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Abstract

Measurements of several dilepton asymmetries in tt̄ → �+�− events are performed in a data sample
corresponding to a total integrated luminosity of 5.0 fb−1 collected by the CMS experiment in pp
collisions at a centre-of-mass energy of 7 TeV at the LHC. The observables include the lepton charge
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Introduction

‣ We want to measure the top polarization in the dilepton final state

‣ top decays before hadronization can wash out polarization

‣ charged lepton is best spin analyzer

‣   
‣ measured in the helicity basis (angle       of lepton measured in parent 

top’s rest frame, relative to direction of the top in the ttbar CM)

‣ Any significant difference from the SM expectation could be a signal 
of NP

‣ The work is inspired by this theory paper: http://arxiv.org/abs/
1105.3743 by D. Krohn, T. Liu, J. Shelton, L.T. Wang
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TABLE VII: The azimuthal angle asymmetry A�

∆φ at a
7 TeV LHC, and in parenthesis the 1σ statistical

uncertainties, (i.e. 1/
√
N) assuming 5 fb−1 of data

GA(%) GL(%) GR(%) W �(%) SM(%)
Selection cuts -26 -26 -28 -43 -24 (±1.2)
mtt̄ > 450 GeV -47 -47 -50 -62 -45 (±1.7)
|y(t) + y(t̄)| > 2 -45 -44 -49 -56 -45 (±3.2)

with order a few inverse femtobarn of data, and much
sooner in the case of the W �. Moreover, the GR model
becomes distinguishable from the others. Thus the dilep-
tonic charge asymmetry can establish the existence of a
BSM asymmetry in tt̄ events in typical axigluon or t-
channel vector boson models in the expected 7 TeV run.

To further strengthen the case for new physics and
distinguish between competing explanations of an asym-
metry, we consider several other leptonic variables. The
combination of these variables provides a diagnostic suite
of measurements which, taken together, can distinguish
between different models for the top AFB.

One useful variable is the asymmetry in the azimuthal
angle between the two leptons, ∆φ, which is π when the
two leptons are back to back and zero when they are
aligned in the transverse plane. In Eq. (9) we construct
an asymmetry with this variable

A��
∆φ =

N(cos∆φ�� > 0)−N(cos∆φ�� < 0)

N(cos∆φ�� > 0) +N(cos∆φ�� < 0)
. (9)

measuring how often the two leptons are on opposite sides
of the transverse plane (contributing to A��

∆φ < 0) vs.

how often they are on the same side (A��
∆φ > 0). Unlike

the leptonic asymmetry constructed in Eq. (8), there is
a kinematic reason for A��

∆φ to be biased to negative val-
ues. However, as one can see in Table VII, the difference
between the various A��

∆φ provides a useful discriminant.
In particular, it helps in distinguishing the signal of the
W � and GR models from the Standard Model.

C. Top Polarization

As one might expect, fully reconstructed observables
are even more powerful than those which use only the
leptons. Next we explore top polarization measurements,
which again require reconstruction of the top rest frame.
For simplicity we consider two choices of polarization
axis: (1) the beam axis, which we now define relative
to the boost of the tt̄ system,

n̂beam =

�
+ẑ if yt + yt̄ > 0

−ẑ if yt + yt̄ < 0
(10)

and (2) the helicity axis, again defined as the top di-
rection of motion in the tt̄ center of mass frame. The
asymmetry in cos θ� which measures the net polarization

TABLE VIII: Net polarization Pb in the beam basis at
a 7 TeV LHC, and in parenthesis the 1σ statistical
uncertainties, (i.e. 1/

√
N) assuming 5 fb−1 of data

GA(%) GL(%) GR(%) W �(%) SM(%)
Selection cuts 4 -1 5 9 2 (±1.2)
mtt̄ > 450 GeV 1 -4 4 11 0 (±1.7)
|y(t) + y(t̄)| > 2 2 -5 7 15 1 (±3.2)

TABLE IX: Net polarization Ph in the helicity basis at
a 7 TeV LHC, and in parenthesis the 1σ statistical
uncertainties, (i.e. 1/

√
N) assuming 5 fb−1 of data

GA(%) GL(%) GR(%) W �(%) SM(%)
Selection cuts 1 -1 4 18 1 (±1.2)
mtt̄ > 450 GeV 2 -2 6 26 0 (±1.7)
|y(t) + y(t̄)| > 2 0 -4 3 19 -2 (±3.2)

does not need to be redefined for the LHC, so we have
once again

Pn =
N(cos θ�,n > 0)−N(cos θ�,n < 0))

N(cos θ�,n > 0) +N(cos θ�,n < 0))
. (11)

Results are tabulated for the beam axis in Table VIII and
for the helicity axis in Table IX.

