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offer complementary precision measurements that further test
the standard model (SM) of elementary particle interactions.
This is indeed the case for the physics of the top quark, which
was discovered at the Fermilab Tevatron pp collider (Abachi
etal., 1995; Abe et al., 1995). The relative ease to identify top
quarks in a hadronic collider environment and the large
samples produced, not only at the Tevatron but also at the
CERN Large Hadron Collider (LHC), have allowed us to
perform several precision measurements of its properties. In
most cases good agreement has been obtained with the
predictions of the SM. However, a notable exception has
been found in several forward-backward (FB) asymmetries,
often also referred to as charge asymmetries, in top quark pair
(1) production at the Tevatron. Experimentally, these asym-
metries are conveniently defined in terms of the rapidities of
the top (anti)quark and their decay products in the laboratory
frame, where the rapidity of a particle is given by

*110 E+p
y—2 gE—pz

: (1.1)

with E its energy and p, the component of its three-
momentum in the Z axis, taken here in the proton direction.
The largest deviations were found in the so-called #7 rest-frame
FB asymmetry,

A — N(Ay > 0)—N(Ay <0)
BT N(Ay > 0) + N(Ay <0)°

(12)

with Ay = y, — y; and N standing for the number of events.'
The discrepancy between experimental data and the SM
predictions surpassed 3 standard deviations in the 2011
CDF measurement of Apg at high 77 invariant mass m; >
450 GeV (Aaltonen et al., 201 1a), with roughly 5 fb~! of data
taken at a center-of-mass (c.m.) energy /s = 1.96 TeV.
Deviations were found in the inclusive asymmetry too and
also by the DO experiment (Abazov et al., 2011a). This
anomaly motivated intense research in model building—
invoking new physics in 77 production as the explanation
for the anomaly—as well as the update of the SM calculations.
Since then, it has also fostered the theoretical and exper-
imental search of other anomalies in 77 production, which
might appear if the Tevatron asymmetry were indeed a sign of
new physics. Among the latter, the charge asymmetry at the
LHC has a prominent role. Close to the end of Tevatron
operations, in 2011 the LHC began taking data in pp
collisions at /s = 7 TeV, quickly producing large ¢7 samples.
However, in pp collisions a FB asymmetry with a fixed Z axis,
such as the one defined in Eq. (1.2), vanishes due to the
symmetry of the initial state. Instead, a “forward-central”
charge asymmetry can be defined,

'"The denomination for this asymmetry stands for the fact that Arg
is the same when the ¢ and 7 rapidities are taken in the 7 rest frame,
and in this frame Ay = 2y,. Therefore, a “forward” event with the top
quark following the proton direction in the #7 rest frame has Ay > 0
and, conversely, a “backward” event has Ay < 0.
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_ N(AJy| > 0) - N(Aly| < 0)
N(&ly| > 0) + N(Aly[ <0)’

Ac (1.3)

with Aly| = |y,| — |y;|, which is a complementary probe
of asymmetric 77 production. (The precise meaning of this
statement will be clear in the following section.) Noticeably,
the measurements of this asymmetry performed by the
ATLAS and CMS Collaborations at +/s =7, 8 TeV
(Chatrchyan et al., 2012, 2013b, 2014c; Aad et al., 2014c)
are in good agreement with the SM predictions. These results,
although not conclusive because the measurements refer to
an observable that differs from the Tevatron one, call into
question the Tevatron excess. Concurrently, when the full
Tevatron data set of around 10 fb~!' has been analyzed, the
discrepancies have been reduced with respect to previous
results. The CDF Collaboration finds a 1.7c excess over the
SM predictions (Aaltonen et al., 2013c), whereas the DO
Collaboration finds agreement within lo (Abazov et al.,
2014c). Other asymmetries can also be constructed using
the momenta of charged leptons ¢ produced in the top quark
decay t » Wb — £uvb. The Tevatron measurements (Aaltonen
et al., 2013b, 2014a; Abazov et al., 2013b, 2014b) are above
the SM values too, whereas leptonic asymmetries measured at
the LHC are consistent with the SM.

This review attempts to provide a self-contained description
of the current status of theoretical and experimental research
on the subject of the {7 asymmetries, also paying special
attention to other observables that further test the presence of
new physics in ¢f production. The #f asymmetries, their
interrelation, and the SM predictions are reviewed in detail
in Sec. II. The current experimental status of asymmetry
measurements at the Tevatron is presented in Sec. IIL
Measurements at the LHC are reviewed in Sec. IV, where
prospects for the next run with 14 TeV are also discussed.
In Sec. V we give an overview of the new-physics proposals to
address the Tevatron anomaly. We address the correlated
effects in #7 production of these new-physics proposals in
Sec. VI, and other collider effects are briefly discussed in
Sec. VII. Finally, conclusions are outlined in Sec. VIII.

II. OVERVIEW OF THE ASYMMETRIES
A. The Tevatron # asymmetry

At the Tevatron, top quark pairs are produced mainly in the
partonic subprocesses ¢, gg — 1tX, with ¢ = u,d, and X
denoting possible additional jets. (In this section we explicitly
indicate with X the possibility of extra jets to emphasize the
different sources of the inclusive asymmetry; this will be
omitted for simplicity in the following sections.) Within the
SM, the main contribution to the asymmetry (1.2) arises at
next-to-leading order (NLO) in QCD due to the interference of
order a terms in the cross section that are odd under the
interchange t<>7 with the initial quarks fixed—hence the
denomination of Agg as “charge asymmetry,” despite the fact
that it does not have any relation with the charge conjugation
symmetry C. The interference of tree-level and one-loop
diagrams for ¢g — 17 [Figs. 1(a) and 1(b)] generates a positive
asymmetry, while the interference of initial- and final-state
radiation in ¢g — fig [Figs. 1(c) and 1(d)] generates a
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FIG. 1. Sample Feynman diagrams contributing to gg — 7 at
(a) leading order (LO) and (b)—(d) NLO in QCD.

negative asymmetry (Kuhn and Rodrigo, 1998). The relative
size of these contributions depends on the transverse momen-
tum of the 7 pair p¥, which is zero in ¢g — f7 but not in
qq — tig. It is found that for pf <25 GeV the asymmetry is
positive, while for p¥ > 25 GeV it is negative. When inte-
grated over the full p¥ spectrum, the net contribution to
Eq. (1.2) is positive. An alternative way of explaining the p/
dependence involves QCD radiation (Skands, Webber, and
Winter, 2012). For forward top quarks the color charge is less
accelerated, so they are less likely to emit gluons than
backward top quarks. Hence, forward top quarks are asso-
ciated with smaller p?, and vice versa.

The asymmetry generated in gg — #7X is diluted by the
gg — tf subprocess, which amounts to 10% of the total cross
section and does not contribute to the numerator of Apg
because of the symmetry of the initial state. Other quark
subprocesses like s5 and cc¢ do not contribute either because
the parton density functions (PDFs) are the same for quarks
and antiquarks. They have small cross sections and do not
significantly contribute to the denominator either. For com-
pleteness, we mention that the Tevatron experiments also
measure the so-called laboratory-frame asymmetry,

N(y, > 0)-N(y, <0)
N(y, > 0) +N(y, <0)’

A = 1)
which is smaller than the 7 rest-frame asymmetry Agp because
of kinematics and was also found above the SM expectation
in earlier measurements. Neither the CDF nor the DO
Collaborations measure this asymmetry in their latest full
data set analyses, however, and we restrict our discussion
to Apg.

The discrepancy found in the 2011 measurements of the
asymmetry (Aaltonen et al., 2011a; Abazov et al., 2011a)
motivated the refinement of the SM predictions, including
weak, mixed QCD-weak and QCD-QED corrections that
increase the asymmetry by 25% with respect to the NLO
QCD value. Because Arg vanishes at the tree level in the SM, a
fixed-order expansion at LO in perturbation theory involves
the numerator in Eq. (1.2) at NLO, including O(a3), O(a?),
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TABLE I. The contributions to the numerator AN of the FB
asymmetry (1.2) at NLO for three different scales. The total LO
cross sections and the resulting asymmetries are also given. From
Bernreuther and Si, 2012.

