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We review the status of the forward-backward asymmetry measurements in the pair
production of top and antitop in proton—antiproton collisions. We also comment on the
charge asymmetry in the production of the tf system in the proton—proton collisions.
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1. Introduction

Asymmetries in the pair production of top—antitop quarks in hadronic collisions
have gained a lot of attention because the size of the effect exceeded the predictions
based on the Standard Model (SM). To understand the basis for these predictions
as well as the importance of this measurement and its experimental subtleties,
it is instructive to review its historic predecessor — the asymmetry of fermion
pair production in electron—positron collisions. One of the first indications of the
existence of the Z-boson was an observation of the forward—backward asymmetry
in the production of muon pairs in eTe™ collisions observed at PETRA at the
center-of-mass energy of 30 GeV/c,! significantly below the Z-boson mass. The
observed negative asymmetry of —8% indicated that the mediator of the electroweak
interaction has a nonzero axial coupling to fermions, or in other words, its coupling
to left-handed fermions is not equal to that to right-handed fermions. By analogy,
should a strong interaction be left—right asymmetric, as was hypothesized in some
models, it would be manifested in the forward-backward asymmetry of quark—
antiquark production in pp collisions.? Since the top quark is the heaviest known
quark, measuring asymmetry in top-pair production probes the nature of strong
interactions at the highest energy scale.

The raw negative measured asymmetry in muon pair production was cor-
rected for a small positive asymmetry expected purely due to the next-to-leading
(NLO) order quantum electrodynamics (QED) effect,® which is an electromagnetic
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attraction of the final state positive muon to the initial state electron and its re-
pulsion from the initial state positron, as well as its charge conjugate terms. The
fact that the weak contribution to the asymmetry was of the opposite sign to that
of the expected one which is purely from QED made it easier to establish that
the effect is due to the exchange of a new particle — Z-boson. Similarly, a positive
asymmetry in the quark-pair production in proton—antiproton collisions is expected
at the NLO due to the Coulomb-like strong attraction of quarks to antiquarks. The
first estimation of this effect in the production of top—antitop pairs was done us-
ing a simple scaling from the calculation of the asymmetry due to electromagnetic
interaction.* The effect is more significant for strong interactions due to a larger
coupling constant and the number of possible color combinations. Thus, from the
theoretical point of view, there is a direct parallel between the asymmetries in
ete”™ — uTp~ and pp — tt processes. Both are due to the NLO exchange of the
vector mediators (photons or gluons) and a potential exchange of mediators with
an axial component (Z-boson or a hypothetical new particle — axigluon). From
the experimental point of view, measuring the asymmetry in top-pair production is
far more challenging. First of all, unlike electrons, protons are composite particles
and the center-of-mass system of the initial state quark—antiquark is not defined in
a straightforward way. Second, unlike muons whose trajectory is directly observed
by the detectors, top quarks are reconstructed from their decay products with the
resultant ambiguities.

In this review, we discuss measurements of the forward-backward asymmetry
in pp — tt production at the center-of-mass energy of 1.98 TeV at the Tevatron
performed by CDF and D0. We also cover the results of the charge asymmetry
measurement in pp — tf process obtained by the large hadron collider (LHC) exper-
iments Atlas and CMS. All four experiments are general purpose devices designed
to identify muons, electrons and photons, register tracks from charged particles,
and measure energy of the particles interacting with the calorimeter material.

2. Definitions

In ete™ collisions, the angle § between the positive muon direction and the incom-
ing positron is used to describe the angular distributions. The forward—backward
asymmetry is defined as the difference between the number of events with positive
cos(f) and the ones with negative cos(6), divided by the total number of events. In
hadronic collisions, rapidity, y,* is commonly used instead of angle 6. This variable
is invariant under the boost along the z-axis. As a result, the asymmetry defined
using the difference in rapidity of top (y:) and antitop quarks (yz) in the labora-
tory frame is equivalent to asymmetry in the ¢t rest frame, and is identical to the
definition using cos(6):

2The rapidity y is defined as yt(0, 8) = %ln[(l + Bcos(8))/(1 — Bcos(h))], where 6 is the polar
angle and f is the ratio of a particle’s momentum to its energy. The angle # = 0 corresponds to
the direction of the incoming proton.
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Ay =y — i, (1)

2)

where Ny is the number of “forward” events, i.e. the ones having Ay > 0 and N,
is the number of “backward” events with Ay < 0.