Polarization measurements are particularly useful for
distinguishing among the various axigluon models, which
differ from each other chiefly in the chiralities of their
couplings to top quarks. Polarization measurements also
are important for distinguishing the GL model from the
SM. The bias towards right-handed polarizations is an
effect of selection cuts preferentially passing the harder
leptons which arise from right-handed tops.

D. Top Spin Correlation

Finally, we present results on tt̄ spin correlations

A�
c1c2 =

N(c1c2 > 0)−N(c1c2 < 0))

N(c1c2 > 0) +N(c1c2 < 0))
(12)

where c1 = cos θ�1,n and c2 = cos θ�2,n. As with the pre-
vious section, we present results using two polarization
axes: the beam axis in Table X and the helicity axis in
Table XI.

As one can see from the tables, A�
c1c2 is not as sensi-

tive to new physics effects as the observables explored in
the previous subsections and thus will require more lumi-
nosity before yielding meaningful information. Nonethe-
less, as this observable probes independent information it
should still be measured as it can help to further narrow
down the set of explanatory models.
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Analysis Strategy

‣ Use baseline event selections (with slight changes) from our 
search for heavy top-like quark pair analysis (EXO-11-050) 

‣ purpose of this selection is to reject events other than ttbar

‣ EXO-11-050 is submitted to PLB 

‣ Datasets: DoubleElectron, DoubleMu, MuEG collected by high pT 
dilepton triggers

‣ Summer11 MC

‣ We measure the top polarization and differential cross-section in   
c          at parton level after background subtraction and unfolding

‣ We also look at 2 signal regions where NP is expected to be 
more prominent 
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Event selection (preselection)

‣ Event cleaning: if >= 10 tracks; at least 25% purity; at least 1 good DA 
vertex (not isFake, ndf > 4, rho < 2 cm, z < 24 cm)

‣ 2 opposite sign isolated leptons: pT > 20 GeV, |eta| < 2.5 (2.4) for e (µ)

‣ ≥2 pf jets with pT > 30 GeV,  |eta| < 2.5

‣ loose pfjet ID (L1FastL2L3 corrected)

‣ ∆R > 0.4 from all leptons passing analysis selection

‣ ≥1b tags:  CSVM

‣ MET > 30 GeV 

‣ Z veto:  76<mll<106 GeV veto (for SF leptons)

‣ mll>12 GeV to veto low mass resonances (SF leptons)

5
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Preselection Yields (5.0 fb-1)

‣ MC events are weighted to match trigger efficiency, b tagging 
efficiency, and number of vertices distribution in data 

‣ We use powheg-pythia for the                      component 

‣ normalized so that total MC yield matches data (corresponds to 
inclusive ttbar xsec of 167.7 pb)

‣ 92% of the total yield

‣ Comparison plots on next slide
6

Uncertainties are 
statistical only

3

4 Preselection yields and top polarization at reconstruction level90

The observed and simulated yields after the event preselection are listed in Table 1, in which91

the categories tt → �+�− and DY→ �+�− correspond to dileptonic tt and DY decays, including92

τ leptons only when they also decay leptonically. All other tt decay modes are included in the93

category tt → other. The yields are dominated (92%) by top-pair production in the dilepton94

final state, with the largest background coming from single top production. The tt → �+�−95

yields are normalized such that the total simulated yield matches the data. Comparisons be-96

tween data and the simulation for the number of vertices and the number of b tagged jets are97

shown in Figure 1.98

Table 1: The observed and simulated yields after the preselection described in the text. Un-
certainties are statistical only. The systematic uncertainties on the simulated yields are given in
Section 8. Where the simulated yields are zero, upper limits are given based on the weighted
yield, had one of the simulated events passed the preselection.