AN (pb) p=m/2 H=m u="2m,
O(a?) uii 0.5014 0.3297 0.2251
dd 0.0899 0.0582 0.0392
qg  1.6x107° 3.4 x 1073 29x107°
0(a?) uit  147x1072  129%x102  1.15x 1072
dd  19x1073 1.6 x 1073 1.5% 1073
0(ad?)yewe uit 107 x 1073 7.8 x 1073 5.8 x 1073
dd -34x1073 -24x10° -18x1073
O(aa?)gpp il 0.1047 0.0761 0.0569
dd -94x1073 —67x102 —49x1073
Total AN 0.7104 0.4772 0.3332
060 7.618 5.456 4.030
Apg (%) 9.33 8.75 8.27

and O(a?a) terms, and the denominator at LO. Several
independent calculations yield similar results Agg =
0.08970008 (Hollik and Pagani, 2011), Apg =0.087+0.010
(Kuhn and Rodrigo, 2012), and Agg = 0.088 % 0.006
(Bernreuther and Si, 2012), where the theory uncertainty is
due to the variation of the factorization and renormalization
scales. The contribution of the different subprocesses can be
read in Table I. On the other hand, it has also been suggested
that the Tevatron cross section and FB asymmetry can be
reproduced with an unconventional choice of renormalization
scale for the strong coupling (Brodsky and Wu, 2012), instead
of the usual one yp ~ m,. Still, it remains to be shown that the
several differential distributions (e.g., of ¢ invariant mass,
particle transverse momenta, pseudorapidities, etc.) that are
measured with good accuracy in #7 production are also well
reproduced using this proposal.

Higher-order effects beyond NLO were probed with the
inclusion of soft-gluon resummation with different results
depending on the method used: while these effects were found
to be rather small by Almeida, Sterman, and Vogelsang (2008)
and Ahrens et al. (2011), they were found larger by Kidonakis
(2011), and eventually closer to the exact next-to-next-to-
leading order (NNLO) calculation. [See Kidonakis (2013) for
a comparison between different methods.] Electroweak
Sudakov corrections are small, 5% with respect to the
NLO QCD value (Manohar and Trott, 2012). Recently, a
prediction at NNLO in QCD, with NLO electroweak correc-
tions, has become available (Czakon, Fiedler, and Mitov,
2014). The full NNLO QCD contribution increases the
asymmetry by a factor of 1.13 with respect to the NLO
value. Including NLO electroweak corrections, the prediction
is Apg = 0.095 £0.007. An approximate next-to-next-to-
next-to-leading order (aN3LO) calculation in QCD based
on soft-gluon resummation, including NLO electroweak
corrections, is also available (Kidonakis, 2015), yielding
Apg = 0.100 £ 0.006. A summary of some of the results
obtained at different orders in perturbation theory is shown in
Table II.

Finally, we mention that, alternatively to the NLO pre-
dictions with LO denominators discussed above, the asym-
metry can be computed using the NLO numerator and
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TABLE II. Summary of selected calculations of the Tevatron 7
rest-frame asymmetry at different orders. The label “EW” denotes
electroweak (weak, QED, and mixed) corrections.

Order Agp
NLO QCD 0.072 £ 0.009 (Kuhn and Rodrigo, 2012)
NLO QCD + EW 0.088 + 0.006 (Bernreuther and Si, 2012)
NNLO QCD 0.083 + 0.003 (Czakon, Fiedler,
and Mitov, 2014)

NNLO QCD 0.095 + 0.007 (Czakon, Fiedler,

+NLO EW and Mitov, 2014)
aN3*LO QCD 0.087 + 0.002 (Kidonakis, 2015)
aN’LO QCD 0.100 + 0.006 (Kidonakis, 2015)

+NLO EW

denominator, and this is the only possibility when using
Monte Carlo generators. For example, Agg = 0.058 with
MCFM (Campbell and Ellis, 1999) and Apg = 0.05 with
Mc@nNLO (Frixione and Webber, 2002) for #f production at
NLO in QCD. These values are smaller than the LO
denominator predictions partly due to the missing electroweak
corrections in the numerator, which amount to an increase by a
factor of 1.26, and partly because the total cross section
appearing in the denominator is around 25% larger at NLO.
Likewise, the NNLO prediction can be computed with the
NNLO numerator and denominator and is Agg = 0.087,
slightly smaller than the value expanded in powers of a, ;.
The corresponding aN3LO prediction is also smaller,
Apg = 0.094.

B. The polar angle distribution and its asymmetry

The asymmetry (1.2) is equivalent to a FB asymmetry in the
polar angle 0 between the top-quark momentum in the c.m.
frame and the Z axis, because y, and cos € have the same sign.
Also, in pp collisions at the Tevatron the initial-state quark
and antiquark in gg — X are supplied by the proton and
antiproton, respectively, with a small <0.4% probability for
the opposite due to PDF suppression. Then the initial quark
direction almost always coincides with the proton direction,
and the asymmetry (1.2) nearly equals the FB asymmetry

N(cos@ > 0) — N(cos < 0)
N(cos@ > 0) + N(cos8 < 0)

Aps = (2.2)

in the polar angle between the top and the initial quark
directions in the c.m. frame.

In order to view the asymmetry (2.2) in a more general
context, we consider the 2 — 2 process gg — tf, not neces-
sarily at the tree level, using the helicity formalism (Jacob and
Wick, 1959). For helicities 4;, 4,, 43, and 44 corresponding to
the external particles ¢, g, t, and 7, respectively, angular
momentum conservation allows one to write the amplitude as

A= Zabm@Dﬁf (¢.0.0), (2.3)
7

where J labels the total angular momentum and 4; = 4, — 4,,
Ay = A3 — Ay; the dependence on the production angles (6, ¢)
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is given by the Wigner functions Dfn,m(a, By) =
(jm!|e™ e~y e~t:|jm) and aj , , , are constants. The
sum runs over all possible values J =0, 1,2, ... (since plane
waves “contain” all possible orbital angular momenta), but in
particular cases it may happen that only a few values of J
contribute. For example, in the SM at the tree level the process
takes place via a spin-1 s-channel gluon; therefore the sum
contains only the term J = 1.

From the general amplitude (2.3), one obtains with a little
algebra the partonic differential cross section,

J J'x 1 _
a0 E aa,@@aﬂz,@@&ﬁ”ij 2|10)
Y SSWAL

X (JApJ" = A|10) (—=1)%~* Py(cos §), (2.4)
with (jym;j,m,|jm) Clebsch-Gordan coefficients and P; a
Legendre polynomial of degree [. The interference between
top helicity states can be ignored as long as one is interested
only in quantities that are independent of the W boson
azimuthal angle in the top quark rest frame [see, for example,
Aguilar-Saavedra and Herrero-Hahn (2013)], as is the case for
all observables involved in the 2 — 2 process, in particular,
Apg. (Note, however, that the charged-lepton rapidity in the
laboratory frame is not one of such observables.)

One can gain further insight into the asymmetry (2.2)
setting / = J' =1 as in the SM at the tree level. Then the
Clebsch-Gordan coefficients in Eq. (2.4) imply that only
! =0,1,2 contribute, and the corresponding Legendre poly-
nomials are Py(x) = 1, P, (x) = x, and P,(x) = (3x*> = 1)/2.
Among them, only P; produces a FB asymmetry. Moreover,
for [ =1 the symmetry properties of Clebsch-Gordan coef-
ficients imply that only 4;, 1 # O contribute to Agg, and

Apg  [lal_y, >+ aty, P =Ta) P =laby,, () (2.5)
222 2 22 22 22 22 222 2
C (or parity P) invariance implies
oyl = laly P (2.6)
. 2.6
laj_, [P =laly,, 7

so it is clear that the so-called charge asymmetry Agg does not
entail a violation of the charge conjugation symmetry C. On
the other hand, at the tree level in QCD the modulus squared
amplitudes are invariant under the exchange of the ¢ and 7
momenta, keeping the initial quarks fixed,

(2.7)

implying that the right-hand side of Eq. (2.5) vanishes.

Dropping the J = 1 restriction, we see from Eq. (2.4) that in
full generality the partonic differential cross section can be
expanded in terms of Legendre polynomials

de
E = ZGIP1<COS 0) (28)
1
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The coefficients a; of this expansion are called “Legendre
momenta” and the first ones have been measured by the CDF
Collaboration (Aaltonen et al., 2013a), finding an excess in
ay, precisely the coefficient of the lowest-order polynomial
generating an asymmetry.

C. Asymmetries at the LHC versus Tevatron

In pp collisions at the Tevatron, an asymmetry (2.2) in the
angle between the top and initial quark induces the asymme-
try (1.2) between the top and proton directions precisely
because the proton and quark directions almost always
coincide. At the LHC, the two colliding hadrons are protons,
and an asymmetry such as Eq. (1.2) vanishes. Nevertheless,
since valence quarks have on average a larger momentum
fraction than sea antiquarks, a forward top quark (with respect
to the quark direction) in the 7 c.m. frame has on average a
larger |y| in the laboratory frame (with y of either sign) than
the backward antiquark. Hence, the asymmetry (1.3) is well
suited to probe a partonic asymmetry in the direction between
the top and initial quarks. Other asymmetries (Hewett et al.,
2011; Kuhn and Rodrigo, 2012) are numerically different but
based on the same idea.

