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1. The Standard Model and beyond

The Standard Model (SM) of particle physics[2], developed in 1961-1972, is a gauge the-
ory based on the SU(3)C × SU(2)I ×U(1)Y symmetry group (C-colour, I-weak isospin and Y-
hypercharge). The SU(3)C is an unbroken symmetry, it is the basis of Quantum Chromo-Dynamics
(QCD), a quantum theory of strong interactions, whose carriers, massless gluons, couple to color
(strong force charge). The SU(2)×U(1) - which gives rise to the quantum theory of electroweak
interactions - is spontaneously broken by the Brout-Englert-Higgs mechanism, which gives mass
to the electroweak bosons (massive W+,W−,Zo and a massless photon), and all fermions.

Matter is build of fermions - quarks and leptons. There are three families of each, with corre-
sponding antiparticles. Quarks exist in three colors, leptons are color singlets, and as such they do
not couple to gluons, and they don’t interact strongly. Bosons are the carriers of interactions: there
are 8 massless gluons, three heavy weak bosons (W±,Zo) and a massless photon. In the Minimal
Standard Model (MSM), the Higgs sector is the simplest possible, it contains a single weak isospin
doublet of complex Higgs fields, which after giving masses to W+,W−,Zo, leaves a single neutral
scalar Higgs particle. A neutral scalar Higgs field permeates the Universe and is, in some way,
responsible for masses of other particles - they originate from couplings to the Higgs field. There
are 26 parameters not predicted by MSM - masses of quarks and leptons, coupling constants, Higgs
mass and the vacuum expectation value, mixing angles and complex phases in the quark Cabibbo-
Kobayashi-Maskawa mixing matrix and the lepton Maki-Nakagawa-Sakata mixing matrix, and the
QCD phase, θ . All must be measured.

The discovery of the Higgs boson, the only particle missing in the MSM, was announced
on July 4th, 2012 by the ATLAS and CMS Collaborations at the Large Hadron Collider (LHC)
at CERN. It was a great success for those more than 20 years-long projects. The discovery also
brought many questions, some new and many old, the most important one: is the new particle
the Minimal Standard Model boson? Answering this question will take time and many precision
measurements. With the Higgs mass known, all MSM couplings can be calculated. There are many
outstanding questions in the SM: why so many (26) free parameters: all masses, all couplings,
all mixing angles and CP-violating phases; why 6 quarks and 6 leptons - is there an additional
symmetry? why quarks and and leptons come in three pairs (generations)? is CP not an exact
symmetry, or why are laws of physics not symmetrical between matter and antimatter - is this fact
related to the questions of why is our Universe matter-dominated? there seem to be not enough
sources of CP violation in the SM to explain the latter? what is the nature of Dark Matter, about
5 times more prevalent in the Universe than ordinary matter? how to include gravity ? There is
still plenty to understand, and all this means that the Standard Model is perhaps just a low energy
approximation.

Many new theories were considered as possible beyond Standard Model physics models: Su-
persymmetry (SUSY); Grand Unified Theories based on some larger symmetry groups, e.g. SU(5),
SO(10), E8, Monster group... There exist also "new physics" models based on the extensions of
Kaluza-Klein theory, string theory, superstring theory, branes, M-theory, quantum gravity or Tech-
nicolor. Finding Higgs boson does not solve SM shortcomings. It is quite clear that new experi-
mental data and analyses are badly needed. (Personally, I think it would be much more interesting
if the Higgs boson were not there, or if the new-found particle is NOT a Minimal Standard Model
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boson).

2. Top Quark in the Standard Model

The top quark was expected in the Standard Model (SM) of electroweak interactions as a
partner of the b-quark in a SU(2) doublet of weak isospin in the third family of quarks. The first
evidence for top quark was published by CDF in 1994[3], after some earlier hints, and was followed
by the discovery papers by CDF and D0 Collaborations in 1995[4]. Top quark mass is about 173
GeV, which makes the top quark the most massive of the known elementary particles, and it may
be playing a special role in electroweak symmetry breaking.

At the LHC, achieving a good understanding of top physics is a necessary first step in almost
any search for physics beyond the Standard Model at high mass scale. Most “new physics ”will
show up as excess of events beyond the SM expectations, including 6 quarks. Top quark produc-
tion will be the most dominant background in almost any new physics searches, and has to be
understood well.

In addition to direct searches for “new physics ”, the precision studies of tt̄ spin correlations
and asymmetries could be one of the best window to the “beyond the SM ”physics. Top studies may
also be the best testing ground for the higher order theoretical calculations. Recently, significant
progress has been achieved with Czakon and Mitov finalizing the complete NNLO calculations[5].

Studies of top quarks are very interesting on their own. Because of very large mass of the top
quark, its lifetime is very short, ∼ 5× 10−25 seconds, much shorter that the characteristic time of
the strong interactions, which is of the order of∼ 10−22 seconds. Top quark thus decays before any
effects due to the strong interactions (hadronization) may take place. This allows a direct access
to the information about the top quark spin, which is very difficult, if not impossible, for any other
quark.

3. ATLAS at the LHC

The LHC proton-proton accelerator was approved by CERN Council in 1994. The construc-
tion started after closing of LEP2 in 2000, and the first long physics run started on March 30, 2010,
when the first collisions at

√
s = 7 TeV were recorded. In May 2012, the energy of pp collisions

was increased to 8 TeV. In the first physics run of the LHC, each of the two large LHC detectors,
CMS and ATLAS, recorded data corresponded to the luminosities of 5/fb at 7 TeV and 20/fb
at 8 TeV. After a technical shutdown in which major upgrades to the LHC were performed, the
LHC Run 2 started in May 2015, with first stable beam collisions at pp energy of

√
s = 13 TeV

The ATLAS detector has been been described in details elsewhere[6]. It is a multi-purpose particle
physics detector, forward-backward symmetric and with cylindrical geometry. The inner tracking
detectors are surrounded by a thin superconducting solenoid magnet, electromagnetic and hadronic
calorimeters, and a muon spectrometer with an axial magnetic field generated by three supercon-
ducting toroidal magnets, each with eight coils. The inner tracker (ID), in combination with the 2T
magnetic field from the solenoid, provides precision momentum measurements for charged particle
within the pseudorapidity range |η | < 2.5. It consists of, moving from the interaction point to the
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outside, a silicon pixel detector, a silicon microstrip detector and a straw-tube tracker that also pro-
vides transition radiation measurements for electron identification. The calorimeter system covers
the pseudorapidity range |η | < 4.9. A high-granularity liquid-argon (LAr) sampling calorimeter
with lead absorber provides the measurement of the electromagnetic showers (EM) within |η | <
3.2. In the region matched to the ID, |η | < 2.5, the innermost layer has a fine segmentation in η

to allow e/γ separation from πo and to improve the resolution of the shower position and direction
measurements. Hadronic showers (HAD) are measured by an iron/plastic scintillator tile calorime-
ter in the central region, |η |< 1.7, and by a LAr calorimeter in the end-cap region, 1.5< |η |< 3.2.
In the forward region, measurements of both EM and HAD are provided by a LAr calorimeter cov-
ering the pseudorapidity range 3.1 < |η |< 4.9. The muon spectrometer (MS), with its own trigger
and high precision tracking detectors, provides muon identification for charged tracks within |η |<
2.7. The combination of all ATLAS detector systems provides charged particle measurements, and
lepton and photon measurements and identification in the pseudorapidity range |η |< 2.5. Jets and
missing transverse energy, 6Et , are reconstructed over the full range covered by the calorimeters,
|η |< 4.9.