Sample ee µµ eµ all
tt → �+�− 1791.7 ± 4.4 2127.3 ± 4.7 5069.4 ± 7.3 8988.5 ± 9.7
tt → other 32.5 ± 2.9 4.8 ± 1.1 53.3 ± 3.6 90.7 ± 4.8
W + jets < 1.9 4.7 ± 3.3 4.7 ± 3.4 9.4 ± 4.7
DY→ ee 52.3 ± 5.8 < 0.6 < 0.6 52.3 ± 5.8
DY→ µµ < 0.6 72.8 ± 6.5 1.6 ± 0.9 74.4 ± 6.5
DY→ ττ 17.6 ± 3.3 8.7 ± 2.2 18.7 ± 3.2 45.0 ± 5.1
Di-boson 10.6 ± 0.5 13.0 ± 0.5 24.0 ± 0.7 47.6 ± 1.0
Single top 84.9 ± 2.3 101.2 ± 2.4 252.1 ± 3.9 438.2 ± 5.1
Total (simulation) 1989.6 ± 8.8 2332.6 ± 9.3 5423.8 ± 10.3 9746.0 ± 16.4
Data 1961 2373 5412 9746
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Figure 1: Comparison of data and simulation for number of vertices (left) and number of b
tagged jets (right).
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Data-MC comparison
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‣ Vertex reweighting has 
been applied to MC

‣ Selected plots: #btag jets,  
#vertices, lepton pT, MET 
and reconstructed Mt

‣ More plots in backup

‣ Data and MC agreement is 
reasonable
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Reconstruction of Top kinematics

‣ Each                    event has 2 neutrinos.

‣ also ambiguity in combining b-jets and leptons from same top 

‣ It is a challenge to reconstruct top mass 

‣ We use the analytical matrix weighting technique (AMWT) 
described in  http://arxiv.org/abs/arXiv:1105.5661

‣ Each events is reconstructed using a range of possible Mt values 
between 100-300 GeV in 1 GeV steps.  

‣ Mt value with the maximum averaged weight over possible solutions 
is taken

‣  ttbar kinematics taken from solution with largest weight

‣ Events with no solutions are discarded (~17%)  

8

3

4 Preselection yields and top polarization at reconstruction level90

The observed and simulated yields after the event preselection are listed in Table 1, in which91

the categories tt → �+�− and DY→ �+�− correspond to dileptonic tt and DY decays, including92

τ leptons only when they also decay leptonically. All other tt decay modes are included in the93

category tt → other. The yields are dominated (92%) by top-pair production in the dilepton94

final state, with the largest background coming from single top production. The tt → �+�−95

yields are normalized such that the total simulated yield matches the data. Comparisons be-96

tween data and the simulation for the number of vertices and the number of b tagged jets are97

shown in Figure 1.98

Table 1: The observed and simulated yields after the preselection described in the text. Un-
certainties are statistical only. The systematic uncertainties on the simulated yields are given in
Section 8. Where the simulated yields are zero, upper limits are given based on the weighted
yield, had one of the simulated events passed the preselection.

Sample ee µµ eµ all
tt → �+�− 1791.7 ± 4.4 2127.3 ± 4.7 5069.4 ± 7.3 8988.5 ± 9.7
tt → other 32.5 ± 2.9 4.8 ± 1.1 53.3 ± 3.6 90.7 ± 4.8
W + jets < 1.9 4.7 ± 3.3 4.7 ± 3.4 9.4 ± 4.7
DY→ ee 52.3 ± 5.8 < 0.6 < 0.6 52.3 ± 5.8
DY→ µµ < 0.6 72.8 ± 6.5 1.6 ± 0.9 74.4 ± 6.5
DY→ ττ 17.6 ± 3.3 8.7 ± 2.2 18.7 ± 3.2 45.0 ± 5.1
Di-boson 10.6 ± 0.5 13.0 ± 0.5 24.0 ± 0.7 47.6 ± 1.0
Single top 84.9 ± 2.3 101.2 ± 2.4 252.1 ± 3.9 438.2 ± 5.1
Total (simulation) 1989.6 ± 8.8 2332.6 ± 9.3 5423.8 ± 10.3 9746.0 ± 16.4
Data 1961 2373 5412 9746
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Figure 1: Comparison of data and simulation for number of vertices (left) and number of b
tagged jets (right).

http://arxiv.org/abs/arXiv:1105.5661
http://arxiv.org/abs/arXiv:1105.5661
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Signal Regions 

‣ Signal Region I:   Mtt > 450 GeV 

‣ NP contribution expected to be enhanced at high Mtt

‣ Signal Region II:  Mtt > 450 GeV  and  |yt+ytbar|>2

‣ NP signal expected only in qqbar -> ttbar component

‣ the gluon PDFs fall more rapidly at large x than the quark PDFs so  
gg -> ttbar tends to be more central than qqbar -> ttbar.