The SM NLO predictions for the LHC asymmetry, includ-
ing electroweak contributions and taking the denominator at
LO, are at 7 and 8 TeV, respectively, A- = 0.0115 4= 0.0006,
Ac =0.0102 £0.0005 (Kuhn and Rodrigo, 2012), and
Ac =0.0123 £ 0.0005, A- = 0.0111 £ 0.0005 (Bernreuther
and Si, 2012). (NNLO predictions are not yet available.) The
contributions of different subprocesses are given in Table III,
for a c.m. energy of 8 TeV. The SM prediction for A is 1 order
of magnitude smaller than for Agg owing to two effects. First,
gg fusion is dominant at the LHC, with 80% of the total cross
section at these c.m. energies, and it does not produce any
asymmetry but washes out the one produced in ¢g annihi-
lation. Second, the probability that the antiquark has larger
momentum fraction than the quark (in which case a forward
top has smaller |y| and contributes negatively to A.) is not
negligible and leads to a further dilution of the generated
asymmetry. Note also that at the LHC the gg processes are not
suppressed as they are at the Tevatron, but the asymmetry they
generate is small.

TABLE III. The contributions to the numerator AN of the asym-
metry (1.3) at NLO for three different scales. The total LO cross
sections and the resulting asymmetries are also given. From Bern-
reuther and Si, 2012.

AN (pb) w=my2 H=m H="2m,
o(a?) qq 1.7887 1.2914 0.9567
q9 0.1162 0.0813 0.0564
0(a?) qq  5.13x1072 497 x 1072 5.21 x 1072
O(aa?) e 93  7.8x1073 6.3 x 1073 5.0x 1073
qg  213x107%  —158x102 —4.48x 1072
O(aa?)oep 44 0.2020 0.1616 0.1838
qg  7.2x1073 5.4 %1073 4.1x1073
Total AN 2.1945 1.5799 1.2113
662 (Pb) 190.77 142.94 113.21
Agg (%) 1.15 1.11 1.07
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It is clear that the asymmetries (1.2) and (1.3) are different
observables; hence a measured value of the latter consistent
with the SM prediction does not preclude an anomaly in the
former. In fact, the relation between them is model dependent
(Aguilar-Saavedra and Pérez-Victoria, 2011a). Still, Agg and
A arise from asymmetries in ¢gg annihilation that, for a fixed
partonic c.m. energy §, are the same at the two colliders. One
can write (Aguilar-Saavedra and Juste, 2012)

Apg = A F, +AyFy,

(2.9)
AC = AuFuDu +AdFdDd1

where A, ; are the “intrinsic” asymmetries in the partonic
processes uii — fiX and dd — tiX, respectively, F, ;=
Guiqa/o are the uit and dd fractions of the cross section,
and D, 4, dilution factors arising from the already mentioned
fact that sometimes the antiquark has larger momentum
fraction than the quark. To a good approximation, A, and
A, are the same at the Tevatron and the LHC, provided one
restricts m; to a narrow interval, hence their labeling as
“collider independent.” The SM NLO calculations of A, 4
including electroweak corrections are presented in Fig. 2
(upper panel), using m; bins of 50 GeV up to 800 GeV. The
differences beween the Tevatron and LHC values are already
smaller than the expected statistical uncertainties, but can be

0.4 [ T T T T T T
AAa A, Tevatron LHC7 LHC8
YVYVY A,
0.3 -
302
<< N e
A A A
A A
L A A v v v
0.1 s 2y v v .
L v v \4
A 4
v
0 ! ! ! ! ! ! ! !
350 400 450 500 550 600 650 700 750 800
m; (GeV)
0.4 [ T T T T T T
AAa A, Tevatron LHC7 LHC8
YVYV A,
0.3 -
L A 4
L A
[ A
e A
< 0.2 4 _
[ Y v v
A ; 2 v
L N J
0.1 v \ _
N J
ol ! ! ! ! ! ! ! !
350 400 450 500 550 600 650 700 750 800
m; (GeV)

FIG. 2 (color online). SM predictions for the collider-independent
asymmetries A, and A, at the Tevatron and the LHC, without p/
cut (up) and with p¥ < 30 GeV (down). From Aguilar-Saavedra,
Bernreuther, and Si, 2012.
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further reduced by applying an upper cut on p% (lower panel).
As yet, there are not any measurements of A, ; either at the
Tevatron or at the LHC. They could be measured from the
two-dimensional distribution of Agg or A as a function of m ;
and the velocity of the #7 pair

. |pt+pl
i P2 TP 2.10
ﬂ” E, + E; ( )

using Egs. (2.9) and exploiting the fact that, for fixed mz, A, 4
are almost independent of 7, while F, , and D, 4 are not.
This is a demanding but revealing measurement. Being
basically the same quantities at the two colliders, the meas-
urement of A, , at the LHC is a unique direct test of the
Tevatron anomaly. Furthermore, measurements of A, ; at the
Tevatron and the LHC could be combined for a more precise
determination of the two partonic asymmetries.

In this context, it is worthwhile pointing out that isospin-
symmetric corrections to the SM values of A, ; shift Agg and
Ac in the same direction. Figure 3 shows the asymmetries Apg
and A resulting from random variations of A, ; between 1/4
and 4 times their SM NLO values, fixing F, ; and D, 4 as in
the SM, which is a reasonable approximation given the good
agreement of various differential distributions with data. (The
random variations are done independently in each bin of m;.)
An increase in the Apg prediction to fit the Tevatron average
also increases A, leading to a lo deviation, which reaches
almost 20 if one wants to reproduce the CDF measure-
ment Agg = 0.164 + 0.045.

Conversely, isospin-breaking corrections to A, , can gen-
erate a positive contribution to Agg with small or vanishing
contribution to Ac. This is illustrated by Fig. 4, where A, ; are
left completely arbitrary within each m; binand F,, ; and D, 4
are fixed to their SM values. A positive asymmetry Agg > 0 is
compatible with a vanishing or negative A, provided A, and
A, have a different sign. The implementation of this condition
in actual models is discussed at the end of Sec. V.

D. Leptonic asymmetries

In addition to the f7-based asymmetries, the Tevatron
experiments measure asymmetries based on the rapidities
of the charged leptons from the top quark decay,

N(gsye > 0) = N(geys <0)
N(qzye > 0) + N(qeye <0)’
N(Ay, > 0) - N(Ay, < 0)
N(Ay, > 0) + N(Ay, < 0)’

[
AFB_

(2.11)
Aff =

with g, the lepton charge and Ay, = y,+ — y,-. The former
can be measured in the £ + jets or dilepton decays of the 77
pair, whereas the latter requires the two charged leptons and is
measured only in the dilepton channel. (The # + jets and
dilepton decay modes of the 7 pair are those in which one or
two charged leptons, respectively, are produced from the

’In the absence of official combinations, the quoted Tevatron and
LHC averages are weighted averages of the relevant measurements,
detailed in Secs. III and IV, respectively.
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FIG. 3 (color online). Relation between A, and Agg resulting
from random isospin-symmetric variations of A, ; around their
SM value, as described in the text. Also shown are the simple
error-weighted averages of Apg measurements at the Tevatron
(see Sec. IILE) and of A- measurements at the LHC at /s =
7 TeV (see Sec. IV.C).

decay of the two W bosons.) Within the SM, these asymme-
tries are generated from the 7 asymmetry Agpg, given the fact
that the top (anti)quarks are produced with zero polarization in
the production plane, that is, the plane spanned by the top and
initial quark momenta in the /7 c.m. frame. The SM pre-
dictions at NLO are A%y = 0.038 & 0.003 and A%, = 0.048 +
0.004 (Bernreuther and Si, 2012), using LO denominators.
In general the leptonic asymmetries and Agg are indepen-
dent observables in much the same way as Apg and A, are.
This fact is clear when one considers the threshold behavior of
qq — tf and the possible effect of new physics (Falkowski,
Perez, and Schmaltz, 2013). At the threshold, 7 pairs
produced from initial grgg states have their spins aligned
in the proton direction, independently of #. The top decay
dynamics makes the positive charge lepton tend to follow the
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FIG. 4 (color online). Allowed asymmetries Ac- and Agg in
several m,; bins (in GeV), which result from arbitrary A, ; within
these bins. From Aguilar-Saavedra and Juste, 2012.
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top spin direction, so it is preferentially emitted with y,+ > 0.
The negative charge lepton from the top decay tends to be
emitted opposite to the top spin, so y,- < 0. For initial ¢; g,
states the behavior is the opposite, and the charged leptons
preferentially have y,+ < 0 and y,- > 0. For equal grgz and
q1.q;. cross sections, as when produced by QCD interactions,
the two effects cancel and the asymmetries vanish at threshold.
But any excess in gz gy (or decrease in g; g; via interference)
caused by new physics will originate positive leptonic
asymmetries, independently of Arg. Conversely, a decrease
in qrgr or an excess of g;q; will generate negative
asymmetries.
At the LHC, a leptonic asymmetry

er _ N(Alye[ > 0) = N(Aly,| <0)
¢ N(Aly| > 0) + N(Aly| <0)

(2.12)

has also been measured in the dilepton decay mode of the 7
pair. The SM predictions at NLO are A% = 0.0070 + 0.0003
for 7 TeVand AZY = 0.0064 + 0.0003 for 8 TeV (Bernreuther
and Si, 2012).