The LHC is a true top factory. The cross sections for the top pair and single top production,
and the number of expected events, shown in Figure 1, are many orders of magnitude higher than
at Tevatron.

τ+τ   1%
τ+µ   2%

τ+e   2%

µ+µ   1%

µ+e   2
%

e+e   
1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

Figure 1: Left: Cross sections for selected processes at the Tevatron and the LHC.Right: Final states in top
pair (tt̄ ) production

4. Methodology of top measurements and studies

Top studies, in addition to provide measurements of its properties, they also provided a testing
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ground for many novel analysis techniques At the Tevatron at FNAL, the samples of top events were
small and advanced methods were necessary to extract best results. At the LHC at CERN, statistics
is not a problem, however, the use of clever analysis techniques leads to smaller errors. Among
the techniques used are: i) kinematic fitting; ii) template fitting (single or multidimensional); iii)
various "matrix element" techniques; iv) machine learning techniques - neural networks (NN),
boosted decision trees (BDT) and support vector machines (SVM).

In the SM, top quarks decay predominantly into a W boson and a b-quark, t→W+b, t̄→W−b̄.
The top pair production candidates are usually classified into of the three final final state topolo-
gies: i) dileptons - events in which both W bosons decay leptonically, such events have the smallest
backgrounds, especially in the eµ channel; ii) lepton+jets - these events have larger branching
fractions but also larger backgrounds: W+jets, Z+jets, lepton fakes; iii) "all hadronic" - most abun-
dant but with the largest backgrounds. The top pair branching fractions are shown in Figure 1.
Identifying a b-quark in the final state is also an important element in top analyses. Specialized
high-resolution tracking detectors look for a displaced vertex from a decay of relatively long-lived
particles containing b-quark from top quark decay, and "soft" lepton tagging algorithms look for
additional leptons within jets, expected in jets originating from b-quarks. Usually a combination of
several tagging techniques is used. ATLAS uses a neural net algorithm, MV1, to combine results
from several algorithms, operating with the tagging efficiency of ∼ 70%.

4.1 Cross section

The measurement of the cross section is one of the simplest one can perform. The steps are,
for both the tt̄ and the single top production measurements:

• search for events with top signature

• calculate the expected SM background

• count events above backgrounds

• apply corrections for acceptance and reconstruction inefficiencies and biases

One should remember two important facts:

i) It is assumed that the selected events contain just the tt̄ events and the SM background. This is
the simplest and the most natural hypothesis since top quark is expected in the SM.
ii) Some of the acceptance corrections are strongly varying functions of the top quark mass, Mtop.
The measured cross section depends on the adopted value of Mtop, which has to be determined
independently.

4.2 Direct measurement of the top quark mass

All techniques assume that each of the selected event contains a pair of massive objects of
the same mass (t and t̄ quarks), which subsequently decay as predicted in SM. A variety of fitting
techniques have been developed which use information about the event kinematics. In addition
to the assumption mentioned in the previous section, there in also an important question about the
meaning of the measured parameter - what is really measured: "Pythia" mass, MS mass, pole mass?
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In the lepton+jets and all-hadronic final states there are enough kinematical constraints to
perform a genuine fit (3C or better in the language of kinematical fitters). A one-to-one mapping
between the observed leptons and jets and the fitted partons is assumed. Leptons are measured
best, jets not as well, while the missing transverse energy, 6Et , has the largest uncertainty. In the
lepton+jets final state one may, or may not, use 6Et as the starting point for the transverse energy
of the missing neutrino. Most analyses they make use of MET. ATLAS and CMS use a number
of methods: template, multivariate template, DLM, ideogram, and multivariant discriminant (NN,
BDT) analyses to select their top enriched and background samples of events that are basis of their
top mass and cross section analyses. Even if only 4 highest transverse energy jets are used, there
are 12 combinations if no tagging requirement is used; 6 combinations with one tagged jet, and two
when one requires two tagged jets. One should remember that quite often additional jets due to the
initial and final state radiation (ISR and FSR) are present in an event. The best measurements of the
top quark mass are obtained by calculating the mass of the three jets originating from the hadronic
decay of a top quark, using lepton as a trigger, and simultaneously correcting the jet energies by
implementing a W mass contraint for the non-tagged jets in the three jet system of the hadronically
decaying top quark.

In the di-lepton mode situation is much more complicated, as the problem is underconstrained
- there are two missing neutrinos in each event!. Several techniques were developed. All obtain
a probability density distribution as a function of top quark mass, whose shape allows identifying
the most likely mass which satisfies the hypothesis that a pair of top quarks were produced in an
event and that their decay products correspond to a given combination of leptons and jets. 6Et may,
or may not, be used. Experimenters developed several methods, for example: the Neutrino Phase
Space weighting technique, the Average Matrix Element technique (MWT), Dalitz-Goldstein and
Kondo "matrix element" methods, "Minuit" fitting. Most techniques use the missing transverse
energy 6Et , but not all - the modified Dalitz-Goldstein method includes instead - in the definition of
the likelihood, in a Bayesian way - information about the parton distribution functions, transverse
energy of the tt̄ system and the angular correlations between the top decay products.

5. ATLAS results

5.1 Top-antitop quark pair production

The leading order (LO) Feynman diagrams for the production of a top-antitop pair via the
strong and electroweak interactions are shown in Figure 2. A summary of the ATLAS (and CMS)
top pair cross section measurements at

√
s = 7 TeV and 8 TeV are shown in Figure 3. The pre-

liminary measurement of the top pair cross section in the dilepton eµ with tagged b-quark jets
final state, in which the background is very small, is shown in Figure 4. The measured values of
the top pair production cross sections at 7 TeV , 8 TeV and 13 TeV are compared with the NNLO
calculations[5], with very good agreement.

