+0.020
�0.026 (Model) (77)

Hrb = 0.882+0.015
�0.013 (Model) (78)

Hrc = 0.069+0.009
�0.009 (Model) (79)

Hrcc̄ = 0.048+0.012
�0.015 (Model) (80)

A full systematic breakdown, and a discussion of the uncertainties on the decay chain fractions is provided1167

in Appendix K.1168

There are multiple options for the extraction of the five CP asymmetries which are discussed in the1169

sections below. It is clear that the nominal scenario of extracting five CP asymmetries from a measurement1170

of two charge asymmetries is a heavily under constrained system. Further constraints must therefore be1171

applied in order to set limits on each term. The full statistical and systematic uncertainties are propagated1172

through the analysis as in the measurement of Ass and Aos and are described in detail in Table 32. The1173

full statistical and systematic uncertainties are propagated through the analysis as in the measurement of1174

Ass and Aos. For experimental systematics the variations in the measurements of CP asymmetries arise1175

from shifts in the measured values of Ass and Aos as part of the prescription for the CP asymmetries. For1176

the modelling systematics, the variations arise from both shifts in Ass and Aos, and also from changes in1177

the fiducial MC decay chain fractions.1178

9.2. Mixing CP asymmetry extraction1179

The first scenario to consider is to assume that the full measurements of Ass and Aos may derive solely1180

from the mixing CP terms. Therefore one may take the limit where direct CP violation is set to zero, such1181

that A
bc
dir = A

c`
dir = A

b`
dir = 0. When this is the case, following the convention of [120] and [121], it is1182

true that A
b`
mix ⌘ A

bc
mix , below referred to as A

b
mix . The tighter measurement comes from extracting the1183

mixing asymmetry from Ass.1184

Ass = rb A
b`
mix + rcc̄ A

bc
mix = (rb + rcc̄ ) A

b
mix (81)

A
b
mix =

Ass

rb + rcc̄
(82)

A
b
mix = �0.025 ± 0.021 (Stat.)+0.008

�0.007
�
Expt.

�+0.017
�0.016 (Model) (83)
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§ Measure one CP asymmetry assuming 
all other 4 are 0

§ Also, if no direct CPV, then 

CP Asymmetries

Ab‘
mix ¼

!ðb ! "b ! ‘þXÞ % !ð "b ! b ! ‘%XÞ
!ðb ! "b ! ‘þXÞ þ !ð "b ! b ! ‘%XÞ ; (8)

Abc
mix ¼

!ðb ! "b ! "cXÞ % !ð "b ! b ! cXÞ
!ðb ! "b ! "cXÞ þ !ð "b ! b ! cXÞ : (9)

In addition, we define the following direct CPV asymme-
tries in the different b and c decay modes,

Ab‘
dir ¼

!ðb ! ‘%XÞ % !ð "b ! ‘þXÞ
!ðb ! ‘%XÞ þ !ð "b ! ‘þXÞ ; (10)

Ac‘
dir ¼

!ð "c ! ‘%XLÞ % !ðc ! ‘þXLÞ
!ð "c ! ‘%XLÞ þ !ðc ! ‘þXLÞ

; (11)

Abc
dir ¼

!ðb ! cXLÞ % !ð "b ! "cXLÞ
!ðb ! cXLÞ þ !ð "b ! "cXLÞ

; (12)

where X (XL) denotes an inclusive hadronic final state with
no leptons and with both light and charm quarks (with light
quarks only). We assume for simplicity no direct CPV in
b ! c "c. It is straightforward to generalize the analysis and
incorporate this contribution.

Using these definitions, the same-sign lepton asymmetry
in t"t events, Ass

sl , can be decomposed as follows

Ass
sl &

Nþþ % N%%

Nþþ þ N%% ¼ rbA
b‘
mix þ rcðAbc

dir % Ac‘
dirÞ

þ rc "cðAbc
mix % Ac‘

dirÞ; (13)

with N'' being the number of events where the sign of the
lepton that originates from theW and the sign of the lepton
from the b are both '. In addition, we have defined

rq & Nþþ
q þ N%%

q

Nþþ þ N%% ; (14)

with q ¼ b, c, c "c, and N''
b;c;c "c are the corresponding num-

bers of events coming from Eqs. (2)–(4), respectively,
similar to N''. The rq’s depend on the choice of the final
event selection, designed to enhance the signal.

Proceeding in a similar way, the opposite-sign lepton
asymmetry in t"t events, Aos

sl , is defined and decomposed as
follows

Aos
sl & Nþ% % N%þ

Nþ% þ N%þ ¼ ~rbA
b‘
dir þ ~rcðAbc

mix þ Ac‘
dirÞ þ ~rc "cA

c‘
dir;

(15)

where ~rb, ~rc, and ~rc "c are the corresponding fractions of
events for the decay chains defined in Eqs. (5)–(7), respec-
tively (the parameters of the opposite-sign sample are
marked with a tilde).

By construction, all the asymmetries in Eqs. (8)–(12) are
phase-convention independent. The mixing asymmetries
can be nonzero either because of CPV in mixing or because
of direct CPV in the subsequent decays of the neutral Bs;d.