III. EXPERIMENTAL MEASUREMENTS AT THE
TEVATRON

Interest in the /7 asymmetry was sparked by papers from the
CDF and DO Collaborations in 2008 (Aaltonen, 2008; Abazov
et al., 2008) where, in small initial samples from Tevatron
Run 2, both experiments observed large Ay asymmetries in 7
events in the £ + jets decay mode. Follow-up measurements
with roughly 5 fb~! again showed large asymmetries in both
experiments, with a significant dependence on m; at CDF
(Aaltonen et al., 2011a, 2011b; Abazov et al., 2011a).
Subsequent studies examined the differential behavior of
the asymmetry in rapidity and #7 invariant mass, the differ-
ential cross section in the scattering angle, the asymmetry in
the isolated top decay leptons, and also expanded the
asymmetry measurements into the dilepton decay mode.
All of these measurements are grounded in the techniques
used to measure the #7 cross section which is the denominator
of the asymmetry. The combined Tevatron cross section for
tt production in pp collisions at 1.96 TeV is o; = 7.60 +
0.41 pb for m, = 172.5 GeV (Aaltonen et al., 2014b).

The Tevatron asymmetry measurements rely on using a
well-measured lepton from the decay chain t - Wb — £vb to
measure the top quark charge. We review here asymmetry
results in both £ + jets and dilepton channels using the full
Tevatron Run 2 data set, as reported by both the CDF and DO
experiments.

A. Inclusive asymmetry in the 7 + jets mode

When one and only one top quark decays leptonically, the 77
final state contains a lepton, missing transverse energy Er, and
four hadronic jets, two of which are initiated by b quarks.
These £ + jets events contain sufficient information to com-
pletely reconstruct the 77 four-vectors and the electric charges
of the top quarks. The samples are selected requiring a central
(here referring to pseudorapidity) isolated electron or muon,
with py > 20 GeV, missing transverse energy E7 > 20 GeV,
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and at least three (DO) or four (CDF) jets with py > 20 GeV.
Decay channels through = leptons are not included, although
there is a small leakage of 7 events from the W — 7 — ¢/u
decay chain. The presence of final-state b jets is confirmed
using information on reconstructed displaced secondary
vertices and tracks with a significant impact parameter with
respect to the hard-scatter primary vertex. The total efficiency
of the selection (including the leptonic branching ratios) is
~3%. The non-ff backgrounds in this selection are dominated
by W + jets events with heavy flavor or incorrectly b-tagged
jets, plus small contributions from QCD multijets and electro-
weak processes. These backgrounds are modeled using
Monte Carlo generators and a detailed detector simulation,
except for the pure QCD multijets component, which is
derived from data sidebands.

The most probable four-vectors for the 77 production
hypothesis are derived for each event. Subtraction of the
background processes yields the distribution of Ay for the
reconstructed top quarks, which has been distorted by accep-
tance losses and resolution smearing. These distortions can be
estimated from the study of the simulated NLO signal model
and used to construct a regularized linear transformation that
deconvolves (or unfolds) the true production-level distribution
from the reconstructed one. The reliability of the unfolding
procedure is checked using simulated #7 samples with a variety
of models with nonstandard Agg.

1. Inclusive asymmetry at CDF

The CDF Collaboration measured the asymmetry with
9.4 fb~! (Aaltonen et al., 2013c). The selection uses the four
leading hadronic jets and also requires a transverse energy
sum of all objects Hr > 200 GeV, giving 2653 candidate
events. The sample composition is found using a detailed
accounting of the b-tagging rate in all expected processes; the
non-ff backgrounds total 530 &+ 124 events. In the four-jet
sample, the 77 four-vectors are reconstructed using constraints
on the W and top masses, varying the jet energies within their
expected resolutions and choosing the jet-parton combination
with the lowest y2. The Ay distribution is calculated and
background shapes, estimated from simulated samples and
data sidebands, are subtracted. The asymmetry at the
reconstruction level is found to be 0.087 % 0.026.

The f7 signal is modeled using the NLO generator POWHEG
(Frixione, Nason, and Ridolfi, 2007). Parton showers are
added by PYTHIA (Sjostrand, Mrenna, and Skands, 2006), and
the result is run through a full detector simulation. The
electroweak contribution is included by rescaling the asym-
metric parts of Ay by an additional factor of 1.26 (see
Sec. II.LA). The one-dimensional Ay distribution is unfolded
in eight bins using a response matrix based on POWHEG;
the production-level distribution of Ay is given in the top
plot in Fig. 5. The inclusive asymmetry is Agg = 0.164+
0.039(stat) 4= 0.026(syst). The systematic uncertainty of the
measurement is dominated by the background modeling and
normalization.

2. Inclusive asymmetry at D0

The DO Collaboration has measured the asymmetry in
9.7 fb~! (Abazov et al., 2014c). Events are selected in both
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FIG. 5 (color online). Production-level Ay distributions. Top: At
CDF, where the error bars represent the total statistical and
systematic uncertainty in each bin. Bottom: At D0, where the
statistical uncertainty is given by the black rectangles and the
hashed areas represent the total uncertainty including systematic
effects. From Aaltonen et al., 2013c, and Abazov et al., 2014c.

the exclusive 3-jet and inclusive 4-jet modes with the addi-
tional requirement that the leading jet has py > 40 GeV. The
b tagging uses a multivariate analysis (MVA) of the jet
fragmentation and track impact parameter information. The
tt signal is modeled with Mc@NLO and showered with
HERWIG (Corcella et al., 2001). Kinematic reconstruction in
the 4-jet sample is weighted over jet energy transfer functions
and b-tagging likelihoods. Partial reconstruction in the 3-jet
sample uses a MVA with kinematic variables to find the most
probable reconstruction of the 77 system assuming the lost jet
is from the hadronically decaying top quark. In both samples
the jet-parton combination yielding the highest likelihood
value is selected to reconstruct the four-momenta of the top
and antitop quarks. The sample is divided into six channels
according to jet and b-tag multiplicity, and the composition of
each is found using multivariate discriminants. The total
sample is 10947 events with an estimated background of
6202 £ 78. In the 4-jet subsample comparable to the CDF
analysis there are 2875 events. The asymmetry in the W + jets
background sample is reweighted according to that observed
in the background-dominated 3-jet O-tag sample. After back-
ground subtraction the inclusive asymmetry at the
reconstruction level is found to be 0.079 £0.027. An
unfolding in 26 to 50 bins of true to reconstructed Ay, using
the MC@NLO response model gives the production-level
distribution shown in the bottom of Fig. 5. The inclusive
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asymmetry is Agg = 0.106 &= 0.030. The systematic part of
the uncertainty is dominated by the background modeling.

Except for very small effects from common assumptions
concerning PDFs, the DO and CDF results are uncorre-
lated. In this case it is possible to combine the measure-
ments using a simple error-weighted average, yielding
Apg = 0.124 £ 0.025.

B. Kinematic dependence of the asymmetry

As the f7 cross section is a function of the scattering angle,
momentum transfer, and {7 transverse momentum, it is
interesting to explore the differential behavior of the asym-
metry in these variables.

1. Rapidity difference

In the collider environment, the rapidity difference Ay is the
natural proxy for the scattering angle. The rapidity-dependent
asymmetry

N(+Ay) = N(-Ay)
N(+Ay) + N(-Ay)

Apg(Ay) = (3.1)

follows directly from the information in Fig. 5. The results
from both experiments are compared to the NLO prediction in
the top panel of Fig. 6. In both cases, the NLO model is well
fitted with a simple linear form. Since the Ay distribution is
continuous at Ay = 0, the intercept must be consistent with
zero. The measurements of both experiments are in good
agreement with the linear form, with slopes shown in Table IV.
The DO measurement is 1.30 above the prediction and the
CDF measurement is 1.3¢ above the DO one.