5.2 Single top quark production

The tree level (LO) diagrams of single top quark production processes (t-channel, Wt-channel
and s-channel) are shown in Figure 5. The corresponding measurements of the cross sections (only
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Figure 2: Tree level diagram for the tt̄ production in the MSM via strong interactions.
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CMS, all jets -1=3.5 fbintL 3 pb± 26 ± 10 ±139 
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Figure 3: A summary of the ATLAS and CMS top pair cross section measurements at 7 TeV and 8 TeV. Also shown
are the LHC combinations of the respective results. References to the original publications are listed in the Figure.

limits for the s-channel) from ATLAS, CMS and the LHC combinations are shown in Figures 6.
The measurements of the single top production rate provide a direct access to the Wtb vertex, and
allow determination of the |Vtb| element of the Cabibbo-Kobayaski-Maskawa matrix. The results
of such analyses are also shown in Figure 6, on the right side.

5.3 Top quark mass

The direct measurements of the top quark mass by ATLAS, CMS and the LHC combination are
summarized in Figure 7. An indirect measurement of the top pole mass, obtained from comparing
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Figure 4: The cross section measurements by the ATLAS collaboration at pp collisions at the LHC at 7 TeV,
8 TeV and 13 TeV, and at pp̄ collisions at the Tevatron at 1.96 TeV, compared with the NNLO calculations.

Figure 5: The tree level diagrams for single top production in the MSM. From the left: t-channel, Wt-
channel, s-channel.

the differential cross section of tt̄ +1 jet events with the NLO calculation[7], obtained with the
ATLAS 7 TeV data[8] yields 173.7+2.3

−2.1 GeV .

6. Top spin polarization and correlations

The top quark decays via the weak interactions, predominantly into a W boson and a b-quark.
Because of the very large mass of the top quark, its lifetime is very short, ∼ 5× 10−25 seconds,
much shorter than the characteristic time of the strong interactions. The top quark decay products
will not be altered by the strong interactions, which is unique among all quarks. This gives access to
the information about the top quark spin, and allows to study the top-antitop quark spin correlations
in the top pair production. There are two weak decays in succession: t→Wb, followed by W → eν̄e
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Figure 6: Left: A summary of the ATLAS and CMS single top cross section measurements in the t, Wt channels
and the limits on the production in the s the channel. Right: the corresponding values of |Vtb| in the t and Wt channels.
References to the original publications are listed in the Figure.

or W → µν̄µ . Both decays violate parity (P). One can infer the spin direction of the top quark by
measuring the helicity of a W from top quark decay. In the limit of the b-quark being massless, if
the W+ helicity in top quark rest frame is −1 then the top quark spin was antiparallel to the W+

momentum. If the W+ helicity in the top quark rest frame is 0, then the top quark spin was parallel
to the W+ momentum, as explained schematically in Figure 8.

Analogously to the top quark decay, the V−A electroweak coupling of the W boson to its decay
products allows determination of the W boson spin by analyzing its decay products, the lepton and
the neutrino, or quark and antiquark. The "analysing power" (at LO) is α = 1 for leptons and d,s
quarks; α =−0.4 for b quark and α =−0.3 for u quark and neutrinos. In the helicity basis, θi are
the angles between the lepton direction in the top quark rest frame and the top quark direction in
the tt̄ rest frame; and analogously for the top antiquark. The double differential distribution for
the tt̄ production and decay is given by:

1
σ

d2σ

dcosθ1dcosθ2
=

1
4
(1+α1P1cosθ1 +α2P2cosθ2−Ccosθ1cosθ2)

and the single differential distribution is:

1
σ

d2σ

dcosθi
=

1
2
(1+αiPicosθi)

where Pi is the top quark polarization, and C is the tt̄ spin correlation.

C =
N(↑↑)+N(↓↓)−N(↑↓)−N(↓↑)
N(↑↑)+N(↓↓)+N(↑↓)+N(↓↑)
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shown below the line
(*) Superseded by results

May 2015

World Comb. Mar 2014, [7]
bJSF⊕JSF⊕stat

total uncertainty

bJSF⊕JSF⊕stat
total uncertainty

   Ref.s    syst) ±bJSF ⊕JSF⊕ tot. (stat± topm

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 
ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 
CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 
CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 
LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 
ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 
ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 
ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 
ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

)l+jets, dil.
Mar 2015(ATLAS comb.  7 TeV  [8] 0.78)± 0.91 (0.48 ±172.99 

CMS, l+jets 8 TeV  [11] 0.74)± 0.75 (0.18 ±172.04 
CMS, dilepton 8 TeV  [12] 1.40)± 1.41 (0.17 ±172.47 

CMS, all jets 8 TeV  [11] 0.80)± 0.89 (0.37 ±172.08 
CMS comb. (Sep 2014) 7+8 TeV  [11] 0.64)± 0.65 (0.14 ±172.38 

 = 7-8 TeV   TOPLHCWGs summary, topATLAS+CMS Preliminary m

[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427

[2] ATLAS-CONF-2013-077 [8] arXiv:1503.05427

[3] JHEP 12 (2012) 105 [9] Eur.Phys.J.C75 (2015) 158

[4] Eur.Phys.J.C72 (2012) 2202 [10] ATLAS-CONF-2014-055

[5] Eur.Phys.J.C74 (2014) 2758 [11] CMS PAS TOP-14-015

[6] ATLAS-CONF-2013-102 [12] CMS PAS TOP-14-010

Figure 7: A summary of the ATLAS, CMS and the LHC and world combinations of the top quark direct
mass measurements. References to the original publications are listed in the Figure.

The longitudinal polarization is parity-odd (P-odd); if p̂ is a unit vector in the top momentum
direction and ~S is the top quark spin

PL =<~S · p̂>
P(PL) =−PL

The transverse polarization is parity-even. If (p̂× k̂) = n̂ is a unit vector perpendicular to the
reaction plane, and k̂t(k̂t̄) is the unit vector in the top quark (top antiquark) momentum direction in
the tt̄ centre-of-momentum (cms) frame,

PT =<~S · (p̂× k̂t)>

P(PT ) = PT
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b
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(a) Top decay with ⇤W+ = �1

W+

sz (W+) = 0

t

b sz (b) = +1
2

sz (t) = +1
2

ẑ

(b) Top decay with ⇤W+ = 0

Figure 2.7.: Top quark decay in the top quark’s rest frame with the spin of each particle
projected onto the z-axis. For both cases, the b-quark is considered to be massless;
therefore, the helicity, ⇤, of the b-quark has the same handedness as its chirality
(left handed), which imposes the requirement that the W -boson’s helicity state
must conserve the initial z-component of spin. In Fig. 2.7a, the W -boson must
have ⇤ = -1 (spin direction anti-parallel to its momentum), to conserve the spin
component in the z direction; while in Fig. 2.7b, the W -boson must have ⇤ = 0
(projection of its spin onto the z-axis equals 0).

