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• The Fermilab Tevatron collided protons 
and antiprotons at √s = 1.96 TeV 

• Quark-antiquark initial state (mostly) 

• Two experiments recorded ~10 fb-1 
each, concluding operations in 
September 2011 

• It is possible that such experiments will 
never be repeated 

• A unique dataset for unique 
measurements! 

• Today’s topics: top-quark production 
rates, spin orientations, production 
asymmetries



Top production modes
Cross sections from NNLO theory

qq annihilation

gg fusion

s channel t channel tW channel
Tevatron can compete in 

some areas, and provides 
complementarity thanks to 

qq initial state

TEV LHC8 LHC13

qq 85% 13% 10%

gg 15% 87% 90%

tt initial state fractions
σ (pb) tt tb tqb tW
TEV 7.08 1.04 2.08 0.30

LHC8 234 5.55 87.2 22.2
LHC13 816 10.32 217 71.7



tt production/decay primer
B(t → Wb) ≃100%, final states 

characterized by two W decays:



D0: Inclusive cross section
• 2x data as previous D0 measurement 
• Heavy use of multivariate techniques 
• Lepton plus jets channel: 

• Six subsamples based on lepton type and 
jet multiplicity 

• Each gets its own BDTG using ~20 
kinematic variables plus b-tag MVA output 
for jets 

• Dilepton channel: 
• Four subsamples: eμ+1 jet, eμ+≥2 jets, ee

+≥2 jets, μμ+≥2 jets 
• b-tag MVA output of leading jet is used as 

discriminant 
• Simultaneous template fits across all samples, 

using systematics as nuisance parameters 
• σ = 7.73 ± 0.13 (stat) ± 0.55 (syst) pb 

• Relative uncertainty 7.3%! 
• Dominant systematics are from modeling, 

especially hadronization

D0 6453-CONF

http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T107/T107.pdf
http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T106/T106.pdf


Single top production
• Combine CDF (l+jets and MET+jets) & D0 

(l+jets) discriminants for s-channel 
production 

• Include all systematic uncertainties and 
correlations 

• First observation of s-channel single top, 
6.3 SD significance

PRL 112, 231803 (2014)

http://arxiv.org/abs/1402.5126


Single top production
• No assumption of σs/σt value 
• Agrees with SM, no indication of 

non-SM contributions 
• Concludes the Tevatron single-

top program!



D0: top polarization
• Top quarks produced in strong interaction are (almost) entirely 

unpolarized 
• A search for polarization is a search for new physics 

• Polarization can be measured in the top rest frame through angular 
distributions of decay products i with respect to a given axis n: 

• Many axes to choose from 
• beam axis: direction of proton 
• helicity axis: direction of parent top quark 
• transverse axis: perpendicular to production plane (cross product of 

beam and helicity axes) 
• D0 has new measurements of polarization, including the world’s only 

measurement using the transverse axis
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The top quark was discovered at the Tevatron collider [1, 2] and plays an important role in particle physics because
of its unique properties. It is the heaviest known elementary particle with mt = 173.34±0.76 GeV [3], and it has a very
short lifetime of about 5 × 10−25 s [4]. The standard model (SM) predicts that top quark pairs are produced almost
unpolarized at the Tevatron (a small longitudinal polarization is generated by SM parity-violating weak interactions
[5]), while various models beyond the standard model (BSM) predict non-zero polarization of the top quark pairs.
The transverse polarization is allowed in strong interaction processes and is therefore predicted non-zero in the SM.
The top quark polarization Pn̂ can be measured in the top quark rest frame through the angular distribution of the
top quark decay products with respect to a chosen axis n̂ [5, 6]:

1

Γ

dΓ

d cos θi,n̂
=

1

2
(1 + Pn̂κi cos θi,n̂), (1)

where i is the decay product (lepton, quark, neutrino), κi its spin analyzing power (≈ 1 for lepton, 0.97 for d-type
quark, −0.4 for b-quark, and −0.3 for neutrino and u-type quark [6, 7]), and θi,n̂ is the angle between the direction of
the decay product i and the quantization axis n̂. The quantization axis is obtained after a boost to the tt̄ rest frame,
while the decay product directions are obtained after successively boosting the particles to the tt̄ rest frame and then
to the parent top rest frame. Here we measure the polarization with three choices of spin quantization axis:

• the beam axis b̂, given by the direction of the proton beam,

• the helicity axis ĥ, given by the direction of the parent top quark,

• the transverse axis t̂, given as perpendicular to the production plane defined by the proton and parent top
quark directions. The positive t̂ axis is given by cross product p̂(p) × p̂(t) [8, 9].

The top quark polarization along the helicity axis was previously studied in pp̄ collisions by the D0 Collaboration [10]
as part of the leptonic asymmetries measurement. Recently, the D0 Collaboration measured top quark polarization
along the beam axis, simultaneously with the forward-backward asymmetry in the tt̄ final states with two leptons
[11]. The observations from both measurements are consistent with the SM. The ATLAS and CMS Collaborations
measured the top quark polarization in pp collisions in the helicity basis and the results are consistent with zero
polarization [12, 13]. The Tevatron and the LHC polarizations are expected to be different due to the difference in
the initial states. There is a strong motivation [14] from the theoretical point of view to measure both longitudinal
and transverse polarization in the Tevatron data.