2. tf invariant mass

The § behavior of the asymmetry is measured in the variation
of Ay with the ¢7 invariant mass mg;. A production-level
measurement requires a two-dimensional unfolding in the
space of Ay and m;. The CDF Collaboration uses four bins
in m;; and two bins in Ay; the latter choice confines the need
for regularization to m; only. The DO Collaboration uses
more granularity, with 26 to 50 bins in the production to
reconstruction level Ay, six bins in mg, and simultaneous
regularization of both variables. The results for the two
experiments are shown in Fig. 6 (bottom) and Table IV.
Except at the highest mass, the two results are in modest
agreement. The fitted slopes are more discordant, with a
difference of 1.8c.

3. Production angle

The reconstruction of the #7 four vectors in the £ + jets
mode allows a direct measurement of the differential cross
section in the 7 scattering angle dé/dcos@ (in the ¢7 rest
frame), as discussed in Sec. II.B. The top plot of Fig. 7 shows
the differential cross section for two SM predictions and two
representative new-physics models. The LO QCD prediction
shows the characteristic ~(1 + cos?@) behavior, while the
NLO curve shows the addition of a small approximately
linear correction. A 1.2 TeV s-channel color octet with axial
couplings shows a large linear correction. Alternatively, a
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FIG. 6 (color online). Production-level dependence of the asym-
metry on the rapidity difference (top) and ¢ invariant mass
(bottom) for both Tevatron experiments, compared to NLO and
NNLO predictions. The horizontal error bars indicate the binning
used in each experiment. The CDF measurements (Aaltonen
et al., 2013c) are squares and the DO measurements (Abazov
et al., 2014c) are circles. The SM predictions and their scale
uncertainties are given by the horizontal lines and associated
bands. From Czakon, Fiedler, and Mitov, 2014.

200 GeV flavor-changing 7-channel Z’' shows a strong forward
scattering component.

The CDF Collaboration performed the production angle
measurement characterizing the cross section as an expansion
in Legendre polynomials according to Eq. (2.8) (Aaltonen
et al., 2013a). The analysis uses the 4-jet sample of Sec. IIL.A.1,
augmented with 3-jet events with an additional soft jet having
pr > 12 GeV. A total of 3776 events are used, with estimated
background 1026 £ 210. The 4-jet reconstruction gives cos 6,
and backgrounds are subtracted from the distribution. By

TABLE IV. Slope a of Agg as a linear function of Ay and m;;. The
predicted slopes have been estimated using the POWHEG generator
interfaced to PYTHIA (see Sec. IIILA.1 for details). Predictions and
measurements have been extracted from Aaltonen et al. (2013c) and
Abazov et al. (2014c).

a(Ay) a(mg;)
Predicted 0.097 +0.015 (34412) x 107
CDF 0.253 £ 0.062 (15.5+4.8) x 10~
DO 0.154 + 0.043 (3.9 +4.4) x 107
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and models. From Aaltonen et al., 2013a.

discretizing in Legendre moments rather than histogram bins,
the transfer matrix to the production level is well conditioned,
and the unfolding can be done by simple inversion, avoiding
regularization. The Legendre coefficients a; are shown on the
bottom of Fig. 7, normalized to the total cross section ay = 1.
In the predictions (i) LO pYTHIA has a; = 0 and small a, from
gg initiated #-channel scattering; (ii) NLO QCD has box and
radiative diagrams giving corrections to all moments, including
the asymmetry producing odd terms; (iii) the s-channel octet
model adds a nonzero a; to the LO pyTHIA model; and (iv) the
t-channel model, with leading behavior 1/(1 —cos@), has
large higher-order Legendre terms. The data suggest that the
asymmetry arises in the linear term in cos 6, with coefficient
a; = 0.40 £ 0.09(stat) £ 0.08(syst). The statistical precision
is limited, but disfavors the large higher-order moments
characteristic of 7-channel models.

4. ff transverse momentum

As described in Sec. II.A, the NLO QCD asymmetry should
have a strong dependence on the transverse momentum of the
tf system p. The top plot in Fig. 8 shows the p-dependent
asymmetry

(3.2)
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ing an additional p?-independent asymmetry. From Aaltonen
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for four different SM calculations at the production level. The
strong color coherence effect is seen in PYTHIA; it is interesting
that the average of this dependence over all pf gives the
expected LO QCD result Agg = 0. The NLO QCD calculation
MCFM shows the positive Born-box asymmetry at pf = 0 and
the negative initial- or final-state radiation (ISR or FSR)
interference asymmetry elsewhere. POWHEG has the same
NLO matrix elements, with higher-order effects approximated
by PYTHIA showering, smoothing the MCFM form. The curve
called 7 + Jet 1ncludes the higher-order effects at large p¥%
explicitly as jets, 3 and is in good agreement with the showered
POWHEG.

The CDF Collaboration measured the p%-dependent asym-
metry as part of the study described in Sec. IILA.1. The
analysis is performed with the reconstructed, background-
subtracted data, avoiding issues with unfolding. The bottom
plot in Fig. 8 shows Apg(p%) for the data after background
subtraction. The asymmetry in data falls with p¥ as in the top
plot, but lies above the predictions there. In order to make a
slope comparison they consider a simple normalization ansatz
where the excess asymmetry in the data is independent of p¥,
as is approximately the case for the NLO QCD effect and also
some of the new-physics models. Since independent

3K.Melnikov, A. Scharf, and M. Schulze, private communication.
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asymmetries add, this produces an additive correction in each

;f bin equal to the difference of the inclusive Agg in the
reconstructed data and the simulated SM. The bottom plot in
Fig. 8 shows the comparison of the data to the PYTHIA and
POWHEG models normalized in this way. The data are well
described by either the POWHEG or PYTHIA modeling in
conjunction with a p¥-independent asymmetry according to
the inclusive measurement.

C. Inclusive asymmetry in the dilepton mode

When both top quarks decay leptonically, the 77 final state
contains two charged leptons, missing transverse energy Er
from two overlapping neutrinos, and two hadronic jets
initiated by b quarks. The information loss in the overlapping
neutrinos prohibits a direct reconstruction of the 77 kinematics,
but the top quark asymmetry can be recovered using prob-
abilistic techniques.

The DO Collaboration has performed a preliminary meas-
urement in the full Tevatron data set of 9.7 fb~' (Abazov
et al., 2014a). Events are selected requiring two isolated
opposite-sign electrons or muons having py > 15 GeV and
two or more jets with pr > 20 GeV. Additional selection
criteria based on Hy, Ey, and the E; significance are
optimized separately for each of the three modes ee, ey,
and pp. At least one of the two jets is required to be b tagged
by a multivariate discriminant that is also optimized for the
flavor of the leptonic mode. The total number of events is 542.
Non-#7 backgrounds to this selection include Z bosons and
electroweak dibosons in association with jets, and QCD
multijets that manage to satisfy the lepton and E; require-
ments. The electroweak backgrounds are modeled with
simulated samples, and the QCD multijets background is
modeled with data-driven techniques. The estimated back-
ground contamination is 62 &£ 15 events.

The top quark Ay distribution is reconstructed using a novel
modification of the matrix-element technique used to measure
the top quark mass at DO (Abazov et al., 2011b). In each event
a likelihood function for Ay is constructed by comparing the
final-state kinematic configuration to the LO SM matrix
element for #f production. The number of integrations is
reduced by assuming that the initial and final states conserve
energy and momentum, that the lepton direction, b-quark
direction, and electron energies are perfectly measured, that
both Zv systems have my = 80.4 GeV, and that both top
systems have m; = 172.5 GeV. The muon and jet energy
resolution is treated using transfer functions. The final
integration over p', ¢, the energies of the two leading jets,
and the energies of the muons (if applicable) produces a
likelihood distribution of Ay for each event. The sum of the
event likelihoods estimates the distribution of Ay in the
sample. The background models are used to derive the Ay
distribution for the non-ff components and these are
subtracted.

This distribution and its asymmetry includes dilution effects
due to the limited detector acceptance, the finite resolution of
the detector measurements, and the assumptions in the matrix-
element integration. The production-level asymmetry is recov-
ered from the measured asymmetry using a linear transfer
function derived from samples of MC@NLO that have been
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reweighted for various asymmetries according to the scheme
of Hong et al. (2014). Tests with simulations of new-physics
models for the asymmetry show that the technique is unbiased
at the level of <2% as long as the top quark decays are
SM like, i.e., have no unexpected polarization. The produc-
tion-level asymmetry is found to be Apg = 0.180+
0.061(stat) - 0.032(syst). The systematic uncertainty is
dominated by the hadronization and showering model and
the PDF assumptions.

D. Leptonic asymmetries

The leptonic asymmetries defined in Eq. (2.10) are exper-
imentally attractive because the lepton rapidity is well
measured and free from the complications of combinatorics
and jet resolution present in the Ay reconstruction. In the SM,
the POWHEG generator and NLO calculations (Bernreuther and
Si, 2012) both suggest a ratio of A%y /Agg ~0.5.