Similar to spin constraints of the top quark decay, the spin projection of the W -boson

along the z-axis must be conserved by the spin projections of the charged anti-lepton

and the neutrino. The chiral coupling (in the massless limit of the charged anti-lepton

and neutrino) will force the W+-boson to decay into a right-handed charged anti-lepton

and a left-handed neutrino. To ensure that the projection of W+-boson’s spin onto the

z-axis is conserved, the momentum of the charged anti-lepton (neutrino) must be parallel

(anti-parallel) to the spin projection of the W+-boson. Consequently, by measuring the

Theoretical Underpinnings of this Thesis 32

direction of the charged lepton’s momentum in the W+-boson’s rest frame, one can access

the spin state of the W+-boson. This only true for W+-bosons in the Λ = ± 1 helicity

states; the charged leptons originating from the decay of W+-bosons in the Λ = ± 0

helicity states will not have a preferred direction.

νℓ
sz (νℓ) = −

1

2

W+

ℓ+ sz (ℓ
+) = −

1

2

sz (W
+) = −1

ẑ

Figure 2.8.: The decay of a W+ to an anti-lepton and its associated neutrino in the W -boson’s
center-of-mass frame. The spin of each particle is projected onto the z-axis. In
the massless limit of the charged lepton and neutrino, the charged anti-lepton
(neutrino) must have its momentum direction parallel (anti-parallel) to the spin
projection of the W -boson due to the fact that fermions in the SM are left-handed
and antifermions are right-handed.

Considering that the spin state of the W -boson in its rest frame can be accessed

through the angular distribution of its decay products and that the top quark’s spin state

in its rest frame can be determined by the W -boson’s spin state (provided it’s in the

helicity state Λ = ± 1), one can determine the top quark’s spin state in its rest frame by

measuring its final state decay products momentum vectors, provided that one properly

boosts the final state decay product into the W -boson’s rest frame and properly boost

Figure 8: Left: Helicity analysis of the top quark decay t→W+b decay. Right: Analogous analysis in the subsequent
W+→ e+νe decay. One can infer the information about the spin of the parent top quark from analyzing the b-quarks,
or leptons from the W+ decay. An analogous analysis applies to the t̄→W−b̄ decay followed by W−→ e−ν̄e decay

If l̂ is the direction of the lepton momentum in the tt̄ cms frame, then with OT defined as:

OT = sign(p̂ · k̂t)(n̂ · l̂+)
or

OT =−sign(p̂ · k̂t̄)(n̂ · l̂−)

PT =
N(OT > 0)−N(OT < 0
N(OT > 0)+N(OT < 0)

The longitudinal polarization in completely unaffected by the transverse polarization in the tt̄ pro-
duction. The definitions of various asymmetries depend on the choice of observables with which
to measure PT or PL. One can also define variables which are easier to measure experimentally -
difference in the azimuthal angle between the top and and anti top quarks, ∆φtt̄ , or just the differ-
ence in the azimuthal angle between the leptons from the W decays, ∆φll . However, the price for
simplicity is that the information about the spin correlations is diluted.

Aφ =
Nll(cosφ > 0)−Nll(cosφ < 0)
Nll(cosφ > 0)+Nll(cosφ < 0)

The ATLAS measurements of top spin correlations[9], based on the
√

s = 7 TeV di-lepton and
lepton+jets data, are summarized in Figure 9. The analysis was performed using four different
observables sensitive to different types of "new physics" in tt̄ production, including angular corre-
lations between the charged leptons in two different spin quantization bases, as well as a simple ∆φ

between the leptons from the W decays. The results are presented as measurements of the Standard
Model spin correlation fraction, fSM = (NSM +Nuncorrelated)/NSM. The results from an analysis of
the lepton+jets events, based on

√
s = 8 TeV data[10] is presented in Figure 10. This measurement

has also been used to set lower limits on the mass of the supersymmetric partner of the top quark,
Mstop > 191 GeV (@95%C.L)). A summary of the D0, CMS and ATLAS measurements of fSM is
shown in the same figure.

11
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FIG. 8. Distributions of (a) ��(`, `), (b) S-ratio, (c) cos(✓+) cos(✓�) in the helicity basis, and (d) cos(✓+) cos(✓�) in the
maximal basis in the dilepton final state. The result of the fit to data (blue lines) is compared to the templates for background
plus tt̄ signal with SM spin correlation (red dashed lines) and without spin correlation (black dotted lines). The bottom panel
shows the ratio of the data (black points), the best fit (blue solid lines) and the no spin prediction to the SM prediction.

The analysis of the S-ratio results in Ameasured
helicity =

0.27 ± 0.03 (stat) ± 0.04 (syst) and Ameasured
maximal = 0.38 ±

0.05 (stat) ± 0.06 (syst).

All results are summarized in Table V. Within uncer-
tainties, all values are in agreement with the SM predic-

tion and with each other.

15

TABLE IV. Summary of fSM measurements in the individual dilepton channels and in the combined dilepton channel for the
four di↵erent observables. The uncertainties quoted are first statistical and then systematic.

Channel fSM(��(`, `)) fSM(S-ratio) fSM(cos(✓+) cos(✓�)helicity) fSM(cos(✓+) cos(✓�)maximal)
e+e� 0.87 ± 0.35 ± 0.50 0.81 ± 0.35 ± 0.40 1.72 ± 0.57 ± 0.75 0.48 ± 0.41 ± 0.52
e±µ⌥ 1.24 ± 0.11 ± 0.13 0.95 ± 0.12 ± 0.13 0.76 ± 0.23 ± 0.25 0.86 ± 0.16 ± 0.20
µ+µ� 1.11 ± 0.20 ± 0.22 0.53 ± 0.26 ± 0.39 0.31 ± 0.42 ± 0.58 0.97 ± 0.33 ± 0.44

Dilepton 1.19 ± 0.09 ± 0.18 0.87 ± 0.11 ± 0.14 0.75 ± 0.19 ± 0.23 0.83 ± 0.14 ± 0.18

tainties on the measurement of lepton misidentification
rates in di↵erent control samples.

Finally, an uncertainty on the method to extract the
spin correlation strength arises from the limited size of
the MC samples used to create the templates.

As discussed in Sec. VII, top quark pT modeling has
an e↵ect on fSM. The e↵ect on fSM of reweighting of the
top quark pT to match the distribution in unfolded data
is listed separately in Sec. VIIC. To avoid double count-
ing, the uncertainty due to the choice of parton shower
and hadronization model is evaluated after the top quark
pT distribution in Powheg+Pythia is corrected to be
consistent with Powheg+Herwig.

IX. RESULTS

In the following, the results for the spin correlation
measurements in the dilepton and single-lepton final
states are discussed.