Experimental ambiguities result in both smearing and bias of the top-quark
rapidity determination and thus affect asymmetry measurement. It is convenient to
define the asymmetry at the reconstruction level as well as at production, with the
former typically being smaller than the later. In our discussion, we will refer to the
asymmetry defined using reconstruction level objects as reconstructed asymmetry,
while the asymmetry that uses top-quark kinematics at production is referred to as
generated asymmetry. Experimentally generated asymmetry is obtained from the
reconstructed distributions using a special technique called “unfolding”.

In addition to asymmetry defined for the fully reconstructed ¢t system, we define
an asymmetry of leptons from top decay with rapidity y; and charge ¢, A%B. In
this case, forward events are the ones that have ¢;y; > 0 and backward events are
the ones for which this quantity is negative. This leptonic asymmetry is simpler to
reconstruct, yet it is correlated with the fully reconstructed asymmetry and thus
serves as a valuable cross-check. It is also sensitive to the top-quark polarization,
which helps to distinguish between different models.

In the dilepton channel it is possible to define an asymmetry AgB, based on the
difference in rapidity of positive (y;+) and negative (y,- )leptons: (Ayy = v+ —y;- ).
In this case the forward events are the ones with Ay; > 0, and the backward events
are the ones with Ay, < 0.

3. Theoretical Predictions

There are several good reviews of the theoretical developments on the subject,’
here we just give a short overview.

3.1. Standard Model

In the perturbative QCD calculation, the first nonzero contribution to the forward—
backward asymmetry in the tf system appears at the a2 order, where g is the
strong coupling constant. At this order, there are two classes of events with nonzero
asymmetry. Tree-level production (o) results in events that show no preference for
forward or backward directions. The box diagram (a?) describes the Coulomb-
like strong attraction of tops to incoming antiquarks and repulsion from incoming
quarks, which leads to the preferred production of forward events. The interference
between the tree-level diagram and the box diagram (o) gives rise to the first class
of the tt events. They contribute to the positive asymmetry. The second class of
events, which results from the interference of the diagrams that include radiation
of gluons in the initial or final state, exhibits slight preference to the production of
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backward events leading to negative asymmetry. Color coherence in gluon radiation
leads to the gluon being irradiated predominantly between the direction of the top
quark and the incoming quark, or antitop and the incoming antiquark. Backward
events, where the top direction is closer to that of the incoming antiquark rather
than quark, have more phase space for such correlated irradiation and, thus, are
more probable. If the irradiated gluon is sufficiently hard and within the detector
acceptance, it may be reconstructed as an extra jet in addition to those from the t#
decay. These events are also characterized by a higher transverse momentum of the
tt system than events of the first class due to the recoil from the irradiated gluon.
The overall asymmetry is positive, but the expected asymmetry depends on the jet
multiplicity and the transverse momentum of the t# system.

Until recently the ¢ cross-section has been calculated only at the a order. Since
the asymmetry only appears at this order, no full NLO treatment of this effect
is available. Recently the calculation of the full ¢ cross-section at the a? order
was performed,® yet the asymmetry predictions are still pending. Several attempts
were made to calculate the most significant contributions,” including those due
to electroweak interaction,® resulting in a variety of predictions ranging from 5%
to 9%. Some authors argue that the interaction of the top quark with the proton
remnants cannot be considered negligible, leading to asymmetry predictions as large
as 12%.2 For simplicity in this review, we compare the experimental results to the
MC@NLO simulation,'® which predicts an overall asymmetry of 5% in pp collisions.

3.2. Beyond Standard Model

Since the experimental results are higher than the prediction using the Standard
Model, a number of Beyond Standard Model (BSM) scenarios were suggested to
explain the effect. They can be divided into two classes of models, the ones where
the ¢t production is mediated by heavy particle that has nonzero axial coupling
to quarks in the s-channel,!' and the ones that involve t{ production in the t-
channels,'? in which case the mediating current does not need to have an axial
component.