1. Leptonic asymmetries at D0

The DO Collaboration has measured A%, in both decay
modes. The measurement in £ + jets (Abazov et al., 2014b)
uses 9.7 fb~! and the sample selection of Sec. III.A.2. The DO
lepton acceptance extends to || = 1.5 and the analysis and
unfolding is done with this cut, ignoring leptons of larger
rapidity. The significant background from W + jets events is
calibrated against a control sample derived from £ + 3-jet
events with no b tag. Similarly Abazov et al. (2014c) used a
multivariate technique to separate signal and background
for events with each sign of ¢y;, and for each bin of
jet multiplicity (3,>4) and b-tag multiplicity (1, 2).
The unfolding uses the response model of MC@NLO, and
the results for each final-state category are combined
in a weighted average to yield Af; = 0.042+0.030
(stat + syst), to be compared with the MC@NLO prediction
of 0.02 £0.001 (statistical error only) for lepton pseudor-
apidity || < 1.5. The ratio A% /Apg = 0.44 £0.27 is con-
sistent with the POWHEG prediction. This result differs
considerably from the 5 fb~! DO measurement (Abazov et
al.,2011a), ALy = 0.152 + 0.040, that used only the £ + 4-jet
sample. In the new measurement the large asymmetry in
the £ + 4-jet sample remains, but smaller asymmetries in the
¢ + 3-jet samples reduce the overall inclusive value. The
dependence of A{;B on the lepton py in new-physics models is
discussed in Sec. VI.C. The dependence in the data is shown
in the top panel in Fig. 9.

The DO measurement of A%, in the dilepton mode uses
9.7 fb~! (Abazov et al., 2013b). Reconstructed electrons and
muons must be isolated, have pr > 15 GeV, and opposite
signs. Events with like-flavor leptons must have two jets with
pr > 20 GeV; eu events must have at least one such jet. A
multivariate technique is used to require that jets are consistent
with originating from b quarks. Further specialized cuts select
on the H; and E significance for each decay mode. The non-
tt backgrounds to this selection are modeled using data
sidebands and subtracted from the data. The asymmetries
are corrected for the finite lepton acceptance using a scale
factor derived from MCc@NLO. The asymmetries are found to
be Al =0.044 +£0.039 and AL = 0.123 £0.056. The
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dilepton A%, can be combined with the £ + jets result using
scale factors obtained from Monte Carlo simulations. The
combined asymmetry is A%, = 0.047 £0.027 (Abazov
et al., 2014b).

2. Leptonic asymmetries at CDF

The CDF Collaboration has also measured the leptonic
asymmetry in both the # + jets and dilepton decay modes.
The ¢ + jets measurement (Aaltonen et al., 2013b) uses the
same sample as the cos # analysis of Sec. III.B.3, with a total
sample of 3864 events and an expected non-77 background of
1026 £ 210. The limited central lepton acceptance of the CDF
detector |57| < 1.2 makes an unfolding correction for the full
rapidity range impossible. Instead, the measurement relies on
the observation that the asymmetric part of the asymmetry

N(qy;) = N(=qy;)
N(gy;) + N(=qy1)

is described by a simple phenomenological function F(gy;) =
atanh(qy,/2) for all models tested (Hong ez al., 2014), while
the symmetric part is model independent. Ay (gy;) in the
measured region can be corrected for backgrounds and
acceptance and used to find the best fit to F(gy;) in the data.
The function F(qy;) can then be extrapolated to the full
rapidity range and integrated with the model-independent

Alg(qy) = (3.3)
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symmetric part (using any generator), allowing a measurement
of the production-level asymmetry. The ALy (gy;) distribution
and fit, shown on the bottom in Fig. 9, gives a production-level
asymmetry of Al = 0.09470-952.

The dilepton measurement is done in a sample of 9.1 fb™!
(Aaltonen et al., 2014a). The selection requires exactly two
opposite-sign leptons with p; > 20 GeV and combined
invariant mass m,, > 10 GeV, E; > 25 GeV, two or more
jets with py > 15 GeV and |57| < 2.5, and Hy > 200 GeV. A
total of 569 events are found. The shape and normalization of
the non-77 component is estimated with a combination of
Monte Carlo and data-driven techniques, giving an expected
background of 160 + 21 events. The measurement of AZy
uses both leptons in each event, doubling the statistics. The
results are ALy = 0.072 4 0.060 and AL = 0.076 £ 0.081.
The single-lepton result here can be combined with the
£ + jets channel to give an overall ALy = 0.090f8_'8§§ . The
ratio Al /Apg = 0.55 £0.24 is consistent with the NLO
prediction.

Appealing again to the near independence of the CDF and DO
measurements, a simple error-weighted average of the two gives a
combined Tevatron Az = 0.069 + 0.019 compared to the NLO
prediction of 0.038 £ 0.003 (Bernreuther and Si, 2012).

E. Tevatron summary

A compendium of the Tevatron measurements is shown in
Fig. 10. With the final results from Run 2 at the Tevatron, the
significance of the top A and A%, discrepancies is around
1.50, with a spread between the two experiments of roughly
lo. One of the most interesting experimental issues is the
evolution of the DO measurements toward smaller Agg,
reducing the tension with the SM suggested by the earlier
results. An important part of that evolution was the addition of
the 3-jet decay mode, which adds a statistically independent
sample, but also mixes in a different p? spectrum, raising the
issue of the pf modeling for both experiments. The time
development of the DO measurements is discussed in further
detail by Abazov et al. (2014b, 2014c).

IV. EXPERIMENTAL MEASUREMENTS AT THE LHC

Following the end of operations of the Tevatron collider,
measurements at the LHC are being carried out in an attempt
to further clarify the experimental picture, which would
otherwise remain inconclusive based on the measurements
by the CDF and DO Collaborations using the full data set,
discussed in the previous section. Despite the small 7
asymmetries expected in p p collisions, the very high statistics
1t samples available at the LHC can be exploited in the context
of selections that are optimized to increase the fraction of ¢g
events. This fact, together with the higher kinematic reach at
the LHC, makes differential measurements of the charge
asymmetry particularly interesting. Indeed, beyond confirm-
ing or ruling out the Tevatron anomaly, a new kinematic
regime is being explored at the LHC that may unveil signs of
new physics the Tevatron could not be sensitive to. Here
we review the most recent results from the LHC Run 1
(2011-2012) and give some prospects for Run 2.
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FIG. 10 (color online). Summary of Agg and AéB measurements at
the Tevatron. The uncertainties on the experimental measurements
include both statistical and systematic contributions. Also shown
are simple error-weighted averages of CDF and DO measurements.

A. Charge asymmetry

Measurements of the charge asymmetry have been
performed by the ATLAS and CMS Collaborations using
the full data sets collected at c.m. energies of 7 and 8 TeV.
These measurements have been carried out in the £ -+ jets
channel at 7 and 8 TeV and in the dilepton channel, so far only
at 7 TeV.

The measurement of the charge asymmetry involves the
reconstruction of the event kinematics under the /7 hypothesis
in order to determine the rapidities of the top quark and
antiquark; cf. Eq. (1.3). This is possible not only in the £ + jets
channel, where the presence of a single neutrino still leaves
sufficient measurements for kinematic reconstruction, but also
in the dilepton channel, where the a priori underconstrained
kinematics from the presence of two neutrinos can be overcome
through the application of additional assumptions. The ability
to reconstruct the event kinematics is exploited to measure the
charge asymmetry differentially, as a function of m,, p¥, and
the rapidity of the f7 system y,;, in addition to inclusively.
The reconstructed distributions used for these measurements,
Aly|, as well as the above kinematic variables of the 77 system,
are distorted by effects related to selection efficiencies,
detector resolution effects, and ambiguities in the kinematic
reconstruction. Unfolding techniques are used in order to
correct these measurements to the parton level and thus be
able to compare them with theoretical predictions.

1. Inclusive asymmetry in the Z + jets channel

The first measurement of the inclusive charge asymmetry at
the LHC was performed by the CMS Collaboration in the
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¢ + jets channel using a total integrated luminosity of 1.1 fb™!
at 7 TeV, about one-fifth of the total data set eventually
cumulated at this c.m. energy. Since then, improved mea-
surements using the full data sets at 7 and 8 TeV have become
available. Here we report only on those most precise
measurements.