On the other hand, the asymmetries in Eqs. (10)–(12) are
manifestly due to direct CPVonly. The latter are inclusive
partonic asymmetries that should be interpreted as appro-
priate averages of the corresponding exclusive asymme-
tries involved in a given decay chain. In principle, the
different hadron compositions in processes with or without
mixing (where only the neutral Bs;d mesons are involved)
may lead to differences between the direct CPV asymme-
tries appearing in Ass

sl and Aos
sl . For simplicity, we neglect

such differences.
The expressions of the asymmetries are greatly simpli-

fied in the limit where we can neglect direct CPV. In this

limit Aq‘
dir ¼ Abc

dir ¼ 0, and the mixing asymmetries can be
related to the theoretical parameters describing meson-
antimeson mixing. Following the convention of [4] we
have

Ab‘
mix ¼ Abc

mix ¼ fda
d
SL þ fsa

s
SL

¼ fd
1% jqBd

=pBd
j4

1þ jqBd
=pBd

j4 þ fs
1% jqBs

=pBs
j4

1þ jqBs
=pBs

j4 ; (16)

where qX and pX are the parameters describing the mass
eigenstates in the flavor basis and fd;s are the fractions of b
quarks forming Bd;s mesons.
LHC sensitivity.—The sensitivity of the proposed mea-

surements can be naively estimated by counting the
expected number of events and deriving the statistical
uncertainty. Systematic uncertainties are not taken into
account here. We consider only the dominant production
mechanism, namely of top pairs. In principle, the contri-
bution of single tops can be incorporated by using an
appropriate data-based normalization to compensate for
the different production rates of tops and antitops at the
LHC. Yet, the statistical gain is small; hence, we do not
include such a signal in our analysis.
We focus on events where one of the tops decays semi-

leptonically. The resulting lepton enables us to tag the
charges of the b quarks from the top and the antitop,
such that both can be included in the analysis. The asso-
ciation of each b jet (b-charge association) with the appro-
priate top is done by using the matrix element method, as
discussed below. Note that events where both b and c from
the same top decay semileptonically are rejected. In prin-
ciple, one could extend the analysis to include such finals
states; however, their inclusion makes the analysis more
complicated without a significant gain in sensitivity.
We use Monte Carlo tools to study the efficiencies of the

b-charge association and the kinematical cuts. The t"t
sample of events at

ffiffiffi
s

p ¼ 14 TeV is generated using
MADGRAPH/MADEVENT 5 v1.5.5 [5], PYTHIA 6.4 [6] and
DELPHES 2.0.3 [7] for the detector response. In order to
capture QCD radiation effects, we have included t"t events
with up to three extra partons employing the MLM-kT
merging procedure [8]. We select events with at least
one charged lepton (pT > 10 GeV) and four jets
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N++j N��j N+�j N�+j

N++i 0.79 0.00 0.00 0.21

N��i 0.00 0.79 0.21 0.00

N+�i 0.00 0.21 0.79 0.00

N�+i 0.21 0.00 0.00 0.79

Table 3: Response matrix,Mi j. The diagonal elements indicate that the same- or di↵erent-top assignment is correct.
All non-zero o↵-diagonal elements come from same- or di↵erent-top mistagging. Charge misidentification enters
the response matrix at the order of 10�5. The total uncertainty in all non-zero elements is 0.01.

The systematic uncertainties in each charge asymmetry, shown in Table 4, are estimated by keeping the
data constant and re-evaluating the acceptance, e�ciency, response matrix and background subtraction
for each uncertainty component. The largest uncertainty is statistical, which is estimated using 5,000
toy experiments with Poisson-smeared Ndata terms in Equation (26). The majority of the systematic
uncertainties scale the four charge pair bins uniformly, and their e↵ects cancel when ratios are taken
in the construction of Ass and Aos. Other systematic uncertainties have some charge dependence (such
as the single top background) or a↵ect the performance of KLFitter (such as the additional radiation),
as such these uncertainties are more prominent. The additional radiation and PDF uncertainties form
the largest modelling uncertainty, whilst the jet energy scale and lepton energy resolution are significant
experimental uncertainties.

The MC simulation predictions in the fiducial region are obtained using the nominal tt̄ simulation, which
contains no sources of CP violation, and the uncertainties are estimated by using the modelling uncertain-
ties described in Section 5.2. The MC simulation predictions are shown in Equations (29) and (30).

Ass
sim = 0.0005 ± 0.0016 (stat.) ± 0.0016 (model) (29)

Aos
sim = �0.0003 ± 0.0009 (stat.) ± 0.0009 (model) (30)

The MC simulation is found to be in good agreement with the data. Both are compatible with zero and
with the SM predictions of |Ass

| (|Aos
|) < 10�4 [19].

8 Interpretation of the charge asymmetries

The decay-chain fractions are obtained from simulation at the particle level, and are detailed in Table 5.
They can be used in conjunction with the observed charge asymmetries in order to extract the various
CP asymmetries. The largest uncertainties in the decay-chain fractions come from the hadron-to-muon
branching ratio and the parton shower. There are two observed charge asymmetries and five CP asymmet-
ries, leading to an underconstrained system. Following the suggestion of Ref. [19], each CP asymmetry
in this interpretation is considered in turn whilst setting the other four CP asymmetries to zero. Further-
more, following the convention of Refs. [92] and [93], in the case of zero direct CP violation, Ab`