In pp collisions, the ¢t system is four times more likely to be produced in the
annihilation of ut quarks than of dd quarks.® To explain positive asymmetry using
an s-channel mediator, there are two possible scenarios — either the mediator
axial coupling to u- and t-quarks have an opposite sign and the probed center-of-
mass energies are predominantly below the resonances mass, or the mediator axial
coupling to u- and t-quarks have the same sign, but its mass is below the energies
probed. The tf production is dominated by the energies close to the threshold, which
is about 350 GeV. Resonances of such mass can elude discovery only if they are
very broad, which excludes models predicting Z’ type of resonance.'® Axigluons,
hypothetical particles that arise in the SM extensions that predict axial strong
currents, can potentially be broad and thus escape the detection to date.'*

PIn pp collisions, it is only twice as likely.
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4. Reconstruction of tt Events

A tt event is reconstructed from the top and antitop-decay products. Almost, a top
quark always decays to a bottom quark and a W-boson: ¢ — bW. A W-boson can
decay either hadronically: W — ¢, or leptonically: W — [7;. Events are classi-
fied based on the mode of W-boson decay. A channel where both W-bosons decay
hadronically is called “alljets”. Events with both W-bosons decaying leptonically
are referred to as “dileptons”. An event with one of the W-bosons decaying lepton-
ically and the other one hadronically is referred to as “lepton + jets” (I + jets). For
the asymmetry measurement, it is essential to distinguish top quark from antitop.
Lepton from W-boson decay tags the sign of the leptonically decaying top quark.
Thus, only [ + jets and dilepton channels are suitable for the asymmetry measure-
ment. In the [ + jets channel, hadronically decaying top is assumed to have the
charge opposite to the leptonically decaying top. For the asymmetry measurement,
full top- and antitop-quark kinematics must be reconstructed which implies that
reconstructed objects must be uniquely matched to top decay products.

4.1. Lepton + jets channel

The [ + jets final state contains two b-quarks from top decay, two light quarks
from the hadronic W-boson decay and a lepton and a neutrino from the leptonic
W-boson decay. Since the reconstruction of the fast decaying 7-lepton is usually
challenging, experimentalists mostly limit themselves to muons and electrons from
top decay. Quarks hadronize as jets of charged and neutral particles, reconstructed
in the tracking systems and in the calorimeters. b-jets can be identified by the
presence of a displaced vertex or several tracks with a significant impact parameter
with respect to the interaction vertex. [ + jets is an ideal system to measure the
tt asymmetry. Leptons provide a highly reliably charge determination. About 40%
of tt events decay this way, so the statistics is high. The information about the
lost neutrino is recovered using the missing transverse energy measurement and
the top and W-boson mass constraints.!® These constraints can also be used to
match quarks from the ¢ decay products to the reconstructed jets and to improve
the jet energy measurements.'® Thus, the kinematics of the tf system can be fully
reconstructed providing measurements of the four-vectors of both top and antitop
quarks necessary for the asymmetry definition.

The main challenges of the asymmetry measurement are associated with the
kinematic reconstruction of the tf system. Even, if all four jets associated with
quarks from #t are present and correctly assigned, the experimental resolution leads
to smearing of the rapidity of the top quark and antiquark. If, on the other hand,
the kinematic fitting technique incorrectly assigns jets to quarks, the Ay is both
smeared and biased. Thus, migrations from the forward event category to backward
and vice versa can occur, leading to the reduction of the original asymmetry. The
situation gets even more complex if one of the jets used in the kinematic fitting is not
from the tf decay, but rather is associated with a gluon from the initial or final state
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radiation. In this case, the misreconstruction of the top and antitop rapidities is
even more significant, leading to a higher fraction of the events being misclassified.
Since backward events are more likely to contain extra jets, as discussed in the
theory section, they are also more likely to be misclassified, while forward events
are more likely to stay within their category, thus, the asymmetry is biased towards
positive values. Moreover, backward events being somewhat more boosted, that
is having higher transverse momentum of the ¢t system, have a somewhat higher
probability to be selected to have at least four jets in the final state compared
to forward events. This effect leads to the acceptance bias. Allowing for events
with only three jets in the final state reduces this bias, but presents reconstruction
challenges in the system where one of the jets from the ¢ decay is lost.!”