The SM predictions for the longitudinal top quark polarization at the Tevatron are −0.19 ± 0.05% in the beam
basis and −0.39 ± 0.04% in the helicity basis [15]. The transverse top quark polarization is estimated to be 1.1% at
the Tevatron [8]. Observation of significantly non-zero longitudinal top quark polarization would be clear evidence
for BSM physics [6, 16].

In this note, we present a measurement of the top quark polarization in the lepton+jets final state of tt̄ production
at the Tevatron collider. As discussed above, the lepton is the most sensitive to the top quark polarization and is the
most easily identified final state fermion. Therefore this measurement focuses on studying the angular distribution of
leptons. After selecting the events in the lepton+jets final state, we perform a kinematic fit to reconstruct the lepton
angles. The resulting angular distributions are fitted with mixtures of signal templates of polarization +1 and −1
to measure the polarization. The down-type quark has also analyzing power close to unity, but its identification is
difficult and thus not used to measure the top quark polarization. However, the down-type quarks from Monte Carlo
simulations are used to produce the signal templates as described below.

We analyze data collected by the D0 detector corresponding to an integrated luminosity of 9.7 fb−1 of pp̄ collisions
at

√
s = 1.96 TeV. The D0 detector central-tracking system consists of a silicon microstrip tracker and a central fiber

tracker, both surrounding the interaction region for pseudorapidities 1 |ηd| < 3 and |ηd| < 2.5. The central-tracking
system, located within a 1.9 T superconducting solenoidal magnet [17, 18], provides measurements for tracking and
vertexing. A liquid-argon calorimeter with uranium absorber plates has a central section covering pseudorapidities
up to |ηd| ≈ 1.1, and two end calorimeters that extend coverage to |ηd| ≈ 4.2, with all three housed in separate
cryostats [19]. An outer muon system, at |ηd| < 2, consists of a layer of tracking detectors and scintillation trigger
counters in front of 1.8 T iron toroids, followed by two similar layers after the toroids [20].

1 The pseudorapidity ηd = − ln[tan(θ/2)] is measured relative to the center of the detector, and θ is the polar angle with respect to the
proton beam direction.

analyzing power, ~1 for leptons

polarization



D0: top polarization
• Use l+3 jet and l+4 jet 

samples, perform kinematic 
reconstruction to get lepton 
angles 
• l+3 jet kinematic fitter 

developed for AFB analysis 
increases statistics 

• Develop P=+1 and P=-1 
templates, extract polarization 
from relative fractions 

• Measured polarizations 
consistent with both SM and 0 

• First-ever measurement of 
transverse polarization 

• Polarization also measured in 
dilepton events (wait 8 slides)
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FIG. 1: The combined e+jets and µ+jets cos θ distributions for data, expected backgrounds and signal templates for P = −1,
0 and +1. Panels (a), (c), and (e) represent selection with exactly three jets. (b), (d), and (f) represent selection with four
or more jets. (a) and (b) show distributions in beam axis. (c) and (d) show distributions in helicity axis. (e) and (f) show
distributions in transverse axis. The hashed area represents systematic uncertainty. Note that the direction of the x-axis is
changed for the ℓ− events along beam and transverse axis.

Axis Measured polarization Pn̂ SM prediction
Beam +0.070 ± 0.055 −0.002
Helicity −0.102 ± 0.060 −0.004
Transverse +0.040 ± 0.034 +0.011

TABLE III: Measured top quark polarization in beam, helicity, and transverse spin quantization bases. The total uncertainties
(statistical + systematic) are shown.

Our measured top quark polarizations are consistent with zero and with the predicted SM values. The polarization
along the transverse axis has been measured for the first time at a hadron collider and the longitudinal polarization
results are the most precise results based on pp̄ collisions.

We thank the staffs at Fermilab and collaborating institutions, and acknowledge support from the Department
of Energy and National Science Foundation (United States of America); Alternative Energies and Atomic Energy
Commission and National Center for Scientific Research/National Institute of Nuclear and Particle Physics (France);
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FIG. 1: The combined e+jets and µ+jets cos θ distributions for data, expected backgrounds and signal templates for P = −1,
0 and +1. Panels (a), (c), and (e) represent selection with exactly three jets. (b), (d), and (f) represent selection with four
or more jets. (a) and (b) show distributions in beam axis. (c) and (d) show distributions in helicity axis. (e) and (f) show
distributions in transverse axis. The hashed area represents systematic uncertainty. Note that the direction of the x-axis is
changed for the ℓ− events along beam and transverse axis.

Axis Measured polarization Pn̂ SM prediction
Beam +0.070 ± 0.055 −0.002
Helicity −0.102 ± 0.060 −0.004
Transverse +0.040 ± 0.034 +0.011

TABLE III: Measured top quark polarization in beam, helicity, and transverse spin quantization bases. The total uncertainties
(statistical + systematic) are shown.