mix ⌘ Abc
mix
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Ass
⇣
10�2
⌘

Aos
⇣
10�2
⌘

Measured value �0.7 0.41
Statistical uncertainty ±0.6 ±0.35
Sources of experimental uncertainty
Lepton charge misidentification +0.002 �0.002 +0.001 �0.001
Lepton energy resolution +0.09 �0.11 +0.07 �0.06
Lepton trigger, reco, identification +0.004 �0.004 +0.002 �0.002
Jet energy scale +0.10 �0.14 +0.08 �0.06
Jet energy resolution +0.019 �0.019 +0.009 �0.009
Jet reco e�ciency +0.010 �0.010 +0.006 �0.006
Jet vertex fraction +0.09 �0.09 +0.05 �0.05
Fake lepton estimate +0.05 �0.05 +0.025 �0.025
Background normalisation +0.002 �0.002 +0.001 �0.001
W+jets estimate (statistical) +0.003 �0.002 +0.001 �0.002
Single-top production asymmetry +0.016 �0.002 +0.001 �0.009
b-tagging e�ciency +0.008 �0.008 +0.004 �0.004
c-jet mistag rate +0.020 �0.020 +0.013 �0.013
Light-jet mistag rate +0.022 �0.023 +0.013 �0.012
SMT reco identification +0.004 �0.004 +0.004 �0.004
SMT momentum imbalance +0.06 �0.06 +0.04 �0.035
SMT light-jet mistag rate +0.010 �0.009 +0.005 �0.005
Sources of modelling uncertainty
Hadron-to-muon branching ratio +0.04 �0.05 +0.026 �0.022
b-hadron production +0.013 �0.008 +0.003 �0.008
Additional radiation ±0.4 ±0.23
MC generator ±0.05 ±0.025
Parton shower ±0.04 ±0.017
Parton distribution function ±0.22 ±0.13
Total experimental uncertainty +0.19 �0.22 +0.13 �0.11
Total modelling uncertainty +0.5 �0.5 +0.27 �0.27
Total systematic uncertainty +0.5 �0.5 +0.30 �0.29

Table 4: Measurements Ass and Aos, in units of 10�2, and breakdown of absolute uncertainties.

and is hereafter referred to as Ab
mix. For any CP asymmetries appearing in both charge asymmetries, the

tighter of the constraints is taken. For Ab
mix the tighter measurement comes solely from the Ass charge

asymmetry. This technique results in the following CP asymmetries:
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(a) e+jets channel. (b) µ+jets channel.

Figure 3: Same-top-like charge-pairings distributions. The hashed area represents all experimental systematic un-
certainties as well as the b-hadron production and hadron-to-muon branching ratio uncertainties. The lower panel
of the distributions show the ratio of the data divided by the simulation. (a) shows the e+jets channel while (b)
shows the µ+jets channel.

(a) e+jets channel. (b) µ+jets channel.

Figure 4: Di↵erent-top-like charge-pairings distributions. The hashed area represents all experimental systematic
uncertainties as well as the b-hadron production and hadron-to-muon branching ratio uncertainties. The lower
panel of the distributions show the ratio of the data divided by the simulation. (a) shows the e+jets channel while
(b) shows the µ+jets channel.

Ab
mix =

Ass

rb + rcc
= �0.025 ± 0.021 (stat.) ± 0.008

�
expt.
�
± 0.017 (model) , (31)

Ab`
dir =

Aos

erb
= 0.005 ± 0.004 (stat.) ± 0.001

�
expt.
�
± 0.003 (model) , (32)

Ac`
dir =

�Ass

rc + rcc
= 0.009 ± 0.007 (stat.) ± 0.003

�
expt.
�
± 0.006 (model) , (33)

Abc
dir =

Ass

rc
= �0.010 ± 0.008 (stat.) ± 0.003

�
expt.
�
± 0.007 (model) . (34)

with the systematic uncertainties shown in Table 6. The predictions of the MC simulation are:
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Ab‘
mix ¼

!ðb ! "b ! ‘þXÞ % !ð "b ! b ! ‘%XÞ
!ðb ! "b ! ‘þXÞ þ !ð "b ! b ! ‘%XÞ ; (8)

Abc
mix ¼

!ðb ! "b ! "cXÞ % !ð "b ! b ! cXÞ
!ðb ! "b ! "cXÞ þ !ð "b ! b ! cXÞ : (9)

In addition, we define the following direct CPV asymme-
tries in the different b and c decay modes,

Ab‘
dir ¼

!ðb ! ‘%XÞ % !ð "b ! ‘þXÞ
!ðb ! ‘%XÞ þ !ð "b ! ‘þXÞ ; (10)

Ac‘
dir ¼

!ð "c ! ‘%XLÞ % !ðc ! ‘þXLÞ
!ð "c ! ‘%XLÞ þ !ðc ! ‘þXLÞ

; (11)

Abc
dir ¼

!ðb ! cXLÞ % !ð "b ! "cXLÞ
!ðb ! cXLÞ þ !ð "b ! "cXLÞ

; (12)

where X (XL) denotes an inclusive hadronic final state with
no leptons and with both light and charm quarks (with light
quarks only). We assume for simplicity no direct CPV in
b ! c "c. It is straightforward to generalize the analysis and
incorporate this contribution.