9

gg reduced to similar level as qqbar when |yt+ytbar|>2 

Red: from quark
annihilation

Blue: from gluon fusion 
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Background estimation

‣ We use the MC from the previous slides to estimate the 
background

‣ We make cross-checks for the DY and fake components using 
data-driven methods, and find good agreement

‣ We then assign an appropriate background normalization 
systematic

10
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Data-driven BG estimates: DY

‣ Estimate for pre-selection region: 142.4 ± 15.0 events

‣ consistent with MC prediction of 126.7 ± 8.7 events

‣ Estimate for Signal Region I: 47.6 ± 10.6 events

‣ consistent with MC prediction of 39.9 ± 4.8 events

‣ Estimate for Signal Region II: 10.8 ± 6.0 events

‣ consistent with MC prediction of 9.5 ± 2.4 events
11

)
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Data-driven BG estimates: Fakes

‣ Estimate for pre-selection region: 138 + 281-138 events

‣ consistent with MC prediction 100.1 ± 6.7 events

‣ Estimate for Signal Region I: 41.7 +108.8-41.7 events

‣ consistent with MC prediction of 47.1 ± 5.4 events

‣ Estimate for signal region: 6.6 +16.4-6.6 events

‣ consistent with MC prediction of 8.2 ± 2.5 events
12
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Reco level asymmetries: preselection

‣ Pn = 0.083 ± 0.011 (stat) in data

‣ Pn = 0.103 ± 0.002 (stat) in MC (sum of ttbar and background)

13
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Reco level asymmetries: Signal Region I

‣ Pn = 0.101 ± 0.016 (stat) in data

‣ Pn = 0.106 ± 0.003 (stat) in MC

14
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• Signal Region I I: M
tt
> 450 GeV/c2

and |yt + y
t
|> 2.0.116

These two regions are interesting because new physics is expected to be more prominent in the117

high M
tt

region, and the tt production from gluon-gluon fusion is significantly suppressed in118

the forward region.119

In the signal regions, the tt → �+�− normalization set in the preselection region is retained.120

Data yields are compared to the simulation in Tables 2 and 3. The reconstructed polarization in121

each region is given in Table 4, while a comparison between data and the simulation is shown122

in Figure 3. Reasonable agreement between the data and the simulated shapes is observed. In123

Signal Region I there are 5% more events in the simulation than in data, while in Signal Region124

I I the difference is 19%, but the overall normalization has no effect on the measured polariza-125

tion. The measured polarization is consistent with the simulation in both signal regions.126

Table 2: The observed and expected yields in Signal Region I. Uncertainties are statistical

only. Some of the expected yields are zero due to statistical limitations of the simulated event

samples.

Sample ee µµ eµ all

tt → �+�− 777.6 ± 2.9 921.4 ± 3.1 2143.0 ± 4.8 3842.0 ± 6.4

tt → other 14.6 ± 2.0 1.5 ± 0.6 23.4 ± 2.4 39.6 ± 3.2

W + jets 0.0 ± 0.0 4.7 ± 3.3 2.8 ± 2.8 7.5 ± 4.4

DY→ ee 13.8 ± 2.9 0.0 ± 0.0 0.0 ± 0.0 13.8 ± 2.9

DY→ µµ 0.0 ± 0.0 25.6 ± 3.8 0.5 ± 0.5 26.1 ± 3.9

DY→ ττ 7.4 ± 2.2 2.6 ± 1.2 8.0 ± 2.1 18.0 ± 3.3

Di-boson 3.9 ± 0.3 4.7 ± 0.3 9.7 ± 0.5 18.3 ± 0.6

Single top 32.8 ± 1.4 41.9 ± 1.6 101.3 ± 2.5 176.0 ± 3.3

Total (simulation) 850.2 ± 5.3 1002.4 ± 6.3 2288.7 ± 6.9 4141.4 ± 10.7

Data 801 970 2164 3935

Table 3: The observed and expected yields in Signal Region I I. Uncertainties are statistical

only. Some of the expected yields are zero due to statistical limitations of the simulated event

samples.