Our measured top quark polarizations are consistent with zero and with the predicted SM values. The polarization
along the transverse axis has been measured for the first time at a hadron collider and the longitudinal polarization
results are the most precise results based on pp̄ collisions.

We thank the staffs at Fermilab and collaborating institutions, and acknowledge support from the Department
of Energy and National Science Foundation (United States of America); Alternative Energies and Atomic Energy
Commission and National Center for Scientific Research/National Institute of Nuclear and Particle Physics (France);

l+3 jet l+4 jet

D0 6417-CONF

http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T107/T107.pdf
http://www-d0.fnal.gov/Run2Physics/WWW/results/prelim/TOP/T107/T107.pdf


D0: spin correlation
• While tops are not produced polarized, their spins are correlated 

• Unique measurement in tt system as top lifetime is 1000x shorter 
than spin decorrelation time! 

• Amount of correlation depends on the initial state (qq or gg) 
• Observable is 

using the “off-diagonal” basis where correlation is maximized 
• Reconstruct both dilepton and lepton+jets events with the matrix-

element method to get spin correlation discriminant distribution 

where P is the probability for a given spin hypothesis (SM or null)
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We present a measurement of the correlation between the spins of t and t̄ quarks produced in
proton-antiproton collisions at the Tevatron Collider at a center-of-mass energy of 1.96 TeV. We
apply a matrix element technique to dilepton and single-lepton+jets final states in data accumulated
with the D0 detector that correspond to an integrated luminosity of 9.7 fb−1. The measured value
of the correlation coefficient in the off-diagonal basis, Ooff = 0.89±0.22 (stat+syst), is in agreement
with the standard model prediction, and represents evidence for a top-antitop quark spin correlation
difference from zero at a level of 4.2 standard deviations.

PACS numbers: 14.65.Ha, 13.88.+e

I. INTRODUCTION

The top quark is the heaviest elementary particle in
the standard model (SM) [1–4]. Despite the fact that
the top quark decays weakly, its large mass leads to a
very short lifetime of ≈ 5 · 10−25 s [5–7]. It decays to
a W boson and a b quark before hadronizing, a process
that has a characteristic time of 1/ΛQCD ≈ (200 MeV)−1

equivalent to τhad ≈ 3.3 · 10−24 s, where ΛQCD is the
fundamental scale of quantum chromodynamics (QCD).
The top quark lifetime is also smaller than the spin-
decorrelation time from spin-spin interactions with the
light quarks generated in the fragmentation process [8],
τspin ≈ mt/Λ2

QCD ≈ (0.2 MeV)−1 ≈ 3 · 10−21 s [9]. The
top quark thus provides a unique opportunity to measure
spin-related phenomena in the quark sector by exploiting
kinematic properties of its decay products.

∗with visitors from aAugustana College, Sioux Falls, SD, USA,
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Germany, dCONACyT, Mexico City, Mexico, eSLAC, Menlo Park,
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In proton-antiproton (pp̄) collisions, the dominant pro-
cess for producing top quarks is through top-antitop ( tt̄ )
quark pairs. This QCD process yields unpolarized t and
t̄ quarks, but leaves the spins of t and t̄ correlated. A
spin correlation observable can be defined as [10]

Oab = ⟨4(St · â)(St̄ · b̂)⟩ =
σ(↑↑) + σ(↓↓)− σ(↑↓)− σ(↓↑)
σ(↑↑) + σ(↓↓) + σ(↑↓) + σ(↓↑)

,

where S is a spin operator, â, b̂ are the spin quantiza-
tion axes for the top quark (â) and the antitop quark
(b̂), ⟨⟩ refers to an expectation value, σ is the tt̄ produc-
tion cross section, and the arrows refer to the spin states
of the t and t̄ quarks relative to the â and b̂ axes. The
strength of the correlation depends on the tt̄ production
mechanism [11–13]. In pp̄ collisions at a center-of-mass
energy of 1.96 TeV, the correlation of spins is predicted
to be Ooff = 0.80+0.01

−0.02 [10] in the off-diagonal spin basis,
the basis in which the strength of the spin correlation is
maximal at the Tevatron [12]. The most significant con-
tribution is from the quark-antiquark annihilation pro-
cess (qq̄ → tt̄) with a spin correlation strength of ≈ 0.99,
while the gluon-gluon (gg) fusion process (gg → tt̄) has
anticorrelated spins with a typical strength of ≈ −0.36 at
next-to-leading order (NLO) in QCD [10, 14, 15]. Con-
tributions to tt̄ production from beyond the SM can have
different dynamics that affect the strength of the tt̄ spin
correlation.
Evidence for tt̄ spin correlations based on a matrix

element technique [16], was presented by the D0 collabo-
ration. Earlier lower precision measurements used a tem-
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tified as electrons, or where muons or electrons origi-
nating from semileptonic decay of heavy-flavor hadrons
appear to be isolated. The instrumental background is
determined from data, while the other backgrounds are
estimated using MC simulations. For the ℓ+jets chan-
nel, in addition to the Drell-Yan and diboson produc-
tion, the contribution from W+jets production is es-
timated from MC simulation, but normalized to data.
Electroweak single top quark production and tt̄ dilep-
ton final states are also considered as background. The
Drell-Yan and (W → ℓν)+jets samples are generated
with the leading order (LO) matrix element generator
alpgen (version v2.11) [46], interfaced to pythia [47]
(version 6.409, D0 modified tune A [48]) for parton show-
ering and hadronization. Diboson events are generated
with pythia. More details about background estimation
can be found in Refs. [38, 39]. Table I shows the num-
ber of expected events for each background source and
for the signal, and the number of selected events in data.
The number of the expected tt̄ events is normalized to
the NLO cross section of 7.45+0.48