Using these definitions, the same-sign lepton asymmetry
in t"t events, Ass

sl , can be decomposed as follows

Ass
sl &

Nþþ % N%%

Nþþ þ N%% ¼ rbA
b‘
mix þ rcðAbc

dir % Ac‘
dirÞ

þ rc "cðAbc
mix % Ac‘

dirÞ; (13)

with N'' being the number of events where the sign of the
lepton that originates from theW and the sign of the lepton
from the b are both '. In addition, we have defined

rq & Nþþ
q þ N%%

q

Nþþ þ N%% ; (14)

with q ¼ b, c, c "c, and N''
b;c;c "c are the corresponding num-

bers of events coming from Eqs. (2)–(4), respectively,
similar to N''. The rq’s depend on the choice of the final
event selection, designed to enhance the signal.

Proceeding in a similar way, the opposite-sign lepton
asymmetry in t"t events, Aos

sl , is defined and decomposed as
follows

Aos
sl & Nþ% % N%þ

Nþ% þ N%þ ¼ ~rbA
b‘
dir þ ~rcðAbc

mix þ Ac‘
dirÞ þ ~rc "cA

c‘
dir;

(15)

where ~rb, ~rc, and ~rc "c are the corresponding fractions of
events for the decay chains defined in Eqs. (5)–(7), respec-
tively (the parameters of the opposite-sign sample are
marked with a tilde).

By construction, all the asymmetries in Eqs. (8)–(12) are
phase-convention independent. The mixing asymmetries
can be nonzero either because of CPV in mixing or because
of direct CPV in the subsequent decays of the neutral Bs;d.

On the other hand, the asymmetries in Eqs. (10)–(12) are
manifestly due to direct CPVonly. The latter are inclusive
partonic asymmetries that should be interpreted as appro-
priate averages of the corresponding exclusive asymme-
tries involved in a given decay chain. In principle, the
different hadron compositions in processes with or without
mixing (where only the neutral Bs;d mesons are involved)
may lead to differences between the direct CPV asymme-
tries appearing in Ass

sl and Aos
sl . For simplicity, we neglect

such differences.
The expressions of the asymmetries are greatly simpli-

fied in the limit where we can neglect direct CPV. In this

limit Aq‘
dir ¼ Abc

dir ¼ 0, and the mixing asymmetries can be
related to the theoretical parameters describing meson-
antimeson mixing. Following the convention of [4] we
have

Ab‘
mix ¼ Abc

mix ¼ fda
d
SL þ fsa

s
SL

¼ fd
1% jqBd

=pBd
j4

1þ jqBd
=pBd

j4 þ fs
1% jqBs

=pBs
j4

1þ jqBs
=pBs

j4 ; (16)

where qX and pX are the parameters describing the mass
eigenstates in the flavor basis and fd;s are the fractions of b
quarks forming Bd;s mesons.
LHC sensitivity.—The sensitivity of the proposed mea-

surements can be naively estimated by counting the
expected number of events and deriving the statistical
uncertainty. Systematic uncertainties are not taken into
account here. We consider only the dominant production
mechanism, namely of top pairs. In principle, the contri-
bution of single tops can be incorporated by using an
appropriate data-based normalization to compensate for
the different production rates of tops and antitops at the
LHC. Yet, the statistical gain is small; hence, we do not
include such a signal in our analysis.
We focus on events where one of the tops decays semi-

leptonically. The resulting lepton enables us to tag the
charges of the b quarks from the top and the antitop,
such that both can be included in the analysis. The asso-
ciation of each b jet (b-charge association) with the appro-
priate top is done by using the matrix element method, as
discussed below. Note that events where both b and c from
the same top decay semileptonically are rejected. In prin-
ciple, one could extend the analysis to include such finals
states; however, their inclusion makes the analysis more
complicated without a significant gain in sensitivity.
We use Monte Carlo tools to study the efficiencies of the

b-charge association and the kinematical cuts. The t"t
sample of events at

ffiffiffi
s

p ¼ 14 TeV is generated using
MADGRAPH/MADEVENT 5 v1.5.5 [5], PYTHIA 6.4 [6] and
DELPHES 2.0.3 [7] for the detector response. In order to
capture QCD radiation effects, we have included t"t events
with up to three extra partons employing the MLM-kT
merging procedure [8]. We select events with at least
one charged lepton (pT > 10 GeV) and four jets
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mix ¼

!ðb ! "b ! ‘þXÞ % !ð "b ! b ! ‘%XÞ
!ðb ! "b ! ‘þXÞ þ !ð "b ! b ! ‘%XÞ ; (8)

Abc
mix ¼

!ðb ! "b ! "cXÞ % !ð "b ! b ! cXÞ
!ðb ! "b ! "cXÞ þ !ð "b ! b ! cXÞ : (9)

In addition, we define the following direct CPV asymme-
tries in the different b and c decay modes,

Ab‘
dir ¼

!ðb ! ‘%XÞ % !ð "b ! ‘þXÞ
!ðb ! ‘%XÞ þ !ð "b ! ‘þXÞ ; (10)

Ac‘
dir ¼

!ð "c ! ‘%XLÞ % !ðc ! ‘þXLÞ
!ð "c ! ‘%XLÞ þ !ðc ! ‘þXLÞ

; (11)

Abc
dir ¼

!ðb ! cXLÞ % !ð "b ! "cXLÞ
!ðb ! cXLÞ þ !ð "b ! "cXLÞ

; (12)

where X (XL) denotes an inclusive hadronic final state with
no leptons and with both light and charm quarks (with light
quarks only). We assume for simplicity no direct CPV in
b ! c "c. It is straightforward to generalize the analysis and
incorporate this contribution.