The ATLAS Collaboration has performed a measurement of
the inclusive charge asymmetry in the £ + jets channel using
the full data set collected in 2011 at /s =7 TeV, corre-
sponding to an integrated luminosity of 4.7 tb™! (Aad et al.,
2014c). Events were collected using single-lepton triggers.
The offline selection requires exactly one isolated electron or
muon with py > 25 and py > 20 GeV, respectively. In order
to suppress background from QCD multijets production,
requirements are placed on Ky and the transverse mass
reconstructed from the lepton and Ep. In addition, it is
required that the event has at least four jets reconstructed
with the anti-k, algorithm (Cacciari, Salam, and Soyez, 2008)
with a radius parameter R = 0.4 and satisfying py > 25 GeV
and |7| < 2.5. In order to suppress background from W + jets
production, at least one jet is required to be b tagged. The
typical per-jet b-tagging efficiency and light-jet mistag rate are
70% and 0.7%, respectively. This results in a selected sample
of approximately 60 000 events, with an estimated 77 purity of
80%. Simulated tf events are modeled using the LO multi-
parton matrix-element Monte Carlo generator ALPGEN
(Mangano er al., 2003) interfaced with HERWIG for the
simulation of showering and fragmentation. After selection,
the dominant background is W + jets production, whose
normalization is estimated using data, while the shape of
the distributions is estimated using the simulation. Smaller
backgrounds originate from QCD multijets, single top,
Z +jets, and diboson production. With the exception of
QCD multijets, which is entirely estimated from data, the
remaining backgrounds are estimated with the simulation. A
likelihood-based kinematic fit is used to reconstruct the four-
momenta of the top and antitop quarks. This likelihood
calculation takes as input the measured kinematic quantities
of the lepton, E7 and the leading four jets and employs
transfer functions associating the measured variables to the
parton-level ones. The ambiguities resulting from the
reconstruction of the leptonically decaying W boson and
the jet-parton assignments are solved by choosing the
reconstruction hypothesis leading to the highest likelihood
value. Figure 11 (top) displays the reconstructed Aly| dis-
tribution. Using simulated #7 events, the fraction of events with
correctly reconstructed Aly| sign is ~#75%, corresponding to a
dilution factor D = 2 x 0.75 — 1 = 0.5. Such dilution results
in a reduction by a factor of 2 of the measured asymmetry
relative to the parton-level asymmetry, which is effectively
corrected for by the unfolding procedure. After subtracting the
background, the measured A|y| distribution is unfolded to the
parton level and the charge asymmetry computed, yielding
A-=0.006+0.010(stat) +=0.005(syst). This measurement is
in agreement with the SM prediction of A- = 0.0115 (see
Sec. I1.C).

Similarly, the CMS Collaboration has performed a meas-
urement of the inclusive charge asymmetry in the £ + jets
channel using the full data set collected at /s =7 TeV,
corresponding to an integrated luminosity of 5 fb~!
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FIG. 11 (color online). Top: Reconstructed A|y| distribution after
final selection in the ATLAS measurement. Data (dots) are
compared to the prediction from the ALPGEN generator (solid
line) and its total uncertainty (shaded area). Bottom: Unfolded
Aly| distribution after final selection in the CMS measurement.
Unfolded data (dots with error bars representing the total
uncertainty) are compared to the SM prediction from Kuhn
and Rodrigo (2012). The first and last bins include underflow and
overflow events, respectively. From Aad et al., 2014c and
Chatrchyan et al., 2012.

(Chatrchyan et al., 2012). Events were collected using triggers
requiring a single lepton together with at least three jets. The
offline selection requires exactly one isolated electron or
muon with py > 30 and py > 20 GeV, respectively. In
contrast to the ATLAS measurement, no minimum require-
ment on £ is made. In addition, it is required that the event
has at least four jets reconstructed with the anti-k, algorithm
with a radius parameter R = 0.5 and satisfying py > 30 GeV
and || < 2.5. Similar to the ATLAS measurement, a require-
ment of at least one b-tagged jet is made using an algorithm
with a typical b-tagging efficiency of 60% and a light-jet
mistag rate of 1%. The corresponding selected data sample has
approximately 58 000 events, with an estimated ¢7 purity of
also 80%. In the case of the CMS measurement, simulated 7
events are modeled using the NLO event generator POWHEG
interfaced with PYTHIA for the simulation of showering and
fragmentation. The background composition is similar to the
one in the ATLAS measurement, and similar strategies are
used in the estimation of the background normalization and
the modeling of its kinematics. The reconstruction of the
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FIG. 12 (color online). Summary of the measurements of the
inclusive charge asymmetry by the ATLAS and CMS Collabo-
rations in the £ + jets channel at 7 TeV, as well as their
combination, compared to the theoretical prediction. For each
measurement, the outer (inner) error bar indicates the total
(statistical) uncertainty. The shaded band illustrates the total
uncertainty of the combined result. From Aad et al., 2014a.

four-momenta of the top and antitop quarks is also based on a
likelihood technique, in this case using as inputs the recon-
structed invariant masses for the leptonic and hadronic top
quarks, the hadronically decaying W boson, and the b-tagging
information of the jets assigned to the final-state quarks. Also
in this case the reconstruction hypothesis leading to the
highest likelihood value is selected. The performance of this
reconstruction technique is comparable to that of the ATLAS
analysis. After subtracting the background, the measured
asymmetry is unfolded to the parton level. Figure 11 (bottom)
compares the unfolded Aly| distribution to the theoretical
prediction. The resulting measured charge asymmetry is
A =0.004 4+ 0.010(stat) + 0.011(syst), also in agreement
with the SM prediction and the ATLAS measurement.

The ATLAS and CMS measurements at /s =7 TeV
discussed earlier have been combined (Aad et al., 2014a);
see Fig. 12. The combination has been performed using the best
linear unbiased estimate (BLUE) method (Lyons, Gibaut, and
Clifford, 1988; Valassi, 2003), taking into account a detailed
categorization of systematic uncertainties and their correlation
between both experiments. The combined result is Aq =
0.005 4 0.007(stat) & 0.006(syst), representing a 40%
(18%) improvement with respect to the CMS (ATLAS)
measurement.

The CMS Collaboration also performed a measurement of
the inclusive charge asymmetry in the £ + jets channel using
the full data set collected in 2012 at /s = 8 TeV, corre-
sponding to an integrated luminosity of 20 fb~! (Chatrchyan
et al., 2013b). This measurement closely follows the strategy
for event selection, signal and background modeling, kin-
ematic reconstruction, and unfolding technique used in the
previous /s = 7 TeV measurement discussed earlier. The
higher 7 cross section at /s =8 TeV and the fourfold
increase in the integrated luminosity results in a very large
sample of approximately 375 000 events, with an estimated #7
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purity of 80%. After subtracting the background, the
measured asymmetry is unfolded to the parton level. The
resulting charge asymmetry is A- = 0.005 + 0.007(stat)+
0.006(syst). It is worth noting that the statistical uncertainty
of this measurement does not scale as expected given the
increased number of #f candidate events compared to the
measurement at /s = 7 TeV: this is due to the increased
number of bins used in the unfolding as well as the smaller
improvement resulting from the use of regularization in the
presence of such large statistics in the data. This measurement
has comparable precision to the combination of ATLAS and
CMS measurements at /s = 7 TeV discussed earlier and is
also in agreement with the SM prediction of A~ = 0.0102.

2. Inclusive asymmetry in the dilepton channel

The ATLAS Collaboration performed a measurement of
the inclusive charge asymmetry in the dilepton channel using
the full data set at /s = 7 TeV, corresponding to 4.6 fb~!
(Aad et al., 2015). Events were collected using single-lepton
triggers and were required to have exactly two opposite-sign
leptons (ee, eu, or up), and at least two jets. The lepton and jet
requirements are similar to those used in the measurement in
the £ + jets channel. In order to suppress background from
Z/y* + jets production, in the same-flavor dilepton channels
the dilepton invariant mass is required to be more than 10 GeV
away from the Z boson mass, and E; > 60 GeV is required.
The resulting selected data sample contains approximately
8000 events, with an estimated ¢7 purity of 86%. Simulated 77
events are modeled using the NLO Monte Carlo generator
POWHEG interfaced with PYTHIA for the simulation of show-
ering and fragmentation. After selection, the background is
dominated by processes with prompt leptons, including
Z + jets, single top, and diboson production, which are
estimated from the simulation. In addition, non-negligible
contributions arise from processes with one or two jets
misidentified as a lepton, resulting from QCD multijets or
W + jets production, which are estimated in sifu using data-
driven techniques. The reconstruction of the #7 kinematics is
performed using the neutrino weighting technique (Abbott
et al., 1998). This technique scans different hypotheses for
the values of the pseudorapidities of the two neutrinos in the
final state. For each hypothesis, it calculates the full event
kinematics assuming the W boson and top quark masses and
then assigns a weight to the resulting solution based on the
level of agreement between the calculated and measured
missing transverse momentum. Jet energy measurements
are accounted for by fluctuating the jet energies within the
expected resolutions, and all possible lepton-jet associations
are considered. Finally, the solution corresponding to the
maximum weight is chosen to represent the event. Figure 13
(top) displays the reconstructed Aly| distribution in the ey
channel. After subtracting the background, the measured A|y]|
distributions in the ee, ey, and uu channels are unfolded to the
parton level and the corresponding charge asymmetries
computed. The combination of the measurements in the three
channels using the BLUE method yields A- = 0.021+
0.025(stat) 4= 0.017(syst).