−0.67 pb [49]. The observed
number of events in the ℓ+jets channel is higher than
the expected, mainly due to an excess in the µ + jets
channel. The expected and observed number of events
are consistent when the systematic uncertainties, of the
order of 10%, are taken into account.

III. MEASUREMENT TECHNIQUE AND
RESULTS

Our measurement uses the same matrix element (ME)
approach as Refs. [16, 50], adapted to the spin correlation
measurement. This method consists of calculating the
spin correlation discriminant [51]

R(x) =
Ptt̄(x, SM)

Ptt̄(x, SM) + Ptt̄(x, null)
, (1)

where Ptt̄(x,H ) is a per-event probability for hypothesis
H for the vector of the reconstructed object parameters
x. Hypothesis H = SM assumes the tt̄ spin correlation
strength predicted by the SM, and H = null assumes un-
correlated spins. These probabilities are calculated from
the integral

Ptt̄(x,H ) =
1

σobs

∫

fPDF(q1)fPDF(q2)×

(2π)4|M (y,H )|2

q1q2s
W (x, y)dΦ6dq1dq2. (2)

Here, q1 and q2 represent the respective fractions of pro-
ton and antiproton momentum carried by the initial state
partons, fPDF represents the parton distribution func-
tions, s is the square of the pp̄ center-of-mass energy,
and y refers to partonic final state four-momenta of the
particles. The detector transfer functions, W (x, y), cor-
respond to the probability to reconstruct four-momenta
y as x, dΦ6 represents the six-body phase space, and σobs

is the observed tt̄ production cross section, calculated us-
ing M (H = null), taking into account the efficiency of
the selection. The same σobs is used for H = null and
H = SM hypotheses, because the difference in observed
cross-sections is small, at the order of percent, and af-
fects only the separation power of the discriminant R.
This calculation uses the LO matrix element M (y,H )
for the processes qq̄ → tt̄ → W+W−bb̄ → ℓ±νℓqq′bb̄
or ℓ+ℓ−νℓν̄ℓbb̄, calculated according to the spin corre-
lation hypothesis H . The matrix element M is av-
eraged over the colors and spins of the initial partons,
and summed over the final colors and spins. For the hy-
pothesis H = null, we set the spin correlation part to
zero [11, 12]. In the calculation, we assume perfect mea-
surements of the lepton and jet directions, and perfect
measurement of electron energy, which reduces the num-
ber of dimensions that require integration. The proba-
bility is obtained by integrating over the remaining kine-
matic variables. In the ℓℓ final state, we use the top and
antitop quark masses, W+ and W− boson masses, pT
of two jets, 1/pT for any muons and pT and φ of the tt̄
system as integration variables. In the ℓ+jets final state,
the variables are the top and antitop quark masses, the
mass of the W boson decaying to qq̄′, pT of the d-type
quark jet, pz of the leptonically decaying top quark and
1/pT of a muon.
The distributions in the discriminant R of Eq. (1) are

calculated for simulated tt̄ events with SM spin correla-
tion and with uncorrelated spins. These and the expected
contributions from the background events are used as
templates to fit the R distribution in data through a
binned maximum-likelihood fit with two free parameters:
the tt̄ production cross section σtt̄, and the measured
fraction of events with the SM spin correlation strength,
f . This fit is performed simultaneously in the ℓℓ and
ℓ+jets channels, with the expected number of events ni

in each bin i given by

ni =
σtt̄

7.45pb

(

fni
SM + (1− f)ni

null

)

+ ni
bckg, (3)

where ni
SM and ni

null are the number of events in bin i
based on the mc@nlo prediction, with and without spin
correlations, and ni

bckg is the expected number of back-
ground events in the same bin. We use a non-uniform bin
width and require a sufficiently large number of events for
each bin in order to avoid bins with zero events, as they
could bias the fit result. The exact number of bins and
their size were optimized to give the smallest expected
statistical uncertainty in the case of the SM spin correla-
tion. We use the same number and widths of the bins for
the ℓ+jets and ℓℓ channels so as to keep the bin optimiza-
tion procedure relatively simple. The R distribution for
the combined ℓℓ and ℓ+jets channels is shown in Fig. 1.
The result of the fit yields f = 1.16 ± 0.21 (stat). We
estimate the significance of the non-zero spin correlation
hypothesis using the Feldman and Cousins frequentist
procedure [52], assuming that the parameter f is in the
range [0, 1], even though the measured value obtained in



D0: spin correlation
• Template fit allows for extraction of 

spin correlation strength 
Ooff = 0.89 ± 0.16 (stat) ± 0.15 (syst)  
• SM value = 0.80 
• 4.2 SD significance 