Using these definitions, the same-sign lepton asymmetry
in t"t events, Ass

sl , can be decomposed as follows

Ass
sl &

Nþþ % N%%

Nþþ þ N%% ¼ rbA
b‘
mix þ rcðAbc

dir % Ac‘
dirÞ

þ rc "cðAbc
mix % Ac‘

dirÞ; (13)

with N'' being the number of events where the sign of the
lepton that originates from theW and the sign of the lepton
from the b are both '. In addition, we have defined

rq & Nþþ
q þ N%%

q

Nþþ þ N%% ; (14)

with q ¼ b, c, c "c, and N''
b;c;c "c are the corresponding num-

bers of events coming from Eqs. (2)–(4), respectively,
similar to N''. The rq’s depend on the choice of the final
event selection, designed to enhance the signal.

Proceeding in a similar way, the opposite-sign lepton
asymmetry in t"t events, Aos

sl , is defined and decomposed as
follows

Aos
sl & Nþ% % N%þ

Nþ% þ N%þ ¼ ~rbA
b‘
dir þ ~rcðAbc

mix þ Ac‘
dirÞ þ ~rc "cA

c‘
dir;

(15)

where ~rb, ~rc, and ~rc "c are the corresponding fractions of
events for the decay chains defined in Eqs. (5)–(7), respec-
tively (the parameters of the opposite-sign sample are
marked with a tilde).

By construction, all the asymmetries in Eqs. (8)–(12) are
phase-convention independent. The mixing asymmetries
can be nonzero either because of CPV in mixing or because
of direct CPV in the subsequent decays of the neutral Bs;d.

On the other hand, the asymmetries in Eqs. (10)–(12) are
manifestly due to direct CPVonly. The latter are inclusive
partonic asymmetries that should be interpreted as appro-
priate averages of the corresponding exclusive asymme-
tries involved in a given decay chain. In principle, the
different hadron compositions in processes with or without
mixing (where only the neutral Bs;d mesons are involved)
may lead to differences between the direct CPV asymme-
tries appearing in Ass

sl and Aos
sl . For simplicity, we neglect

such differences.
The expressions of the asymmetries are greatly simpli-

fied in the limit where we can neglect direct CPV. In this

limit Aq‘
dir ¼ Abc

dir ¼ 0, and the mixing asymmetries can be
related to the theoretical parameters describing meson-
antimeson mixing. Following the convention of [4] we
have

Ab‘
mix ¼ Abc

mix ¼ fda
d
SL þ fsa

s
SL

¼ fd
1% jqBd

=pBd
j4

1þ jqBd
=pBd

j4 þ fs
1% jqBs

=pBs
j4

1þ jqBs
=pBs

j4 ; (16)

where qX and pX are the parameters describing the mass
eigenstates in the flavor basis and fd;s are the fractions of b
quarks forming Bd;s mesons.
LHC sensitivity.—The sensitivity of the proposed mea-

surements can be naively estimated by counting the
expected number of events and deriving the statistical
uncertainty. Systematic uncertainties are not taken into
account here. We consider only the dominant production
mechanism, namely of top pairs. In principle, the contri-
bution of single tops can be incorporated by using an
appropriate data-based normalization to compensate for
the different production rates of tops and antitops at the
LHC. Yet, the statistical gain is small; hence, we do not
include such a signal in our analysis.
We focus on events where one of the tops decays semi-

leptonically. The resulting lepton enables us to tag the
charges of the b quarks from the top and the antitop,
such that both can be included in the analysis. The asso-
ciation of each b jet (b-charge association) with the appro-
priate top is done by using the matrix element method, as
discussed below. Note that events where both b and c from
the same top decay semileptonically are rejected. In prin-
ciple, one could extend the analysis to include such finals
states; however, their inclusion makes the analysis more
complicated without a significant gain in sensitivity.
We use Monte Carlo tools to study the efficiencies of the

b-charge association and the kinematical cuts. The t"t
sample of events at

ffiffiffi
s

p ¼ 14 TeV is generated using
MADGRAPH/MADEVENT 5 v1.5.5 [5], PYTHIA 6.4 [6] and
DELPHES 2.0.3 [7] for the detector response. In order to
capture QCD radiation effects, we have included t"t events
with up to three extra partons employing the MLM-kT
merging procedure [8]. We select events with at least
one charged lepton (pT > 10 GeV) and four jets
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Introduction and motivation

a, and in the dimuon case N
fifi represents the number of events with two muons of charge b.

After accounting for background and detector-related processes, the measurement assumes that

the only source of non-zero charge asymmetries to which it is sensitive come from CP violation

in the decays of coherent bb̄ pairs. a is found to be consistent with zero, however A was found

to differ from the SM expectation by approximately 3s, when interpreted as the result of CP

violation in the mixing of neutral B mesons (Figure 1.1a), and also when interpreted as the result

of CP violation in the direct decays of B and D mesons (Figure 1.1b).

(a) (b)

Figure 1.1: (a) Overview of measurements of a
d

sl and a
s

sl (flavour-dependent CP violation asymmetries in
neutral B meson mixing). The black dot represents the SM expectation value [REF], the yellow ellipse
represents interpretation of the D0 dimuon observation, and the green bands represent naive averages
of previous measurements. (b) Interpretation of the D0 dimuon (A) and single muon (a) observations,
detailing the magnitude of direct CP violation in b and c decays required to produce them assuming
SM-like neutral B mixing.