A. Dilepton channel

For each of the four observables, the maximum likeli-
hood fit in each of the three individual channels (e+e�,
e±µ⌥, and µ+µ�) and their combination is performed.
The observable with the largest statistical separation
power between the no spin correlation and the SM spin
correlation hypotheses is ��. The measured values
of fSM for ��(`, `), the S-ratio and cos(✓+) cos(✓�) in
the helicity and maximal bases are summarized in Ta-
ble IV. The systematic uncertainties and their e↵ect
on the measurement of fSM in the dilepton channel
are listed in Table III. Because of the di↵erent meth-
ods of constructing the four observables, they have dif-
ferent sensitivities to the various sources of systematic
uncertainty and to the various physics e↵ects. Some
of the given uncertainties are limited by the size of
the samples used for their extraction. The dependence
of fSM on the top quark mass mt is parametrized as
�fSM = �1.55 ⇥ 10�5(mt/GeV � 172.5) for ��(`, `),
�fSM = �0.010(mt/GeV � 172.5) for the S-ratio,
�fSM = 0.015(mt/GeV � 172.5) for cos(✓+) cos(✓�) in
the helicity basis, and �fSM = 0.016(mt/GeV � 172.5)
for cos(✓+) cos(✓�) in the maximal basis.

Figure 8 shows the distribution of the four observables
in the data, the prediction for SM spin correlation and
no spin correlation, and the result of the fit.

The analysis of the cos(✓+) cos(✓�) observable allows
a direct measurement of the spin correlation strength
A, because A is defined by the cos(✓+) cos(✓�) distri-
bution according to Eq. (2). This becomes obvious in
Eqs. (4) and (5), which show that the expectation value
of cos(✓+) cos(✓�) is equal to A modulo constant factors.
Therefore, the extraction of fSM using the full distribu-
tion in a template method is equivalent to extracting the
spin correlation in the respective spin quantization basis
Ameasured

basis . The relation is given by

Ameasured
basis = fSM ASM

basis , (10)

with the SM predictions being ASM
helicity = 0.31 and

ASM
maximal = 0.44, respectively, as discussed in Sec. VI.
Combining all three final states in the measurement

of cos(✓+) cos(✓�) in the helicity basis, a direct measure-
ment of Ameasured

helicity = 0.23 ± 0.06 (stat) ± 0.07 (syst) is
derived, which is in good agreement with the SM value
of ASM

helicity = 0.31.

The combined result using cos(✓+) cos(✓�) in the max-
imal basis gives a direct measurement of Ameasured

maximal =
0.37 ± 0.06 (stat) ± 0.08 (syst), in good agreement with
the SM value of ASM

maximal = 0.44.
The analysis of ��(`, `) and the S-ratio allows an in-

direct extraction of A under the assumption that the tt̄
sample is composed of top quark pairs as predicted by
the SM, either with or without spin correlation, but does
not contain contributions beyond the SM. In that case, a
change in the fraction fSM will lead to a linear change of
A according to Eq. 2. This has been verified in pseudo-
experiments. Under these conditions, the measured fSM

can be translated into values of Ameasured
basis via Eq. 10,

giving Ameasured
helicity = 0.37 ± 0.03 (stat) ± 0.06 (syst) and

Ameasured
maximal = 0.52 ± 0.04 (stat) ± 0.08 (syst). These re-

sults are limited by systematic uncertainties, in particu-
lar by uncertainties due to signal modeling. The influence
of the dominant systematic uncertainties in the previous
ATLAS measurement performed on a smaller data set
(2.1 fb�1), giving Ahelicity = 0.40+0.09

�0.08 (stat � syst) [35],
has been reduced due to a better model of the fake lep-
ton background and improved understanding of the jet
energy scale. The two results are in agreement with each
other.

Figure 9: ATLAS top spin correlation results based on an analysis of the dilepton events from pp collisions
at 7 TeV .

7. Top asymmetries

At the Tevatron, a pp̄ collider where qq̄ fusion is the dominant tt̄ production process, top
quarks tend to follow the proton direction, and top antiquarks the antiproton direction.

There is no forward-backward asymmetry in the tt̄ production in the LO Standard Model
calculations, and a very small asymmetry, AFB−T HEORY = 0.05±0.015, appears only as a result of
the interference between the higher order diagrams (NLO): i) interference between the LO and the
box diagrams gives rise to a positive AFB; ii) interference between the gluon initial and final state

12
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1

1 Introduction
At the LHC, top quarks are mainly produced in tt pairs through gluon fusion. Since the lifetime
of top quarks is smaller than the hadronisation timescale (1/LQCD) which in turn is smaller
than the spin decorrelation timescale mt/L2

QCD ⇠ 3 ⇥ 10�21 s, the top quarks decay before
their spins decorrelate. This spin correlation is therefore propagated to the top quark decay
products and one can infer the tt spin correlation strength A by studying the angular correla-
tions between the decay products where

A =
(N"" + N##) � (N"# + N#")
(N"" + N##) + (N"# + N#")

(1)

is the asymmetry between the number of tt pairs with aligned and anti-aligned spins. New
physics can influence the spin correlation strength [1, 2]. The spin correlation strength is not
a free parameter of the SM but depends on the strength of the SM couplings, the production
modes of tt pairs and spin quantization axis among others. Tevatron experiments made mea-
surements of the tt spin correlation strength using template fits to the angular distributions of
the top quark decay products and extracting the fraction of tt events with SM spin correlation
f as shown in Eq. 2.

f =
Ntt

SM

Ntt
SM + Ntt

Uncor

(2)

The assumption is that the fraction (1 � f ) of tt events shows zero spin correlation. CDF ex-
tracted the fraction f of events with SM spin correlation using the lepton+jets final state [3]
and D0 using the dilepton final states [4, 5]. D0 also made the first spin correlation mea-
surement using the Matrix Element Method (MEM) [6] again in the dilepton channel and
found the first direct evidence of tt spin correlation by combining the measurements using
MEM in the dilepton and lepton+jets channels [7]. The combined D0 measurement yielded
f = 0.85 ± 0.29 (stat + syst) using 5.3 fb�1 of integrated luminosity at

p
s = 1.96 TeV.

At the LHC, ATLAS measured the spin correlation using template fits to the azimuthal angle
difference between the two oppositely charged leptons in the dilepton channel. The ATLAS
collaboration obtained a measurement at 7 TeV [8] with their latest result being f = 1.20 ±
0.05 (stat) ± 0.13 (syst) [9]. The only measurement in the lepton+jets channel at the LHC so far
is made by ATLAS using opening angle distributions [10], giving f = 1.12 ± 0.24 (stat + syst).

Here, a measurement of the top quark spin correlations is described using a matrix element
method using events obtained from pp collisions at a center of mass energy of

p
s = 8 TeV,

corresponding to an integrated luminosity of
R

Ldt = 19.7 fb�1, collected with the CMS de-
tector at the LHC. A detailed description of the CMS detector, together with a definition of the
coordinate system used and the relevant kinematic variables, can be found in Ref. [11]. In this
analysis, the traditional discrete hypotheses are investigated: SM correlated and uncorrelated
tt production and decay. In a matrix element method, the compatibility of an observed event
with a given theoretical model is calculated in the form of an event likelihood. Per event, the
most discriminating variable between both hypotheses is the likelihood ratio. By constructing
the likelihood ratio of the data and comparing with likelihood ratios expected from both hy-
potheses, the compatibility of the data with both hypotheses can be assessed. In addition, the
distribution of event likelihood ratios is used in a template fit to extract the fraction f of events
with SM spin correlation.