Sample ee µµ eµ all

tt → �+�− 104.9 ± 1.1 124.1 ± 1.1 292.2 ± 1.8 521.2 ± 2.3

tt → other 2.8 ± 0.9 0.4 ± 0.3 2.8 ± 0.8 6.0 ± 1.2

W + jets 0.0 ± 0.0 2.2 ± 2.2 0.0 ± 0.0 2.2 ± 2.2

DY→ ee 2.5 ± 1.3 0.0 ± 0.0 0.0 ± 0.0 2.5 ± 1.3

DY→ µµ 0.0 ± 0.0 6.5 ± 1.9 0.5 ± 0.5 7.0 ± 2.0

DY→ ττ 0.0 ± 0.0 1.0 ± 0.7 0.9 ± 0.7 1.9 ± 1.0

Di-boson 0.7 ± 0.1 0.5 ± 0.1 1.4 ± 0.2 2.5 ± 0.2

Single top 3.7 ± 0.5 5.9 ± 0.6 13.4 ± 0.9 23.0 ± 1.2

Total (simulation) 114.5 ± 1.9 140.7 ± 3.3 311.2 ± 2.3 566.3 ± 4.5

Data 103 116 258 477

6 Background estimation127

The simulation is used to predict the background event yields and shapes. We use methods128

based on data to cross-check these estimates for the background contributions from events with129

misidentified leptons and from DY→ ee/µµ events. However, the dependence of the measured130

top polarization on the background normalization is small, and in Section 8 the systematic131
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Reco level asymmetries: Signal Region II

‣ MC total yield 19% more than data

‣  |yt+ytbar| more peaked in data

‣ Pn = −0.006 ± 0.046 (stat) in data 

‣ Pn = 0.069 ± 0.008 (stat) in MC

‣ consistent within large uncertainty

15
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• Signal Region I I: M
tt
> 450 GeV/c2

and |yt + y
t
|> 2.0.116

These two regions are interesting because new physics is expected to be more prominent in the117

high M
tt

region, and the tt production from gluon-gluon fusion is significantly suppressed in118

the forward region.119

In the signal regions, the tt → �+�− normalization set in the preselection region is retained.120

Data yields are compared to the simulation in Tables 2 and 3. The reconstructed polarization in121

each region is given in Table 4, while a comparison between data and the simulation is shown122

in Figure 3. Reasonable agreement between the data and the simulated shapes is observed. In123

Signal Region I there are 5% more events in the simulation than in data, while in Signal Region124

I I the difference is 19%, but the overall normalization has no effect on the measured polariza-125

tion. The measured polarization is consistent with the simulation in both signal regions.126

Table 2: The observed and expected yields in Signal Region I. Uncertainties are statistical

only. Some of the expected yields are zero due to statistical limitations of the simulated event

samples.

Sample ee µµ eµ all

tt → �+�− 777.6 ± 2.9 921.4 ± 3.1 2143.0 ± 4.8 3842.0 ± 6.4

tt → other 14.6 ± 2.0 1.5 ± 0.6 23.4 ± 2.4 39.6 ± 3.2

W + jets 0.0 ± 0.0 4.7 ± 3.3 2.8 ± 2.8 7.5 ± 4.4

DY→ ee 13.8 ± 2.9 0.0 ± 0.0 0.0 ± 0.0 13.8 ± 2.9

DY→ µµ 0.0 ± 0.0 25.6 ± 3.8 0.5 ± 0.5 26.1 ± 3.9

DY→ ττ 7.4 ± 2.2 2.6 ± 1.2 8.0 ± 2.1 18.0 ± 3.3

Di-boson 3.9 ± 0.3 4.7 ± 0.3 9.7 ± 0.5 18.3 ± 0.6

Single top 32.8 ± 1.4 41.9 ± 1.6 101.3 ± 2.5 176.0 ± 3.3

Total (simulation) 850.2 ± 5.3 1002.4 ± 6.3 2288.7 ± 6.9 4141.4 ± 10.7

Data 801 970 2164 3935

Table 3: The observed and expected yields in Signal Region I I. Uncertainties are statistical

only. Some of the expected yields are zero due to statistical limitations of the simulated event

samples.