In Figure 1.1, the following definitions are used:

a
q

sl =
G
⇣

B̄0
q
! B

0
q
! f

⌘
�G

⇣
B

0
q
! B̄0

q
! f̄

⌘

G
⇣

B̄0
q
! B0

q
! f

⌘
+G

⇣
B0

q
! B̄0

q
! f̄

⌘ , (1.3)

a
q

dir =
G(b ! µ

�
X)�G

�
b̄ ! µ

+
X
�

G(b ! µ�X)+G
�
b̄ ! µ+X

� (1.4)

where X is an inclusive final state, and the full asymmetry for neutral B mixing is given as

a
b

sl = fsa
s

sl + fda
d

sl and fq are the relevant fragmentation functions.
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Chapter 2

B-physics

The contents of this chapter are based on [BaBarPhysBookRef].

2.1 CP violation in the B-meson system, using time-integrated anal-

yses

In the B-meson system the mass and flavour eigenstates are distinct, and are also not equivalent

to CP eigenstates. The neutral flavour eigenstates, which are most useful for describing particle

production and decay are B
0
d
= b̄d and B̄

0
d
= d̄b, and also an equivalent B

0
s

definition. Each

particle will propagate as a mass eigenstate (either a heavy BH or light BL) governed by a time-

dependent Schrödinger equation:

|BLi= p

��B0↵+q

��B̄0↵ , |BHi= p

��B0↵�q

��B̄0↵ , (2.1)

i
d

dt

0

@ p

q

1

A=

✓
M� i

2
G
◆0

@ p

q

1

A . (2.2)

where p and q are complex coefficients, and BH and BL are seen to have a mass difference DmB

and width difference DG and where it is expected that DG << DmB. During the flight of a neutral

B-meson the particle wavefunction oscillates between the B
0 and B̄

0, which can be explained via

the box diagrams in Section[REF]. The complex coefficients have phases which are unique to

the weak sector in the SM, appearing only in the CKM matrix. These are referred to as weak

phases, and open the possbility of CP violation. Other phases, which do not violate CP, are also
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Figure 1: The A
c
dir and A

b
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 A

b
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 A
0 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 A
b
dir and A

c
dir may di↵er from zero. It is then useful to compute the

dependence of aS , AS and A
0
S on the three CP asymmetries (to first order), yielding:

aS = A
b
sl(0.061± 0.004) +A

b
dir(�0.535± 0.028) +A

c
dir(�0.454± 0.028) , (16a)

AS = A
b
sl(0.474± 0.023) +A

b
dir(�1.421± 0.024) +A

c
dir(�0.527± 0.025) , (16b)

A
0
S = A

b
sl(0.312± 0.023) +A

b
dir(�0.849± 0.061) +A

c
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 A

b
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 A

b
dir

is larger than that to A
c
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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Ab
mix=(-0.496±0.168)%

Ab‘
mix ¼

!ðb ! "b ! ‘þXÞ % !ð "b ! b ! ‘%XÞ
!ðb ! "b ! ‘þXÞ þ !ð "b ! b ! ‘%XÞ ; (8)

Abc
mix ¼

!ðb ! "b ! "cXÞ % !ð "b ! b ! cXÞ
!ðb ! "b ! "cXÞ þ !ð "b ! b ! cXÞ : (9)

In addition, we define the following direct CPV asymme-
tries in the different b and c decay modes,

Ab‘
dir ¼

!ðb ! ‘%XÞ % !ð "b ! ‘þXÞ
!ðb ! ‘%XÞ þ !ð "b ! ‘þXÞ ; (10)

Ac‘
dir ¼

!ð "c ! ‘%XLÞ % !ðc ! ‘þXLÞ
!ð "c ! ‘%XLÞ þ !ðc ! ‘þXLÞ

; (11)

Abc
dir ¼

!ðb ! cXLÞ % !ð "b ! "cXLÞ
!ðb ! cXLÞ þ !ð "b ! "cXLÞ

; (12)

where X (XL) denotes an inclusive hadronic final state with
no leptons and with both light and charm quarks (with light
quarks only). We assume for simplicity no direct CPV in
b ! c "c. It is straightforward to generalize the analysis and
incorporate this contribution.

Using these definitions, the same-sign lepton asymmetry
in t"t events, Ass

sl , can be decomposed as follows

Ass
sl &

Nþþ % N%%

Nþþ þ N%% ¼ rbA
b‘
mix þ rcðAbc

dir % Ac‘
dirÞ

þ rc "cðAbc
mix % Ac‘

dirÞ; (13)

with N'' being the number of events where the sign of the
lepton that originates from theW and the sign of the lepton
from the b are both '. In addition, we have defined

rq & Nþþ
q þ N%%

q

Nþþ þ N%% ; (14)

with q ¼ b, c, c "c, and N''
b;c;c "c are the corresponding num-

bers of events coming from Eqs. (2)–(4), respectively,
similar to N''. The rq’s depend on the choice of the final
event selection, designed to enhance the signal.

Proceeding in a similar way, the opposite-sign lepton
asymmetry in t"t events, Aos

sl , is defined and decomposed as
follows

Aos
sl & Nþ% % N%þ

Nþ% þ N%þ ¼ ~rbA
b‘
dir þ ~rcðAbc

mix þ Ac‘
dirÞ þ ~rc "cA

c‘
dir;

(15)

where ~rb, ~rc, and ~rc "c are the corresponding fractions of
events for the decay chains defined in Eqs. (5)–(7), respec-
tively (the parameters of the opposite-sign sample are
marked with a tilde).