The asymmetry measured on the reconstructed events must be corrected for
the discussed effects. This is usually done using a technique called the unfolding. It
seeks to find a binned distribution in generator level Ay given the reconstruction
level distribution, which is also binned. The simulation provides the probability to
migrate from one bin into another and the probability for an event to be accepted as
a function of Ay. If bins of the input distribution are sufficiently wide, the statistical
fluctuations of data pose no problem. This is the procedure followed by CDF.!'8 At
the same time, the migration probability in each bin is a single number averaged
over the bin width. This approximation is particularly problematic for events close
to the Ay = 0 boundary, where the probability for an event to be misclassified
as forward or backward changes rapidly with Ay. To deal with this feature, DO
employed finer bins close to the Ay = 0 boundary and coarser bins for large Ay,
where the statistics is limited.'® As a result, the statistical fluctuations make the
unfolding procedure unstable and regularization needs to be employed. Regularized
unfolding imposes some prior knowledge about the generator level distribution,
namely that it is expected to be smooth. LHC measurements of the asymmetries
in the tf system also use the regularized unfolding technique.?’?2 To study the
dependence of the asymmetry on the kinematic parameters, e.g. on the invariant
mass of the t¢ system, my;, the unfolding must be done in two dimensions (Ay
VErsus myg).

4.2. D:ilepton channel

tt event reconstruction in the dilepton system, which contains two undetectable neu-
trinos, pose even greater challenges. Different methods were developed to optimize
the use of the available information.?* Typically, additional information is used to
resolve the ambiguity due to neutrino momenta, e.g. the shape of the longitudinal
and transverse momentum of the #f system, the invariant mass of the tt system,
and the proton structure functions. The statistics of ¢ events in dileptons is smaller
than that in the [ + jets system, resulting in higher uncertainties in the asymmetry
measurement. At the same time, two leptons in each event provides two leptonic
asymmetry measurements, or one measurement of the asymmetry based on the
rapidity difference between the two leptons.
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Table 1. Forward-backward asymmetry in pair production of top quark in pp collisions,
App. First uncertainty is statistical, second systematic.

Experiment/channel /L, fb—1 Arg, % Comment
Superseded:

DO/1 + jets?3 0.9 12+8+1 at reco level
CDF /1 + jets'® 1.9 2441344 unfolded
CDF/I + jets?® 5.3 158 £ 7.2+ 1.7 ”

Current:
CDF/dilepton?* 5.1 4241545 ”

DO/l + jets'® 5.4 19.5+6.075 8 ”
CDF/I + jets?® 9.4 16.44+3.9+2.6 ”

Theory:
MC@NLO™0 5.040.2
QCD NLO + EWS® 8.74+0.2

5. Overview of the Tevatron Results
5.1. Fully reconstructed forward—backward asymmetry

The Tevatron results on the inclusive asymmetry measurement are summarized in
Table 1. First, results on the # asymmetry were produced by the Tevatron based
on about 1 fb~! of the integrated luminosity by DO (Ref. 23) and by CDF.'® The
central value obtained by both experiments exceeded the theoretical predictions
available to that date. The experiments chose different approaches to present their
results. DO presented the reconstructed asymmetry, which was compared to the
theoretical prediction propagated through the full DO simulation and reconstruc-
tion. To allow for a comparison with different models, DO presented dilution (a
probability to correctly identify the event as forward or backward) as a function of
the generated difference between the rapidities of top and antitop quarks. Taking
model’s specific distribution in Ay and multiplying it by the dilution function, one
obtains a distribution in Ay, which can be summarized into a single quantity —
the forward—backward asymmetry, and compared to the experimentally observed
one. CDF on the other hand, chose to unfold the reconstructed Ay distribution
into the generated one, which can be characterized by the unfolded asymmetry,
directly comparable to theoretical predictions. Since using the dilution function did
not prove to be popular, DO presented its results updated to a higher statistics
using a fine-bin regularized unfolding technique.'®