Figure 10: Left: ATLAS top spin correlation results based on an analysis of the lepton+jets events from
pp collisions at 8 TeV . Right: A summary of the D0, ATLAS and CMS tt̄ spin correlation measurements.
References to the original publications are listed in the Figure.

radiation, which gives rise to a negative AFB. The Feynman diagrams of the QCD and electroweak
corrections to the LO tt̄ production are shown in Figure 11.

CDF measured a larger asymmetry. Based on the data corresponding to the integrated lumi-
nosity of 5.3/fb, the combined lepton+jets and di-lepton result was: AFB = 0.20± 0.07(stat)±
0.02(syst). This discrepancy created a significant amount of interest for a number of years, and
stirred a lot of activity in the field of spin correlations and various asymmetries. Models with heavy
bosons W ′,Z′, axigluons are a few examples of possible ways to enhance the forward-backward
asymmetry by physics beyond the SM, which have been proposed as possible explanation for the
CDF result. However, with the more complete results available, both from experiment and theo-
retical calculations, the discrepancy may be fading away. The higher order (NNLO) tt̄ production
calculations by Czakon and Mitov basically agree[12] now with the D0 measurement and differ
only by ∼1.7σ from the final CDF results, based on 9.7/fb, as shown in the top part of Figure 12.

At the LHC, a proton-proton machine, the tt̄ production is, as a consequence of charge con-
jugation symmetry, forward-backward symmetric in the laboratory reference frame. However, by
appropriately selecting the invariant mass of the tt̄ +gluon system and its longitudinal momen-
tum, or the rapidity of the top (antitop) quark, one can constrain the kinematical region in order to
generate a preferred direction for quark-antiquark reactions. In this way one can enhance the con-
tribution from the qq̄, gq and gq̄ processes which may give rise to asymmetry, while the gg process
does not contribute to asymmetry. A comparison of the rapidity distributions for top quarks and
top antiquarks[11], is sketched in Figure 12, for the Tevatron (pp̄) and the LHC (pp) accelerators.

At the LHC, these asymetries are called "charge" symmetries, while at the Tevatron "forward-
backward" asymmetries. At the Tevatron, the charge asymmetry is equivalent to the forward-
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Figure 1: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks: interference of
final-state (a) with initial-state (b) gluon bremsstrahlung plus interference of the box (c) with the Born
diagram (d). Crossed diagrams are omitted.

(a) (b)

Figure 2: Cut diagrams.

Another QED term originates from the interference between the gluon-γ box with the QCD Born ampli-
tude. Since gluons and photon are distinct fields, two contributions as depicted in Fig. 4b and 4c arise †.
Each of these contributes with the factor given in Eq. (3). In total the relative factor between QCD and
QED asymmetries amounts to

fQED
q = 3

αQED Qt Qq

αS

2

(
d2

abc

4

)2 =
αQED

αS

36

5
Qt Qq (4)

for one quark species. Let us, in a first step, assume identical functional dependence of the PDFs for u
and d valence quarks in the proton (modulo the obvious factor two) and similarly for antiquarks in the
antiproton. Assuming, furthermore, dominance of valence quark-antiquark annihilation in tt̄ production,
the relative contributions of the uū versus dd̄ induced reactions to the cross section have to be weighted
with the ratio 4:1. The QED asymmetry has to be weighted, furthermore, with relative factors fQED

u and
†These small terms had been neglected in [12], in [11] only one of the two had been included. The present result is in

agreement with [35]
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it must come from higher order electro-weak corrections to the strong production of tt̄

or from the interference of the weak production of tt̄. Figures 2.13 and 2.14 depict the

Feynman diagrams for the higher order electro-weak corrections to the strong production

of tt̄, while the Feynman diagram for the leading order electro-weak production of tt̄ is

shown in Fig. 2.4e. These electro-weak corrections and interference terms to the strong

production of tt̄ produce a very small degree of longitudinal polarization of the top quark

since they involve powers of the electro-weak coupling constant13. Each of the diagrams

in Figs. 2.4e, 2.13 and 2.14 is CP conserving; the diagrams that produce longitudinally

polarized top quarks through a CP violating interaction must contain multiple virtual

W -boson exchanges that involve CP violating vertices from the CKM matrix. Due to

this fact, CP violating production of tt̄ within the SM predicts a negligible degree of

longitudinal polarization (in the helicity basis) for the top quark at the LHC operating

at
p

s = 7 TeV and at
p

s = 8 TeV, PCPV = 0. The SM prediction for the degree of

longitudinal polarization (in the helicity basis) of the top quark in tt̄ production in the

CP conserving scenario at the LHC operating at
p

s = 7 TeV and at
p

s = 8 TeV is

PCPC = 0.003 ± 1% [23].

g

g

t̄

t
(a) s-channel correction

g

g

t̄

t

(b) s-channel correction with fermion triangle

Figure 2.13.: Tree level QCD diagrams with parity violating 1-loop weak corrections to the
s-channel gg ! tt̄ production. The dashed line in Fig. 2.13a represents W/Z
bosons or the Higgs boson H. The fermion triangle in Fig. 2.13b represents a t
or b quark; the dashed line represents the subsequent s-channel exchange of a
Z-boson.

13The ratio of the electro-weak coupling to the strong coupling, ↵W

↵s
, is approximately 10�7

Figure 11: NLO corrections to the tt̄ production resulting in the forward-backward asymmetry: Top: QCD
corrections - interference between the gluon initial and final state radiation diagrams (a) and (b); and the
interference between the box and and the LO diagram (c) and (d). Bottom: the electroweak NLO corrections
to the strong interaction tt̄ production.

backward asymmetry. To measure either asymmetry in the laboratory frame, one has to reconstruct
the top or anti-top rapidity, y.

ALAB =
N(yt > 0)−N(yt < 0)
N(yt > 0)+N(yt < 0)

=
N(yt > 0)−N(yt̄ > 0)
N(yt i> 0)+N(yt̄ > 0)

If it is possible to measure both rapidities simultaneously, one can define the variable ∆y = yt − yt̄ .
The asymmetry in this variable, Att̄ , is invariant under Lorentz transformations and is equivalent to
the charge asymmetry in the tt̄ rest frame, however, the magnitude of Att̄ is∼50% larger than ALAB,
as there is no additional deterioration of the signal due to Lorentz boosts from the tt̄ rest frame to
the laboratory system.