• Systematic uncertainties dominated 
by signal modeling issues 

• As pp and gg initial states lead to 
different correlation strengths, can 
extract the fraction of tt from each at 
NLO 

• fgg = 0.08 ± 0.12 (stat) ± 0.11 (syst) 
• SM value = 0.135arxiv.org/1512.08818 

(submitted to PLB)

http://arxiv.org/abs/1512.08818


Top production asymmetry
• Arises from interference at NLO QCD 

• Only in the qq initial state! 
• ~10% forward-backward asymmetry 

at the Tevatron 
• ~1% central-noncentral asymmetry at 

the LHC

• Early Tevatron asymmetry 
measurements gave large 
values, suggesting non-
SM physics! 
• (and predicted values 

had been smaller….) 
• What happened on the 

road to figuring it out?



Lepton asymmetry
• Reconstructing top direction for 

asymmetry measurement is 
complicated, requires unfolding 

• Simpler: forward-backward 
asymmetry of decay lepton 
• SM asymmetry only ~4%, but no 

unfolding required 

• CDF and D0 measurements in both 
dilepton and lepton+jet final states 
• CDF: (9.0+2.8-2.6)% 
• D0: (4.2 ± 2.4)% 

• CDF result slightly above expected 
value with dependence on lepton 
rapidity

PRD 90 072001 (2014)

PRD 88 072003 (2013)

CDF

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072001
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.072003
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FIG. 8. Smearing matrix determined using simulated bb̄ events

where no cascade decays and no B0

(s)

�B
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(s)

mixing occurs and
used as a consistency check. Shading illustrates diagonalness
of the smearing matrix and represents the level of probability
that a given mreco

b

¯

b

bin will be projected into a given m
b

¯

b

bin.

bin, several asymmetry variations around the predicted
values are tested by running 1000 pseudoexperiments for
each regularization parameter k. After unfolding, the
measured asymmetry is compared with the generated
asymmetry. Minimizing the bias from the comparison,
k = 4 was chosen as the optimal regularization parameter.

VII. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties considered in
this analysis come from modeling of the geometric and
kinematic acceptance, estimation of the background, and
possible asymmetry of the background. Modeling of the
geometric and kinematic acceptance includes e↵ects of
initial- and final-state radiation (ISR and FSR), and jet-
energy scale (JES). These are estimated by varying ISR,
FSR, and the JES in the simulation. The uncertainty due
to the amount of background is estimated by varying the
bb̄ fraction within its uncertainty. The systematic uncer-
tainty due to a possible asymmetry of the background is
estimated by simulating ±1% asymmetries in the back-
ground distributions. The total systematic uncertainties
for di↵erent m

b

¯

b

bins are summarized in Table III.

TABLE III. Absolute systematic uncertainties of A
FB

in per-
centage.

Systematic uncertainty of AFB(b

¯

b) [%]

mbb̄ [GeV/c

2
]

Integrated

40 – 75 75 – 95 95 – 130 > 130

ISR/FSR 0.09 0.07 0.06 0.12 0.05

JES 0.24 0.15 0.02 0.10 0.10

fbb̄ uncert. 0.06 0.06 0.04 0.01 0.04

Background AFB 0.11 0.17 0.27 0.34 0.17

Total 0.29 0.24 0.28 0.37 0.22

VIII. RESULTS

In this analysis we measure three asymmetries, the
raw observed asymmetry, which include e↵ects from back-
ground asymmetries, and detector acceptance and resolu-
tion; the background-subtracted raw bb̄ asymmetry, which
is corrected for asymmetries induced by backgrounds but
not for e↵ects due to detector acceptance and resolution;
and the particle-level asymmetry, which is corrected for
background and detector e↵ects. The first two asymme-
tries are shown to demonstrate the e↵ect of the performed
corrections. The results are summarized in Table IV,
where the A

FB

dependence on m

b

¯

b

and the integrated
asymmetry are presented. The final results, with statisti-
cal and systematic uncertainties added in quadrature, are
summarized in the last column. The significant di↵erence
between the raw A

FB

and the particle level A
FB

comes
from the interplay of the unfolding procedure and the
small number of events in the highest m

b

¯

b

bin.

TABLE IV. Results of the A
FB

measurements as functions of
bb̄ invariant mass. The integral values for each bin are shown.

A
FB

[%]

m
b

¯

b

[GeV/c2]
Observed Background Particle

raw asymmetry subtracted level
(statistical uncertainty only) (stat+syst)

40 – 75 0.47± 0.49 0.50± 0.54 0.83± 0.83
75 – 95 0.55± 0.61 0.60± 0.70 1.54± 0.73
95 – 130 0.70± 0.71 0.83± 0.90 0.92± 0.87
> 130 0.32± 0.91 0.43± 1.33 2.08± 1.10

Integrated 0.52± 0.32 0.58± 0.37 1.17± 0.71

]2c [GeV/bbmParticle-level 

) [
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]
bb(

FBA
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-1L = 6.9 fb
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NLO SM (PRD 92 054003)

FIG. 9. Measured A
FB

(bb̄) as a function of particle-level
m

b

¯

b

. The data are compared with the NLO theoretical predic-
tion [27].