The high-energy community was puzzled by the update of the Tevatron results
using 5 fb~! of data not only because of their high values, but also because CDF
reported a rise of the asymmetry with the invariant mass of the ¢f system, much
stronger than predicted by the SM.?> The mass dependence of the asymmetry
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Fig. 1. (a) The dependence of the fully reconstructed and unfolded asymmetry on the invariant
mass of the t¢ system measured by CDF in [ + jets channel. (b) The comparison of the CDF data
to the predictions of POWHEG?27 and Pythia2® generators for the dependence of the asymmetry
on the transverse momentum of the ¢ system at the reconstruction level.

reported by DO was between the SM prediction and the CDF results are in statistical
agreement with both. In the same publication, D0 pointed out the dependence of the
asymmetry on the transverse momentum of the ¢t system. CDF updated its results
using the full statistics of the Tevatrons Run II1.26 The overall asymmetry measured
in the [ + jets channel is still considerably higher that the prediction and the strong
dependence on the invariant mass of the ¢t system, shown in Fig. 1(a) is persistent.
CDF also compared the dependence of the reconstruction level asymmetry on the
transverse momentum of the ¢ system to the predictions based on POWHEG and
Pythia simulations, as shown in Fig. 1(b).

Despite the overall effect being larger than predicted, the sign of the effect and
the kinematics dependencies are in qualitative agreement with the SM prediction,
i.e. the asymmetry increases with m,z, and decreases with pr of the t system. These
properties make it tangible to attribute the effect to new physics. Comparison to a?
calculations, once available would shed a new light on the nature of the forward-
backward asymmetry.

In addition to summarizing the properties of the tf angular distribution in a
single number, the forward-backward asymmetry, CDF performed an analysis of
this distribution using a Legendre polynomial expansion of the angular distribution
over cos(f;), where angle 6, is between top and proton direction in the tf rest
frame.?? The data distribution over the cos(f;) is presented in Fig. 2(a). The power
of these polynomials is sensitive to the spin of a s-channel mediator. It was found
that the access (with a significance of about two standard deviations) over the SM
prediction is concentrated solely in the first power polynomial, which corresponds
to a spin-1 mediator that has an axial component, as shown in Fig. 2(b).

5.2. Asymmetries in the angular distributions of leptons from
tt decay

Any asymmetry in the ¢ production would result in asymmetry in the angular
distribution of leptons. Experimentally, measuring the asymmetry in the lepton
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Fig. 2. (a) Distribution over cos(0;) (defined in text) measured by CDF in [ + jets channel,
(b) coefficient in front of ith Legendre polynomial measured in data.

angular distribution, AlFB is far less challenging compared to the asymmetry in
the fully reconstructed ¢ system. This measurement does not require a full re-
construction of the tf system, and the resolution on lepton direction is usually
excellent. Originally, this measurement was suggested as a cross-check of the fully
reconstructed asymmetry.'? Later, it was pointed out that the leptonic asymmetry
is interesting in its own right since it is also sensitive to the top decay dynam-
ics, namely the polarization of the top quark.3® The SM predicts tops to be pro-
duced unpolarized, while BSM scenarios suggest different values of the polarization.
Thus, measuring the leptonic asymmetry together with the fully reconstructed one
provides additional discrimination between the SM and different BSM scenarios.
Moreover, kinematic dependence of the two asymmetries (e.g. on my; or pr of the
lepton), discriminates between the models even further.?!

Measuring A%B is not without challenge. W-boson production in association
with jets, which is the main background to the #f signal, results in asymmetri-
cally distributed leptons, and extra care must be taken to properly normalize this
background, understand its kinematic dependencies and the lepton asymmetry as-
sociated with this process. The asymmetry of leptons from W-boson decay is a
well-established effect. It is caused first by weak axial couplings of W-bosons to up-
and down-quarks and to a lepton and its neutrino, and second by the fact that an
up-quark carries somewhat higher energy fraction of the proton, x, compared to a
down-quark. Because of the sensitivity to the second effect, the leptonic forward—
backward asymmetries are used to constrain the proton parton density functions
(PDFs). These PDFs are typically used to model the W-boson production in pp
collisions. Since the simulation is tuned to the data, one might expect the leptonic
asymmetry in W production to be modeled well. This is true for the inclusive
W-boson production, dominated by the annihilation of valence up- and down-
quarks. Yet, in the production of W-bosons in association with jets, the quark-
gluon interactions play much more significant role. Moreover, the fraction of the
quark—gluon initial state is dependent on the transverse momentum of the lepton.
The PDFs of the gluons with high x are measured with large uncertainties and thus
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Fig. 3. Distribution over lepton |y;| measured by DO in lepton + jets channel in control sample
(three jets and zero b-tags) for leptons with low pr (a), medium range of pr (b), high pr (c) and
dependence of A%‘B on lepton pr (d).