Att̄ =
N(∆y> 0)−N(∆y< 0)
N(∆y> 0)+N(∆y< 0)

At the LHC, the forward-backward asymmetry vanishes, and instead a charge asymmetry is
defined, using ∆|y|= |yt |− |yt̄ |, as:

Ay
C =

N(∆|y|> 0)−N(∆|y|< 0)
N(∆|y|> 0)+N(∆|y|< 0)

It is possible to define a universal asymmetry[11], measured with respect to the average rapid-
ity, Y = (yt +yt̄)/2. This universal charge asymmetry is calculated analogously to Att̄ as a function

14
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Figure 15: As in fig. 13 but for the PT,tt̄ di↵erential asymmetry. Plot
taken from Ref. [95].

tor NEW has been taken from Table 2 in Ref. [90]. Only
for the inclusive asymmetry we determine the scale vari-
ation by keeping µR = µF In fig. 16 we observe that
the central values of the expanded (30) and unexpanded
(29) definitions of inclusive AFB di↵er significantly at
NLO but less so at NNLO. While the unexpanded defi-
nition (29) closely resembles the experimental setup, the
consistency of the two definitions within uncertainties
renders the question about the more appropriate choice
largely irrelevant. We also note the small scale error for
the expanded AFB definition (30) in pure QCD at both
NLO and NNLO, which appears too small to be realis-
tic. The inclusion of EW corrections, however, breaks
this pattern and brings the scale dependence in line with
the unexpanded definition eq. (29). Therefore, follow-
ing the previous literature, we chose as our final pre-
diction ASM

FB = 0.095 ± 0.007 (scenario 10 in fig. 16)
which is derived with the expanded definition (30) and
includes EW [90] corrections.

In contrast to the negligible approximate NNLO
QCD correction to AFB implied by soft-gluon resum-
mation [82, 83], we find that the exact NNLO QCD cor-
rection to the inclusive AFB is, in fact, large. Our result
brings the SM prediction for the inclusive asymmetry in
perfect agreement with the measurement of the DØ col-
laboration and about 1.5� below the value measured by
the CDF collaboration. The predicted di↵erential asym-
metry, even without EW corrections, is in agreement
with the corresponding DØ measurements.

6. Conclusions

In this proceedings we have discussed the recent ad-
vances in precision top-quark physics at hadron collid-
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Figure 16: The inclusive asymmetry in pure QCD (black) and
QCD+EW[90] (red). Capital letters (NLO, NNLO) correspond to the
unexpanded definition (29), while small letters (nlo, nnlo) to the def-
inition (30). The CDF/DØ (naive) average is from Ref. [99]. Error
bands are from scale variation only. Our final prediction corresponds
to scenario 10. Plot taken from Ref. [95].

ers. In particular, we have explained what methods have
been used in the determination of the cross sections
at next-to-next-to-leading order in QCD. Furthermore,
we have shown that the measurement and theory com-
bined at the present level of precision allow for several
interesting applications. Future directions of progress
concern increasingly di↵erential analyses including top-
quark decays. The projects we have described here form
an excellent basis for these studies.
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=
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αS

56

25
≈ 0.18 , (2)

after convolution with the PDFs if one considers as a first approximation that the relative
importance of uū versus dd̄ annihilation at the Tevatron is 4 : 1. Thus, to an enhancement
of nearly twenty percent of the QCD asymmetry, in good agreement with the more detailed
numerical studies of 26,27. At the LHC, the relative importance of uū versus dd̄ annihilation
is approximately 2 : 1, thus reducing fQED down to 0.13. Similarly, weak contributions with
the photon replaced by the Z boson should be considered at the same footing. However, as a
consequence of the cancellation between up and down quark contributions, and the smallness
of the weak coupling, the weak corrections at the Tevatron are smaller by more than a factor
10 than the corresponding QED result. For proton-proton collisions the cancellation between
up and down quark contributions is even stronger and the total weak correction is completely
negligible.

3 SM predictions of the charge asymmetry at the Tevatron and the LHC

The charge asymmetry at the Tevatron is equivalent to a forward–backward asymmetry. In the
laboratory frame it is given by either of the following definitions

Alab =
N(yt > 0) − N(yt < 0)

N(yt > 0) + N(yt < 0)
=

N(yt > 0) − N(yt̄ > 0)

N(yt > 0) + N(yt̄ > 0)
, (3)

requiring to measure the rapidity of either the t or the t̄ for each event. The most recent
experimental analysis measure both rapidities simultaneously, and define the asymmetry in the
variable ∆y = yt−yt̄, which is invariant under boosts, and thus equivalent to measure the charge
asymmetry in the tt̄ rest-frame:

Att̄ =
N(∆y > 0) − N(∆y < 0)

N(∆y > 0) + N(∆y < 0)
. (4)

The size of the charge asymmetry in the tt̄ rest-frame is about 50% larger than in the laboratory
frame2 because part of the asymmetry is washed out by the boost from the partonic rest-frame
to the laboratory.

Figure 12: Top: The status of NNLO calculations of the forward-backward asymmetry in the tt̄ events
and the experimental results from the CDF and D0 experiments at the Tevatron. Bottom: The rapidity
distributions of top quark and antiquarks at the Tevatron and the LHC.

of Y , for events with selected with a definite value of Y .

Att̄(Y ) =
N(∆y> 0)−N(∆y< 0)
N(∆y> 0)+N(∆y< 0)

For the LHC, the universal asymmetry can be enhanced by requiring Y > Ycut , which sup-
pressed the symmetric gg and enhances the qq̄ contributions. With the large statistics of tt̄ events at
the LHC, such analyses will be pursued by both CMS and ATLAS. The expected Att̄(Y ) for Teva-
tron and LHC at 7 TeV are shown in Figure 13, together with a table showing the effect of requiring
Y > Ycut . The tt̄ charge asymmetries are decreasing with increasing LHC pp collision energy. A
summary of the experimental results and theoretical predictions (NLO) is presented in Figure 14.
A study by ATLAS[13] examined a number of beyond SM ideas developed to explain the CDF
puzzling AFB result. Figure 15 shows a summary of predictions, together with the experimental
bounds as of 2012. (We note that the latest CDF result, based on the full dataset, is in much better
agreement with the recent NNLO calculations.)
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Figure 3: Universal charge asymmetry Att̄(Y ) as a function of the mean rapidity Y = (yt + yt̄)/2. Solid line:
without cut on ptt̄

⊥, dotted/dashed lines: with cut on ptt̄
⊥.

At the LHC, the charge asymmetry has been defined 23,25 through ∆|y| = |yt| − |yt̄| a

Ay
C =

N(∆|y| > 0) − N(∆|y| < 0)

N(∆|y| > 0) + N(∆|y| < 0)
. (5)

A forward–backward asymmetry obviously vanishes in a symmetric machine like the LHC.