Figure 9 shows the comparison of the results with the
theoretical prediction [27], which is calculated at the par-
ton level using a di↵erent lower threshold for the lowest
m

b

¯

b

bin. However, the parton-to-particle corrections of
the theory predictions are expected to be small compared

CDF: bottom asymmetry
• New physics affecting the top 

forward-backward asymmetry would 
affect other quark production too.  
Look at bottom quarks! 

• Most bb production is from gg, but 
enhanced qq production for high-
mass pairs 

• Identify b jets with secondary 
vertices, assign flavor with jet charge 
difference 

• Account for mixing, secondary 
decays, charge mis-ID, non-b 
backgrounds 

• Unfold and correct to particle level 
• Can exclude some axigluon models 
• Separate low-mass search also 

consistent with SM expectations

PRD 92 032006 (2015)

arXiv:1601.06526

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.032006
http://arxiv.org/abs/1601.06526


Asymmetry in l+jets
• CDF measurement well-established, 

with result higher than SM predictions: 
• AFB = (16.4 ± 4.5)% 

• D0 measurement includes larger 
phase space (with l+3 jet sample), 
plus new top reconstruction method 
and two-dimensional unfolding 
• AFB = (10.6 ± 3.0)%

PRD 87 092002 (2012)

PRD 90 072011 (2014)

3j, ≥ 2 b-tag

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.092002
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.072011


Asymmetry in l+jets
• Both experiments measure kinematic dependence of asymmetry: 

• In general greater dependence on kinematic variables than predicted 



• Harder than l+jets because of the two neutrinos in each event! 
• Simultaneous measurement of production asymmetry and top polarization 

in dilepton events using matrix element method 
• Novel application of matrix element techniques 

• Method allows for full reconstruction of event kinematics in probabilistic 
fashion 

• Assign a likelihood per event for both the asymmetry and the lepton decay 
angle for most probable kinematic value 
• Lepton angle is with respect to beam axis in tt rest frame

D0: Asymmetry in dileptons



• Systematic uncertainties dominated by signal modeling, in particular 
hadronization and showering, and method calibration 

• Results without constraining either quantity: 
• AFB = (15.0 ± 6.4 (stat) ± 4.9 (syst))% 
• κP = (7.2 ± 10.5 (stat) ± 4.2 (syst))% 
• Consistent with SM, no evidence for 

axigluon models 

• Results after constraining “other”  
quantity to SM value: 
• AFB = (17.5 ± 5.6 (stat) ± 3.1 (syst))% 
• κP = (11.3 ± 9.1 (stat) ± 1.9 (syst))% 

• Combine dilepton result with SM  
polarization with previous lepton+jets  
asymmetry measurement  
to obtain final D0 result: 
• AFB = (11.8 ± 2.5 (stat) ± 1.3 (syst))%

D0: Asymmetry in dileptons

PRD 92 052007 (2015)

http://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.052007
http://www.apple.com


• Harder than l+jets because of the two neutrinos in each event! 

• Use a likelihood-based algorithm to reconstruct neutrino momenta (and 
thus top momenta) from observed kinematics in each event 
• Rather than a single solution, form a likelihood as a function of the 

kinematic variables, and include both possible jet-lepton pairings 

• Also used a likelihood-based scheme to unfold back to parton level 
• Optimize event selection to avoid poorly reconstructed events

CDF: Asymmetry in dileptons
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FIG. 4. Distribution of the di↵erence between reconstructed
and generated values for �y from events in the nominal
powheg tt̄ MC after all the event-selection criteria. Each
event contributes a probability distribution with a unity weight.
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FIG. 5. Detector smearing matrix estimated with the nominal
powheg tt̄ MC sample.

uncertainty for |�y| < 0.5 is larger because of the large
bin migrations in that region, which reduce the statistical
power of the data. Figure 12 shows the two-dimensional
posterior-probability-density distribution of Att̄

FB in the
two |�y| regions, which shows that the two measurements
are anticorrelated as expected. The correlation is �0.44.
To determine the slope of Att̄

FB vs. |�y|, we display
the data points at the bin centroids predicted by the
powheg MC sample and fit the two di↵erential Att̄

FB re-
sults with a linear function with zero intercept [14], taking
all uncertainties with their correlations into account. The
resultant slope is ↵ = 0.14± 0.15. Figure 13 shows a com-
parison of the A

tt̄

FB-vs-|�y| results of this measurement
with the NNLO SM prediction of ↵ = 0.114+0.006

�0.012 [11].
The result is consistent with the prediction.

IX. COMBINATION OF INCLUSIVE AND
DIFFERENTIAL Att̄

FB RESULTS

We combine the dilepton results with results obtained
in the lepton+jets final state and reported in Ref. [14].
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FIG. 6. E�ciencies in the four bins, approximated to linear
functions of the Att̄

FB, estimated with the reweighted powheg
MC samples.
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FIG. 7. Comparison of the Att̄

FB values observed in the
reweighted powheg MC samples and the Att̄

FB values gener-
ated. The dashed line shows where the measured and generated
values are equal. No bias is observed.