By construction, all the asymmetries in Eqs. (8)–(12) are
phase-convention independent. The mixing asymmetries
can be nonzero either because of CPV in mixing or because
of direct CPV in the subsequent decays of the neutral Bs;d.

On the other hand, the asymmetries in Eqs. (10)–(12) are
manifestly due to direct CPVonly. The latter are inclusive
partonic asymmetries that should be interpreted as appro-
priate averages of the corresponding exclusive asymme-
tries involved in a given decay chain. In principle, the
different hadron compositions in processes with or without
mixing (where only the neutral Bs;d mesons are involved)
may lead to differences between the direct CPV asymme-
tries appearing in Ass

sl and Aos
sl . For simplicity, we neglect

such differences.
The expressions of the asymmetries are greatly simpli-

fied in the limit where we can neglect direct CPV. In this

limit Aq‘
dir ¼ Abc

dir ¼ 0, and the mixing asymmetries can be
related to the theoretical parameters describing meson-
antimeson mixing. Following the convention of [4] we
have

Ab‘
mix ¼ Abc

mix ¼ fda
d
SL þ fsa

s
SL

¼ fd
1% jqBd

=pBd
j4

1þ jqBd
=pBd

j4 þ fs
1% jqBs

=pBs
j4

1þ jqBs
=pBs

j4 ; (16)

where qX and pX are the parameters describing the mass
eigenstates in the flavor basis and fd;s are the fractions of b
quarks forming Bd;s mesons.
LHC sensitivity.—The sensitivity of the proposed mea-

surements can be naively estimated by counting the
expected number of events and deriving the statistical
uncertainty. Systematic uncertainties are not taken into
account here. We consider only the dominant production
mechanism, namely of top pairs. In principle, the contri-
bution of single tops can be incorporated by using an
appropriate data-based normalization to compensate for
the different production rates of tops and antitops at the
LHC. Yet, the statistical gain is small; hence, we do not
include such a signal in our analysis.
We focus on events where one of the tops decays semi-

leptonically. The resulting lepton enables us to tag the
charges of the b quarks from the top and the antitop,
such that both can be included in the analysis. The asso-
ciation of each b jet (b-charge association) with the appro-
priate top is done by using the matrix element method, as
discussed below. Note that events where both b and c from
the same top decay semileptonically are rejected. In prin-
ciple, one could extend the analysis to include such finals
states; however, their inclusion makes the analysis more
complicated without a significant gain in sensitivity.
We use Monte Carlo tools to study the efficiencies of the

b-charge association and the kinematical cuts. The t"t
sample of events at

ffiffiffi
s

p ¼ 14 TeV is generated using
MADGRAPH/MADEVENT 5 v1.5.5 [5], PYTHIA 6.4 [6] and
DELPHES 2.0.3 [7] for the detector response. In order to
capture QCD radiation effects, we have included t"t events
with up to three extra partons employing the MLM-kT
merging procedure [8]. We select events with at least
one charged lepton (pT > 10 GeV) and four jets
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Chapter 1

Introduction and motivation

As discussed in Section ??, CP violation implies that physical laws for matter and antimatter

are different, and that understanding the source and magnitude of this difference may be key to

understanding the matter-antimatter asymmetry in the universe. Existing measurements in the

B- and D-sectors [REF] continue to be insufficient to explained the observed asymmetry, and

are all in good agreement with SM predictions. There are however hints at the potential for new

physics following an inclusive like-sign dimuon charged asymmetry measurement reported by

the D0 experiment [REF], which observed an excess of approximately 3s from the SM, but has

not been confirmed by similar results at LHCb [REF] and BaBar [REF].

The D0 measurement has been published several times with increasingly large datasets,

but the most recent utilised 10.4fb�1 of pp̄ collisions from the Tevatron collider at Fermilab,

Chicago. The analysis is an inclusive counting experiment using both single muons (approxi-

mately 2⇥109 events) and like-sign dimuon signals (approximately 6⇥106 events) as inputs to

asymmetries of the form:

a =
(N+�N

�)

(N++N�)
, (1.1)

A =
(N++�N

��)

(N+++N��)
(1.2)

where in the single muon case N
ff represents the number of events with a single muons of charge
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§ First top mass analysis using novel method not relying on jet measurements, first 
and most precise published single analysis from ATLAS at 13 TeV

§ Fragmentation simulation quite challenging

§ Soft Muon Tagging can be used for other novel measurements:

§ CP violation in b-quark sector using tt events: 

§ first measurement at 8 TeV: stat limited, but makes first direct CP 
violation measurements

§Updating for 13 TeV: 
• syst. limited
• will be able to confirm/refute D0 measurement for direct 

CP violation
• Enough data to do time dependent measurement of 

asymmetry (vs muon production vertex)

Conclusions and prospects



Backups



§ Theoretical asymmetries:

§ tt has a charge asymmetry coming from NLO 
interference effects at 1% level

§ Leads to different initial  number of b vs b

§ Experimental asymmetries:

§ MV1 tagging asymmetries: does it tag in the 
same rate b vs b?

§ Lepton reconstruction and identification: do 
we get more l+ vs l-?

§ SMT efficiency and fake rate:

§ Eg K+p vs  K-p cross section is different!