are a source of the significant systemic uncertainty in the measurement of the lep-
ton asymmetry from tf decay and its kinematic dependence. For its measurement
of the leptonic asymmetry dependence on lepton’s pp, DO chose to calibrate the
asymmetry of leptons from W-boson decay using a control data set with zero b-
tags, depleted in £ signal.®> This calibration is shown in Figs. 3(a)—(c). Using these
distributions, event weights are defined as a function of |y;| and applied to the
simulated W + jets events. The dependence of the measured asymmetry of leptons
from tt decay on the transverse momentum of the lepton is shown in Fig. 3(d).

Another subtlety in the leptonic asymmetry measurement is an extrapolation
from the fiducial region determined by the acceptance of the detector to leptons to
the full phase space. Such an extrapolation is necessarily model dependent. For an
unbiased comparison to different models, it is best to use the results defined within
a certain pseudorapidity® n region and compare it to the respective theoretical
prediction.

The inclusive ALy results are summarized in Table 2. DO was the first to present
the lepton-based asymmetry, which exceeded the SM expectation. The asymmetry
in the leptons production measured by CDF using the full Run II dataset also
exceeds the SM prediction. Both collaborations also presented results in the dilepton

¢The pseudorapidity 7 is defined as —In [tan(%)].

1430006-10



Asymmetry in top pair production

. — .. l
Table 2. Forward-backward asymmetry of leptons from top quark decay in pp collisions, Ap.
First uncertainty is statistical, second systemic.

Experiment/channel /L, fb—1 A%‘B? % Comment
Superseded:
DO/l + jets'? 5.4 152+ 3.8719 [ep| < 1.5
DO0/dilepton3? 5.4 58+ 5.1+1.3 extrapolated to full acceptance
Current:
. 2.2 ”
CDF /1 + jets24 9.4 9.4+247%32
DO0/dilepton34 9.7 41+35+1.0 ”
DO/1+jets® 9.7 4.8+2.711% ”
CDF /dilepton33 9.4 72452430 ”
Theory:
MC@NLO"0 3.64+0.3
QCD NLO + EW® 8.7+0.2

Table 3. Forward-backward asymmetry based on the rapidity difference between two leptons in
the dilepton channel, A%{B' First uncertainty is statistical, second systemic.

Experiment/channel /L, fb—1 AgB, % Comment
Superseded:
DO/dilepton32 5.4 53+7.6+29 extrapolated to full acceptance
Current:
DO0/dilepton34 9.7 123+54+15 ”
CDF /dilepton33 9.7 76+£72+£3.1 ?
Theory:
QCD NLO + EW® 4.84+0.4

channels, where it is possible to measure the asymmetry based on each lepton
individually (two measurements per event), or based on the difference in rapidity
of the two leptons, summarized in Table 3.

6. tt Charge Asymmetry Measurements at the LHC

Forward—backward asymmetry in the ¢£ production in pp collisions probes the dif-
ference in behavior of top quark versus antitop quark, or in other words, the charge
asymmetry in the ¢ system. Since proton-proton collisions are forward-backward
symmetric it is impossible to define the corresponding asymmetry in the ¢ produc-
tion, yet it is still possible to probe the charge asymmetry in the quark—antiquark
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annihilation process. Since initial state quarks participating in the ¢ production
are mostly valence quarks, while antiquarks are sea quarks, the whole system is
usually boosted in the direction of the initial state quark rather than antiquark.
Thus, the same physics that leads to positive forward—backward asymmetry in pp
collisions results more forward production of top quarks in pp collisions compared
to more central production of the antitop quarks. This is described by the charge
asymmetry defined based on the difference in absolute rapidities of top and antitop:

Alyl = lye| — |zl , (3)

_ N(Aly[>0) = N(Aly[ <0)

Ao = .
“ 7 N(AJy[ > 0) + N(AJy[ < 0)

(4)

Note that this is a different quantity than forward-backward asymmetry defined
in pp system. The results between the Tevatron and LHC can only be compared
within the framework of a certain model.