The inclusive Att̄

FB measured in the lepton+jets final state
is 0.164± 0.039(stat)± 0.026(syst), with the slope of Att̄

FB
as a function of |�y| measured to be 0.253± 0.062.

The treatment of the correlations of the statistical and
systematic uncertainties between the two measurements
follows Ref. [19]. Here, we summarize the various un-
certainties and how they are combined. Since the two
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FIG. 8. Same as Fig. 7, but with a number of predicted values
for Att̄

FB from LO SM calculations and a few benchmark BSM
scenarios. The description of the BSM scenarios is in the main
text.
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uncertainty for |�y| < 0.5 is larger because of the large
bin migrations in that region, which reduce the statistical
power of the data. Figure 12 shows the two-dimensional
posterior-probability-density distribution of Att̄

FB in the
two |�y| regions, which shows that the two measurements
are anticorrelated as expected. The correlation is �0.44.
To determine the slope of Att̄

FB vs. |�y|, we display
the data points at the bin centroids predicted by the
powheg MC sample and fit the two di↵erential Att̄

FB re-
sults with a linear function with zero intercept [14], taking
all uncertainties with their correlations into account. The
resultant slope is ↵ = 0.14± 0.15. Figure 13 shows a com-
parison of the A

tt̄

FB-vs-|�y| results of this measurement
with the NNLO SM prediction of ↵ = 0.114+0.006

�0.012 [11].
The result is consistent with the prediction.

IX. COMBINATION OF INCLUSIVE AND
DIFFERENTIAL Att̄

FB RESULTS

We combine the dilepton results with results obtained
in the lepton+jets final state and reported in Ref. [14].
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The inclusive Att̄

FB measured in the lepton+jets final state
is 0.164± 0.039(stat)± 0.026(syst), with the slope of Att̄

FB
as a function of |�y| measured to be 0.253± 0.062.

The treatment of the correlations of the statistical and
systematic uncertainties between the two measurements
follows Ref. [19]. Here, we summarize the various un-
certainties and how they are combined. Since the two
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• AFB = (12 ± 13 (stat) ± 7 (syst))% 
• Some sensitivity to |Δy| dependence, 

nothing significant observed 
• Note better resolution at larger |Δy| 

due to less migration across y = 0 
• Combine with lepton + jets result 

• AFB = (16.0 ± 4.5)% 
• Consistent with SM

CDF: Asymmetry in dileptons

Submitted to PRD last week!  arxiv:1602.09015
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FIG. 9. Same as Fig. 7, but for the Att̄

FB(|�y| < 0.5) (a)
and Att̄

FB(|�y| > 0.5) (b) measurements. The uncertainties
correspond to the size of the powheg MC sample which is
over a factor of 100 larger than the data, and the measured
values are always within 1� of the generated values. (Note the
di↵erent vertical scales in the two subfigures.)
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FIG. 10. Posterior-probability density for the measurement
of the inclusive Att̄

FB. A Gaussian function is fitted to the
core of the distribution to extract the result. The NNLO SM
prediction is 0.095± 0.007.

measurements are based on statistically independent sam-
ples, the statistical uncertainties are uncorrelated. While
the two measurements share a small portion of the back-
ground source (W+jets), the background systematic un-
certainties are mainly caused by the uncertainties in the
shape of the background �y distributions, which are un-
correlated between the two measurements, and thus the
associated uncertainties are treated as uncorrelated. The
correction and parton-level Att̄

FB estimation procedures
are di↵erent in the two measurements. Thus, the corre-
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FIG. 11. A comparison of all inclusive top-quark-pair forward–
backward asymmetry results from the Tevatron with the NLO
and NNLO SM predictions.

sponding uncertainties are treated as uncorrelated. The
e↵ects due to the uncertainties in the parton shower model,
the jet-energy scale, the initial- and final-state radiation,
the color-reconnection model, and the parton-distribution
functions are estimated in identical ways. Thus, they
are treated as fully correlated. Table IV summarizes the
uncertainties and the correlations in both inclusive A

tt̄

FB

measurements. The combination of the inclusive A

tt̄

FB is
based on the best-linear-unbiased estimator [48]. With
these uncertainties and the correlations, the combined
value is

A

tt̄

FB = 0.160± 0.045. (11)

The weights of the lepton+jets result and the dilepton
result are 91% and 9%, respectively. The correlation
between the two results is 10%. The comparison of the
combined result with other measurements and SM calcu-
lations is shown in Fig. 14(a).
For the di↵erential Att̄

FB, rather than combining the
data, we perform a simultaneous fit for the slope ↵ of
the di↵erential Att̄

FB as a function of |�y| using both sets
of data points (four in the lepton+jets final state and
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TABLE V. Bin centroids and the di↵erential Att̄

FB in the Att̄

FB vs. |�y| measurements in both the lepton+jets and the dilepton
final states.