Sample ee µµ eµ all

tt → �+�− 104.9 ± 1.1 124.1 ± 1.1 292.2 ± 1.8 521.2 ± 2.3

tt → other 2.8 ± 0.9 0.4 ± 0.3 2.8 ± 0.8 6.0 ± 1.2

W + jets 0.0 ± 0.0 2.2 ± 2.2 0.0 ± 0.0 2.2 ± 2.2

DY→ ee 2.5 ± 1.3 0.0 ± 0.0 0.0 ± 0.0 2.5 ± 1.3

DY→ µµ 0.0 ± 0.0 6.5 ± 1.9 0.5 ± 0.5 7.0 ± 2.0

DY→ ττ 0.0 ± 0.0 1.0 ± 0.7 0.9 ± 0.7 1.9 ± 1.0

Di-boson 0.7 ± 0.1 0.5 ± 0.1 1.4 ± 0.2 2.5 ± 0.2

Single top 3.7 ± 0.5 5.9 ± 0.6 13.4 ± 0.9 23.0 ± 1.2

Total (simulation) 114.5 ± 1.9 140.7 ± 3.3 311.2 ± 2.3 566.3 ± 4.5

Data 103 116 258 477

6 Background estimation127

The simulation is used to predict the background event yields and shapes. We use methods128

based on data to cross-check these estimates for the background contributions from events with129

misidentified leptons and from DY→ ee/µµ events. However, the dependence of the measured130

top polarization on the background normalization is small, and in Section 8 the systematic131
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Unfolding I

16
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Unfolding II

‣ We use 6 bins for unfolding

‣ Acceptance matrix and smearing matrix bins:

17
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8 7 Unfolding

Table 5: Binning used in the distributions of cos(θ+l ).
B1 B2 B3 B4 B5 B6

[-1.0,-0.6] [-0.6,-0.3] [-0.3,-0.0] [0.0, 0.3] [0.3, 0.6] [0.6, 1.0]

in Fig. 4 (smearing is shown with finer binning than is used for illustrative purposes). The176

smearing effects are quite large due to the uncertainties of top reconstruction, but most of the177

large values lie close to the diagonal, meaning there is little extreme smearing between far-178

apart bins. The distribution is roughly symmetric around the diagonal, which indicates that179

the smearing does not cause an asymmetry in reconstructed data (if none existed in the true180

distribution), but rather will dilute an existing asymmetry in the true distribution.181
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Figure 4: Acceptance matrix bins (left) and smearing effects (right).

In this analysis we employ the unsmearing or “unfolding” algorithm based on singular value182

decomposition (SVD). The SVD algorithm is powerful because the unfolding procedure is re-183

duced to the inversion of a diagonal matrix. Additionally, the equation can be reweighted184

such that the entries of the response matrix correspond to actual simulated events, rather than185

the more conventionally used probabilities, eliminating the possibility of bins with few simu-186

lated events receiving disproportionately large weights. This reweighting is implemented in187

the RooUnfold package. However, at this point, the SVD algorithm still faces the same prob-188

lem with large statistical fluctuations that is faced by pure matrix inversion. In order to com-189

bat these dominant statistical fluctuations, we introduce a regularization term to our unfolding190

procedure. Regularization strength is defined by the parameter k. For very large k, SVD unfold-191

ing is equivalent to matrix inversion. For very small k, the regularization condition is strongly192

enforced (for example, for k = 0, the unfolded histogram is equivalent to the distribution used193

to create the response matrix, regardless of the measured distribution used as input). In this194

way, the regularization condition necessarily introduces a bias when we perform an unfold.195

This bias is the cost of controlling the large statistical fluctuations that we would otherwise196

face. The severity of the bias introduced is studied using pseudo-experiments. In this analysis197

we use k = 3, which is half of the number of bins used for unfolding. The choice of k was198

motivated by the effort to maintain balance between the statistical uncertainty of the method199

and the size of the introduced bias. This is a conservative choice leading to a slightly larger200
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Systematics

‣ Systematics are evaluated on the unfolded result

‣ JES is by far the dominant systematic

‣ calculated assuming a 7.5% uncertainty on the hadronic energy scale 
(after L1FastL2L3 correction)

‣ this directly affects the shape of the              distribution

‣ For BG we vary normalizations by 50 or 100%

‣ Most other systematics assessed by varying the model used to 
calculate the unfolding