Most of the ¢t events in LHC are produced via gluon fusion, the process that is
charge symmetric. There is also a possibility that ¢f can be produced in a quark—
gluon reaction, in which case there is an additional jet in the final state. This process
exhibits some non-negligible charge asymmetry, which must be taken into account
when comparing the LHC results to the theoretical model or to the Tevatron results.
Both gluon fusion and quark-gluon interaction can be considered as background
processes to tf production via quark—antiquark annihilation, which makes the charge
asymmetry measurement at the LHC to be quite challenging. To make the situation
even worse, gluon radiation is more probable from the initial state that contains
gluons rather than quarks. Since, in the [ + jets channel at least four jets in the
final state are selected, it gives preference to the tt events produced in the gluon
fusion and in quark—gluon interaction rather than ¢g annihilation.

Experimentally, LHC analyses follow the same strategy as at the Tevatron —
the full kinematics of the t#f system is reconstructed using kinematic fitting tech-
niques, the reconstruction level distributions in A|y| are unfolded to the generator
level and then summarized into Ac. Table 4 summarizes the results from LHC
experiments on the tf charge asymmetry measurement in the [ + jets and dilepton
channels. Unlike Tevatron results, LHC measurements show no access over the SM
prediction. The comparison of the Tevatron measurements of the App and the A¢
measurements from the LHC are shown in the framework of several BSM scenarios
in Fig. 4. Experimental bands correspond to one standard deviation, so models
that lie outside these bands cannot be considered as an excluded one at 95% C.L.
For a true analysis of the excluded models, experimental results must be combined
and acceptance biases are understood. Qualitatively, it appears that though a large
number of models, in particular Z’ class of models are incompatible with the data,
still there is a significant number of BSM scenarios that are in agreement with the
results from both colliders.
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Table 4. Charge asymmetry in pair production of top quarks in pp collisions, Ag.
First uncertainty is statistical, second systemic.

Experiment/channel Vs, TeV /L, fh—1 Ac, %
Current:
CMS/dilepton36 7 5.0 1.0+ 1.5+0.6
Atlas/dilepton?2© 7 4.7 57+£24+1.5
CMS/1 + jets?! 7 4.9 04+1.0+1.1
Atlas/l + jets?? 7 4.7 0.6+ 1.0
CMS/I + jets37 8 19.7 0.54+0.74+0.6
Theory:
MC@NLO'0 0.6+ 2.0
QCD NLO + EWS® 0.6 +£2.0
0.08 l,l T T ‘ T T T T ‘ T T T T
2 ]
Models from: ]|
PRD 84 115013, -
0.06 arXivi1107.0841 -]
0.04 7
< ]
0.02 =

Fig. 4. The comparison of the Tevatron measurements of the App and the Ac measurements
from the LHC are shown in the framework of several BSM scenarios, described in Ref. 38. Vertical
and horizontal bands for experimental results represent one standard deviation. The models that
fall outside of this band cannot be considered to be excluded at 95% C.L.

7. Conclusions

The forward-backward asymmetry in the ¢f production measured by the Tevatron
experiments exceeds the predictions based on the QCD «? calculations. The depen-
dence of the asymmetry on the invariant mass of the tf system shows a stronger
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rise than predicted by the SM. In accordance with the SM expectation, the asym-
metry decreases with the transverse momentum of the tt system. LHC experiments
reported the charge asymmetry in the tf system that is in agreement with the SM
predictions. A full analysis of the BSM scenarios excluded by a combination of the
Tevatron and LHC results is pending, yet it is clear that there is a large number
of models, including the SM, that is consistent with the experimental results from
both colliders.
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