Lepton+jets Dilepton
|�y| < 0.5 0.5 < |�y| < 1.0 1.0 < |�y| < 1.5 |�y| > 1.5 |�y| < 0.5 |�y| > 0.5

Bin centroid 0.24 0.73 1.22 1.82 0.24 1.01
Att̄

FB(|�y|) 0.048 0.180 0.356 0.477 0.11 0.13

TABLE VI. The eigenvalues and eigenvectors of the covariance matrix for the Att̄

FB vs. |�y| measurements in both the lepton+jets
and the dilepton final states. Each row contains first an eigenvalue, then the error eigenvector that corresponds to that eigenvalue.

Lepton+jets Dilepton
Eigenvalue � |�y| < 0.5 0.5 < |�y| < 1.0 1.0 < |�y| < 1.5 |�y| > 1.5 |�y| < 0.5 |�y| > 0.5
0.156 -0.018 0.001 0.008 0.030 -0.984 0.174
0.0296 0.064 -0.030 -0.440 -0.830 -0.087 -0.322
0.0251 -0.012 -0.014 -0.172 -0.286 0.155 0.930
0.00732 -0.371 -0.840 -0.344 0.193 0.005 -0.023
0.000682 0.904 -0.235 -0.281 0.219 -0.008 0.024
0.000476 -0.201 0.487 -0.761 0.378 0.006 -0.021

|�y|
0 0.5 1 1.5 2

A

t
t̄ F
B

-0.2

0

0.2

0.4

CDF Dilepton

Linear fit

NNLO SM
Czakon, Fiedler, Heymes,
and Mitov
arXiv:1601.05375

FIG. 13. Comparison of the Att̄

FB vs. |�y| dilepton results with
the NNLO SM prediction [11]. The data points are displayed
at the bin centroids predicted by the powheg MC sample.
The linear fit with zero intercept yields a slope of 0.14± 0.15.

a slope of ↵ = 0.227 ± 0.057, which is 2.0� higher than
the NNLO SM prediction [11]. These are the final results
of the CDF program for the exploration of top forward-
backward asymmetries and, along with previous findings,
show consistency with the predictions of the standard
model at next-to-next-to-leading order.
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FIG. 14. Comparison of the combined inclusive Att̄

FB and the slope ↵ of Att̄

FB vs. |�y| with all other Tevatron measurements and
the NNLO SM calculations.

[1] W. Bernreuther and Z.-G. Si, Phys. Rev. D 86, 034026
(2012).

[2] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
83, 112003 (2011).

[3] V. Abazov et al. (D0 Collaboration), Phys. Rev. D 84,
112005 (2011).
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FIG. 9. Same as Fig. 7, but for the Att̄

FB(|�y| < 0.5) (a)
and Att̄

FB(|�y| > 0.5) (b) measurements. The uncertainties
correspond to the size of the powheg MC sample which is
over a factor of 100 larger than the data, and the measured
values are always within 1� of the generated values. (Note the
di↵erent vertical scales in the two subfigures.)
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FIG. 10. Posterior-probability density for the measurement
of the inclusive Att̄

FB. A Gaussian function is fitted to the
core of the distribution to extract the result. The NNLO SM
prediction is 0.095± 0.007.

measurements are based on statistically independent sam-
ples, the statistical uncertainties are uncorrelated. While
the two measurements share a small portion of the back-
ground source (W+jets), the background systematic un-
certainties are mainly caused by the uncertainties in the
shape of the background �y distributions, which are un-
correlated between the two measurements, and thus the
associated uncertainties are treated as uncorrelated. The
correction and parton-level Att̄

FB estimation procedures
are di↵erent in the two measurements. Thus, the corre-
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FIG. 11. A comparison of all inclusive top-quark-pair forward–
backward asymmetry results from the Tevatron with the NLO
and NNLO SM predictions.

sponding uncertainties are treated as uncorrelated. The
e↵ects due to the uncertainties in the parton shower model,
the jet-energy scale, the initial- and final-state radiation,
the color-reconnection model, and the parton-distribution
functions are estimated in identical ways. Thus, they
are treated as fully correlated. Table IV summarizes the
uncertainties and the correlations in both inclusive A

tt̄

FB

measurements. The combination of the inclusive A

tt̄

FB is
based on the best-linear-unbiased estimator [48]. With
these uncertainties and the correlations, the combined
value is

A

tt̄

FB = 0.160± 0.045. (11)

The weights of the lepton+jets result and the dilepton
result are 91% and 9%, respectively. The correlation
between the two results is 10%. The comparison of the
combined result with other measurements and SM calcu-
lations is shown in Fig. 14(a).
For the di↵erential Att̄

FB, rather than combining the
data, we perform a simultaneous fit for the slope ↵ of
the di↵erential Att̄

FB as a function of |�y| using both sets
of data points (four in the lepton+jets final state and



Tevatron top in the LHC era
• Tevatron top physics is still interesting, even with the LHC onslaught! 

• Mature experiments make for sophisticated measurements 

• Well-understood datasets, well-modeled detectors 

• Allows for significant creativity in analyses 

• Complementarity of initial state provides unique opportunities 

• Production asymmetry cannot be explored as well at LHC 

• s-channel much more difficult at LHC 

• Arguably LHC has much to learn from the Tevatron experience 

• Last few Tevatron top production measurements coming “soon” — 
stay tuned!