§ Solutions:

§ SMT efficiency and fake rates are calibrated 
as a function of charge in the data 

§ For all the others: we have a ratio of ratio!

Potential asymmetric worries…

where N+ ⌘ N++ + N+� and N� ⌘ N�+ + N�� represent the total number of positively and negatively
charged W-boson leptons respectively. Observable same- and opposite-sign charge asymmetries may be
formed from the probabilities:
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The charge asymmetries, Ass and Aos, are expressed as ratios of probabilities as this ensures that the meas-
urements are independent of any asymmetry that could lead to a di↵erent rate of positively or negatively
charged W-boson leptons being reconstructed. These e↵ects can come about due to tt̄ pair production
asymmetries, reconstruction asymmetries or background asymmetries. Non- tt̄ backgrounds, estimated
from simulation and by data-driven techniques, are subtracted from the data. The data are then unfolded
to a well-defined fiducial region from which the charge asymmetries are measured. The use of a fiducial
region provides a prescription, described below, in which the CP asymmetries may be extracted from
the charge asymmetries, as well as reducing the experimental uncertainties by minimising the extrapol-
ation from the reconstruction-level selection to the particle level. A more traditional dilution approach
would, in this case, be able to measure the charge asymmetries but would then be unable to extract the
CP asymmetries.

The charge asymmetries are related to the CP asymmetries [Equations (18)–(22)] via:

Ass = rbAb`
mix + rc

⇣
Abc

dir � Ac`
dir

⌘
+ rcc

⇣
Abc

mix � Ac`
dir

⌘
(13)

Aos =erbAb`
dir +erc

⇣
Abc

mix + Ac`
dir

⌘
+erccAc`

dir (14)

where the decay-chain fractions, ri and eri, represent the relative rates of each channel. The decay-chain
fractions are dependent on the fiducial region chosen and are calculated as:

rb =
Nrb

Nrb + Nrc + Nrcc

, erb =
Nerb

Nerb + Nerc + Nercc

, (15)

rc =
Nrc

Nrb + Nrc + Nrcc

, erc =
Nerc

Nerb + Nerc + Nercc

, (16)

rcc =
Nrcc

Nrb + Nrc + Nrcc

, ercc =
Nercc

Nerb + Nerc + Nercc

. (17)

The CP asymmetries related to Bq � Bq mixing and direct CP-violating b- and c-decays are defined as:
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Detector effects

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 𝐾"
• 𝐾" is therefore more likely to produce a muon final 

state, or to punch-through and fake a muon
• Leads to unequal numbers of fake 𝝁" and 𝝁!

𝑲! + 𝒏 → 𝜦𝟎 +𝝅!

𝑲! + 𝒑 → 𝜮# +𝝅!



Production rates



branching ratio



Single-top



Tt background
N

ot
re

vi
ew

ed
,f

or
in

te
rn

al
ci

rc
ul

at
io

n
on

ly

DRAFT

µ+Jets same-top N
++

N
��

N
+�

N
�+

Total simulation 4687.57 4532.63 6435.22 6272.92
non-tt̄ backgound 742.13 (0.16) 619.87 (0.14) 1020.01 (0.16) 840.66 (0.13)
tt̄ backgound 278.14 (0.06) 261.74 (0.06) 576.28 (0.09) 598.23 (0.04)
tt̄ dilepton 0.15 (0.00) 0.08 (0.00) 56.23 (0.01) 53.20 (0.01)
tt̄ pileup 47.66 (0.01) 37.58 (0.01) 43.33 (0.01) 63.91 (0.01)
tt̄ additional radiation 62.55 (0.01) 58.73 (0.01) 59.25 (0.01) 62.79 (0.01)
tt̄ c ! µ 35.71 (0.01) 33.56 (0.01) 268.47 (0.04) 267.08 (0.04)
tt̄ light flavor 132.07 (0.03) 131.79 (0.03) 149.01 (0.02) 151.25 (0.02)

Table 106: Background composition of µ+Jets same-top like events. The background percentage of the total simu-
lation is given in parentheses.

µ+Jets di↵erent-top N
++

N
��

N
+�

N
�+

Total simulation 5014.41 5226.69 5225.88 5459.74
non-tt̄ backgound 913.55 (0.18) 1143.11 (0.22) 705.88 (0.14) 910.15 (0.17)
tt̄ backgound 802.33 (0.16) 773.95 (0.15) 314.46 (0.06) 328.11 (0.14)
tt̄ dilepton 79.63 (0.02) 79.09 (0.02) 0.00 (0.00) 0.20 (0.00)
tt̄ pileup 50.71 (0.01) 39.29 (0.01) 44.87 (0.01) 63.00 (0.01)
tt̄ additional radiation 70.11 (0.01) 72.02 (0.01) 72.89 (0.01) 72.58 (0.01)
tt̄ c ! µ 453.35 (0.09) 450.55 (0.09) 46.15 (0.01) 43.04 (0.01)
tt̄ light flavor 148.52 (0.03) 133.00 (0.03) 150.55 (0.03) 149.29 (0.03)

Table 107: Background composition of µ+Jets di↵erent-top like events. The background percentage of the total
simulation is given in parentheses.

(a) Same-top SMT Muons. (b) Di↵erent-top SMT Muons.

Figure 174: e+Jets background composition.
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(a) Same-top SMT Muons. (b) Di↵erent-top SMT Muons.

Figure 175: µ+Jets background composition.
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