‣ PU and b-tagging and trig/lep ID eff from reweighting powheg MC

‣ modelling, matching, top mass use MC@NLO and madgraph MC

‣ Small unfolding bias also gives a systematic
18
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statistical uncertainty compared to choosing a smaller k value, but also reduces the degree to201

which the corrections tend to bias the result to the response model.202

In the smearing correction, bin contents are moved from one bin to another (in order to correct203

for the migrations caused by the finite resolution of the measurement). As a result of this,204

the final uncertainties at the parton level are correlated across bins. The true uncertainties205

are described by a covariance matrix, which includes not only diagonal entries corresponding206

to the square of the bin errors, but also off-diagonal terms corresponding to the correlations207

between bins. Therefore, we use full covariance matrices in determining the values of the208

asymmetries.209

We verify that the unfolding procedure is able to correctly unfold distributions with different210

levels of asymmetry. In order to do this, we re-weight generated tt events according to a linear211

function of cos(θ+l ): weight=1+K cos(θ+l ). The parameter K is varied between -0.5 and 0.5 in212

steps of 0.2, introducing a polarization of up to 40%, far more than is expected in tt events. For213

each value of K, we then generate 2000 pseudo-experiments, in which the number of events214

in each bin of the distribution is fluctuated according to Poisson statistics, and then the distri-215

bution is unfolded. The average value of the asymmetry in 2000 pseudo-experiments is then216

compared to the original true-level value. We find a linear behavior of this distribution, sug-217

gesting that non-SM asymmetry values will be also measured correctly. The offsets and slopes218

obtained in the linear function fit are −0.004 ± 0.009 and 1.031 ± 0.053 respectively. We also219

look at the distribution of the pulls in the sets of 2000 pseudo-experiments. The distribution220

of pulls is fit to a gaussian function. We find a small bias leading to asymmetry changes of221

up to 1%, and assign it as an additional systematic uncertainty associated with unfolding bias.222

The width of the gaussian function obtained in the fit is 0.9, indicating that we slightly over-223

estimate the measured statistical uncertainty. No correction for this is made.224

8 Systematic uncertainties225

The systematic uncertainty associated with the jet and Emiss
T energy scale can directly affect the226

shape of the asymmetry distributions. We evaluate this uncertainty, assuming a 7.5% uncer-227

tainty to the hadronic energy scale after jet corrections have been applied.228

There are also a number of systematic uncertainties due to the background subtraction and229

unfolding used to produce the parton level measurement. Given the uncertainties of the data230

driven background estimates described in Section 6, the uncertainty associated with the back-231

ground estimate is estimated by varying the backgrounds from DY and misidentified leptons232

by 100%. In addition, we vary the single top background by 50%. The systematic uncer-233

tainty from the tt modeling is estimated by applying unfolding derived using MC@NLO tt234

to POWHEG-PYTHIA events, and taking the difference in the result compared to that for the235

POWHEG-PYTHIA derived unfolding. We also assess the systematics due to the shower match-236

ing, the top mass, the b−tagging, the trigger efficiency, the lepton ID efficiency and the pile-up237

reweighting. There is a systematic uncertainty of 0.9% to account for the unfolding bias. The238

systematic uncertainties on the unfolded Pn measurement are summarized in Table 6, combin-239

ing to a total systematic uncertainty of 0.050.240

Table 6: Systematic uncertainties.
JES BG modeling unfolding top mass b−tagging Trigg(lep ID) PU Total

Pn 0.043 0.009 0.014 0.009 0.019 0.001 0.000 0.002 0.050
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TABLE VII: The azimuthal angle asymmetry A�

∆φ at a
7 TeV LHC, and in parenthesis the 1σ statistical

uncertainties, (i.e. 1/
√
N) assuming 5 fb−1 of data

GA(%) GL(%) GR(%) W �(%) SM(%)
Selection cuts -26 -26 -28 -43 -24 (±1.2)
mtt̄ > 450 GeV -47 -47 -50 -62 -45 (±1.7)
|y(t) + y(t̄)| > 2 -45 -44 -49 -56 -45 (±3.2)

with order a few inverse femtobarn of data, and much
sooner in the case of the W �. Moreover, the GR model
becomes distinguishable from the others. Thus the dilep-
tonic charge asymmetry can establish the existence of a
BSM asymmetry in tt̄ events in typical axigluon or t-
channel vector boson models in the expected 7 TeV run.