The tt̄ asymmetry is thus often called forward–backward asymmetry at the Tevatron and
charge asymmetry at the LHC, but in fact, although the kinematical configurations of the two
machines are different the physical origin of the asymmetry in both cases is the same (see Fig. 1).
However, it is possible to define a universal observable, namely an asymmetry suitable for both
the Tevatron and the LHC, if we measure the charge asymmetry with respect to the average
rapidity Y = (yt + yt̄)/2 of the top and the antitop quarks. This universal charge asymmetry26

is obtained by selecting events for a definite average rapidity Y and calculating their asymmetry
as in Eq. (4):

Att̄ (Y ) =
N(∆y > 0) − N(∆y < 0)

N(∆y > 0) + N(∆y < 0)
. (6)

The theoretical prediction for the differential distribution Att̄(Y ) as a function of Y is shown
in Fig. 3 (left) for the Tevatron, and in Fig. 3 (right) for the LHC. By construction Att̄(Y )
is a symmetric function of Y at the Tevatron, and an antisymmetric function of Y at the
LHC. At the Tevatron the asymmetry Att̄(Y ) is almost flat, at the LHC it resembles a forward–
backward asymmetry. The corresponding integrated asymmetries coincide with the usual charge
asymmetry in the tt̄ rest-frame from Eq. (4), Att̄(Y ) → Att̄, and with the charge asymmetry
Ay

C in Eq. (5) if we select events with Y either positive or negative. The advantage of Eq. (6)
for the LHC is that the size of the asymmetry can be enhanced by selecting events with a
minimum average rapidity Y > Ycut

26. This is relevant because tt̄ production at the LHC,
contrary to what happens at the Tevatron, is dominated by gluon fusion which is symmetric.
Therefore, in order to reach a sizable asymmetry at the LHC it is necessary to introduce selection
cuts to suppress as much as possible the contribution of gluon fusion events, and to enrich the
sample with qq̄ events. In particular, gluon fusion is dominant in the central region and can be
suppressed by introducing a cut in the average rapidity Y (or selecting events with large mtt̄).
Obviously this is done at the price of lowering the statistics, which, however, is not a problem
at the LHC.

aCMS 23 has also used pseudorapidities to define the charge asymmetry with ∆|η| = |ηt| − |ηt̄|. The size of

the asymmetry in ∆|η| is only slightly higher 26 than with ∆|y|.

Table 2: SM charge asymmetries Ay
C , and integrated universal charge asymmetry Acut

tt̄ (Ycut = 0.7), at different
LHC energies. Summary of recent measurements by CMS and ATLAS.

Ay
C Acut

tt̄ (Ycut = 0.7)

LHC 7 TeV 0.0115 (6) 0.0203 (8)
LHC 8 TeV 0.0102 (5) 0.0178 (6)
LHC 14 TeV 0.0059 (3) 0.0100 (4)

LHC 7 TeV CMS22 0.004 ± 0.010 ± 0.012

LHC 7 TeV ATLAS 25 -0.018 ± 0.028 ± 0.023
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Figure 5: Comparison of some of the most recent measurements of the charge asymmetry at the Tevatron and
the LHC with the corresponding SM predictions.

ization to the NLO cross-section. A nice agreement if found among the different theoretical
predictions.

There is, moreover, an intense effort in the community to evaluate the tt̄ cross-section at
the next-to-next-to-leading order (NNLO) 31,32. First results have been obtained recently for

the channel qq̄ → tt̄ 33. Thus, all the relevant ingredients to calculate the asymmetry at the
next order are available; NNLO corrections to the gluon fusion channel are not necessary if the
asymmetry is normalized to the NLO cross-section.

The SM predictions for the charge asymmetry Ay
C in Eq. (5) are listed in Table 2 for different

center-of-mass energies of the LHC, together with the most recent experimental measurements
at

√
s = 7 TeV. It is interesting to note that both experiments obtain central values for the

asymmetry that are below the SM prediction. These results, although compatible with the
SM prediction within uncertainties, are in some ”tension” with the Tevatron measurements.
Unless different selection cuts are introduced, the signs of the asymmetry at the Tevatron and
the LHC are generally correlated. A quantitative estimation of this ”tension” is shown in
Fig. 5. It amounts to about 1σ or below, and thus it is still non conclusive. New analysis with
larger statistics should be expected soon, and will reduce further the experimental errors. In
fact, given the amount of data expected to be collected in the current 2012 run of the LHC,
the measurements of the asymmetry will become soon dominated by systematics, and not by
statistics as for the Tevatron.

Unfortunately, the asymmetry at the LHC decreases at higher energies because of the larger
gluon fusion contribution. It can, however, be enhanced by selecting events with large rapidities
or large mtt̄. Theoretical predictions for the universal charge asymmetry in Eq. (6) with Y > 0.7
are also presented in Table 2.

Figure 13: Top: The expected distributions of Att̄(Y ) for Tevatron and LHC at 7 TeV . Bottom: Predicted
values of charge asymmetries at different energies of pp collisions at theLHC. Effects of imposing a require-
ments Y > Ycut are also shown.

8. Top exotics

A number searches for a possible structure in the tt̄ mass distribution[14] and in the mass of
tt̄W , tt̄Z or tt̄γ systems[15] were performed in ATLAS. A negative search for the tt̄ resonance can
be reinterpreted as an exclusion of the Kaluza-Klein gluon in the range 0.4−2.2 TeV . The tt̄ mass
distribution is shown in Figure 16, together with results of searches for the tt̄W , tt̄Z events.

An example of a more detailed study, which undoubtedly be performed with both Run 1 and
Run 2 data is shown in Figure17. With the very large statistics of tt̄ events available, a large number
of variables can be examined, and their correlations can be studied more thoroughly, leading to a
better understanding of the tt̄ production and its modeling with various Monte Carlo generators.

9. Future

The LHC Run started in 2015, with the increased pp collision energy from 8 TeV to 13 TeV .
In addition to the top quark and Higgs boson(s) studies, a complete set of comprehensive searches
for NMSSM and other "new physics" will be performed. It is possible that, with an increase of the
pp collision energy, a threshold will be crossed above which new, "beyond SM", particles will be
observed, as they may be too heavy to have been produced so far. If not, the physicists working
with the LHC experiments will have to turn their attention to the precise measurements of: i) the
couplings, branching fractions and properties of the Higgs boson; and ii) studies of top quarks

16
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Figure 14: A summary of the experimental results and theoretical predictions on the charge asymmetry in
tt̄ production. References to the original publications are listed in the Figure.

and spin correlations in tt̄ productions in every possible way. There will be ∼80 million tt̄ pairs
produced in the LHC Run 2.

If no "new physics" is found directly at the LHC in the next few years, the precision studies of
the top quark production and decays may be one of the two best windows to study "new physics"
indirectly.
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Figure 17: Differential distributions of the transverse electron energy, the number of jets, the number of
tagged jets and the planarity, based on 20/fb of the 8 TeV data. The same analysis yields the tt̄ cross section
σtt̄ = 260±1(stat)±23(syst)±8(lum) pb.
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