To further strengthen the case for new physics and
distinguish between competing explanations of an asym-
metry, we consider several other leptonic variables. The
combination of these variables provides a diagnostic suite
of measurements which, taken together, can distinguish
between different models for the top AFB.

One useful variable is the asymmetry in the azimuthal
angle between the two leptons, ∆φ, which is π when the
two leptons are back to back and zero when they are
aligned in the transverse plane. In Eq. (9) we construct
an asymmetry with this variable

A��
∆φ =

N(cos∆φ�� > 0)−N(cos∆φ�� < 0)

N(cos∆φ�� > 0) +N(cos∆φ�� < 0)
. (9)

measuring how often the two leptons are on opposite sides
of the transverse plane (contributing to A��

∆φ < 0) vs.

how often they are on the same side (A��
∆φ > 0). Unlike

the leptonic asymmetry constructed in Eq. (8), there is
a kinematic reason for A��

∆φ to be biased to negative val-
ues. However, as one can see in Table VII, the difference
between the various A��

∆φ provides a useful discriminant.
In particular, it helps in distinguishing the signal of the
W � and GR models from the Standard Model.

C. Top Polarization

As one might expect, fully reconstructed observables
are even more powerful than those which use only the
leptons. Next we explore top polarization measurements,
which again require reconstruction of the top rest frame.
For simplicity we consider two choices of polarization
axis: (1) the beam axis, which we now define relative
to the boost of the tt̄ system,

n̂beam =

�
+ẑ if yt + yt̄ > 0

−ẑ if yt + yt̄ < 0
(10)

and (2) the helicity axis, again defined as the top di-
rection of motion in the tt̄ center of mass frame. The
asymmetry in cos θ� which measures the net polarization

TABLE VIII: Net polarization Pb in the beam basis at
a 7 TeV LHC, and in parenthesis the 1σ statistical
uncertainties, (i.e. 1/

√
N) assuming 5 fb−1 of data

GA(%) GL(%) GR(%) W �(%) SM(%)
Selection cuts 4 -1 5 9 2 (±1.2)
mtt̄ > 450 GeV 1 -4 4 11 0 (±1.7)
|y(t) + y(t̄)| > 2 2 -5 7 15 1 (±3.2)

TABLE IX: Net polarization Ph in the helicity basis at
a 7 TeV LHC, and in parenthesis the 1σ statistical
uncertainties, (i.e. 1/

√
N) assuming 5 fb−1 of data

GA(%) GL(%) GR(%) W �(%) SM(%)
Selection cuts 1 -1 4 18 1 (±1.2)
mtt̄ > 450 GeV 2 -2 6 26 0 (±1.7)
|y(t) + y(t̄)| > 2 0 -4 3 19 -2 (±3.2)

does not need to be redefined for the LHC, so we have
once again

Pn =
N(cos θ�,n > 0)−N(cos θ�,n < 0))

N(cos θ�,n > 0) +N(cos θ�,n < 0))
. (11)

Results are tabulated for the beam axis in Table VIII and
for the helicity axis in Table IX.

Polarization measurements are particularly useful for
distinguishing among the various axigluon models, which
differ from each other chiefly in the chiralities of their
couplings to top quarks. Polarization measurements also
are important for distinguishing the GL model from the
SM. The bias towards right-handed polarizations is an
effect of selection cuts preferentially passing the harder
leptons which arise from right-handed tops.

D. Top Spin Correlation

Finally, we present results on tt̄ spin correlations

A�
c1c2 =

N(c1c2 > 0)−N(c1c2 < 0))

N(c1c2 > 0) +N(c1c2 < 0))
(12)

where c1 = cos θ�1,n and c2 = cos θ�2,n. As with the pre-
vious section, we present results using two polarization
axes: the beam axis in Table X and the helicity axis in
Table XI.

As one can see from the tables, A�
c1c2 is not as sensi-

tive to new physics effects as the observables explored in
the previous subsections and thus will require more lumi-
nosity before yielding meaningful information. Nonethe-
less, as this observable probes independent information it
should still be measured as it can help to further narrow
down the set of explanatory models.
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Unfolded results

‣ Pn = −0.035 ± 0.028 ± 0.050 in data

‣ Pn = 0.003 ± 0.0004 in MC (parton level, no cuts)

‣ Result in data is consistent with the SM
19
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Backup
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