Similarly, the CMS Collaboration performed a measure-
ment of the inclusive charge asymmetry in the dilepton
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FIG. 13 (color online). Top: Reconstructed Aly| distribution in the
ey channel in the ATLAS measurement. Data (dots) are compared
to the prediction from the POWHEG generator (solid line) and its
total uncertainty (shaded area). Bottom: Unfolded A|y| distribution
after final selection in the CMS measurement. Unfolded data (dots
with error bars representing the stat uncertainty and hatched bands
representing the systematic uncertainty) are compared to the
MC@NLO prediction. The bottom panel displays the ratio between
the data and the MC @NLO prediction. The first and last bins include
underflow and overflow events, respectively. From Aad ez al., 2015
and Chatrchyan et al., 2014c.

channel using the full data set at /s = 7 TeV, corresponding
to 5 fb~! (Chatrchyan et al., 2014c). Events were collected
using dilepton triggers and required to have exactly two
opposite-sign leptons (ee, ey, or uu) with py > 20 GeV and
at least two jets. The jet requirements are the same as in the
measurement in the £ 4 jets channel. In contrast with the
ATLAS measurement, at least one jet is required to be
b tagged. The typical per-jet b-tagging efficiency and light-
jet mistag rate are 70% and 1.5%, respectively. In the same-
flavor dilepton channels the dilepton invariant mass is
required to be above 20 GeV and more than 15 GeV away
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from the Z boson mass in order to suppress background from
Z/y* + jets and heavy-quarkonium resonance production. In
addition, a requirement of E; > 40 GeV is made. The
resulting selected data sample contains around 10 000 events,
with an estimated 77 purity of 92%. The increased purity,
compared to the ATLAS measurement, results from
the b-tagging requirement. Simulated ¢7 events are modeled
using MC@NLO interfaced with HERWIG. After selection, the
background is dominated by single top production, followed
by Drell-Yan and {7 nondileptonic backgrounds. The
reconstruction of the #f kinematics is performed using a
weighting technique, referred to as the analytical matrix
weighting technique (Chatrchyan et al., 2011a), similar in
spirit to the one used in the ATLAS measurement. A given
event can have up to eight possible solutions for the 77 system,
each of which is assigned a weight based on the probability of
observing the given configuration. The solution with the
highest weight is selected to reconstruct the #7 kinematics.
About 14% of events have no solution, which is taken as an
additional selection requirement. After subtracting the back-
ground, the measured asymmetry is unfolded to the parton
level. Figure 13 (bottom) compares the unfolded A|y| dis-
tribution to the theoretical prediction. The resulting measured
charge asymmetry is A-=-0.010+0.017(stat) +0.008(syst).

3. Kinematic dependence of the asymmetry

Given the small expected inclusive charge asymmetry at the
LHC, comparable to the experimental uncertainties, it is of
particular importance to measure the charge asymmetry
differentially as a function of variables that are suitable to
enhance it in particular kinematic regions, especially those
where new-physics effects may be more apparent. The
ATLAS and CMS Collaborations measured the charge asym-
metry as a function of p¥, y; and my;, each of which is
particularly sensitive to a certain aspect. The ATLAS
Collaboration measured the charge asymmetry as a function
of the above kinematic variables in the £ + jets channel using
the full data set at 7 TeV. The CMS Collaboration performed
similar measurement in the # -+ jets channel, at both 7 and
8 TeV. These measurements are based on the analyses
described in Sec. IV.A.1.

As discussed in Sec. II, the transverse momentum of the 77
system provides sensitivity to the different diagrams contrib-
uting to the charge asymmetry with different sign. The low p
region is dominated by the Born and box diagrams, whose
interference results in a positive contribution to the charge
asymmetry, while the high p¥ region should be dominated by
events with an extra jet in the final state, often originating from
initial- or final-state radiation diagrams, whose interference
results in a negative contribution to the charge asymmetry.
Figure 14 shows the unfolded A measurements as a function
of pf from the ATLAS and CMS Collaborations. Good
agreement is found with the SM prediction within the
experimental uncertainties.

The rapidity of the #7 system in the laboratory frame |y | is
sensitive to the ratio of contributions from the ¢g and gg initial
states to ¢7 production and thus provides a means to enhance
the charge asymmetry by increasing the ¢g fraction (Kuhn and
Rodrigo, 2012). Indeed, 7 events produced through gg fusion
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FIG. 14 (color online). A as a function of p¥ from the ATLAS
measurement (top) and the CMS measurement (bottom). Un-
folded data (dots with error bars representing the total uncer-
tainty) are compared to the SM prediction from Bernreuther and
Si (2012). From Aad et al., 2014c and Chatrchyan et al., 2013b.

will tend to populate the central rapidity region, while gg-
mediated production will typically result in #7 events boosted
along the beam direction and thus having larger values of |y;|.
A requirement on minimum |y is equivalent to a requirement
on the z component of the #7-system velocity 7, since y; =
(1/2)1og[(1 + 1) /(1 = B7)] (Aguilar-Saavedra, Juste, and
Rubbo, 2012). The ATLAS Collaboration measured the
inclusive charge asymmetry after the requirement of
BT > 0.6, obtaining A-=0.0110.017(stat) +0.007(syst),
in good agreement with the SM prediction of A, =
0.020f8;8876 (Bernreuther and Si, 2012). Figure 15 shows
the unfolded A measurements as a function of y; from
the ATLAS and CMS Collaborations. Again, good agreement
is found with the SM prediction within the experimental
uncertainties.

Finally, the dependence of the charge asymmetry on
the invariant mass of the 7 system m; is particularly
interesting because of its sensitivity to new heavy particles
mediating 7 production, whose amplitudes interfere with
the SM ones, leading to additional contributions (positive
or negative) to the charge asymmetry. The ATLAS
Collaboration has measured the inclusive charge asymmetry
after the requirement of m; > 600 GeV, obtaining

Rev. Mod. Phys., Vol. 87, No. 2, April-June 2015

025 ——————— — T T T T T T "]
0.2 i + Data ATLAS 7:
: sm Vs=7TeV . ;
0.15 = Axigluon m=300 GeV Ldt=47fo E
01E Axigluon m=7000 GeV E
0.1 T T T S B B
0 0.2 0.4 0.6 0.8 1
ly |
yt't
015 ————————————————
C CMS P_gellmlnary — Data ]
[ 19.7fb"at s=8TeV EAG 1.0 TeV i
- l+jets —— EAG 1.5TeV R
0.1 - —— NLO prediction 1~
L —— NLO prediction2 |
O 0.05 N
< o
= !
e eeemeees emcessemmeees| .
-0.05 L L L L | L L L L | L
0 0.5 1

FIG. 15 (color online). A as a function of y; from (top) the
ATLAS measurement and (bottom) the CMS measurement.
Unfolded data (dots with error bars representing the total
uncertainty) are compared to the SM predictions from Kuhn
and Rodrigo (2012) (NLO prediction 1) and Bernreuther and Si
(2012) (NLO prediction 2, also referred to as SM in the top
figure). Also shown are the predictions for an axigluon
exchanged in the s channel for two assumed mass values
(Aguilar-Saavedra and Pérez-Victoria, 2011c), as well as for
an effective axial-vector coupling of the gluon (EAG) (Gabrielli,
Raidal, and Racioppi, 2012). From Aad et al, 2014c and
Chatrchyan et al., 2013b.

Ac = 0.018 £ 0.021(stat) & 0.005(syst), in good agreement
with the SM prediction of A- = 0.01751’8_'8882 (Bernreuther
and Si, 2012). More interesting is the differential measurement
of the charge asymmetry as a function of m, shown in Fig. 16
for both the ATLAS and CMS Collaborations. In addition,
the ATLAS Collaboration has measured this distribution after
the requirement of 7 > 0.6, shown in Fig. 17 in an attempt to
further increase the gg fraction, and thus the sensitivity to
new-physics contributions. Such measurement, currently lim-
ited by statistical uncertainties, will become more interesting
with the full data set at 8 TeV. All differential measurements as
a function of m;; are found to be in good agreement with the
SM predictions.

While preliminary combinations of ATLAS and CMS
measurements of the inclusive asymmetry are starting to
become available, so far only in the # -+ jets channel at
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FIG. 16 (color online). A as a function of m; from (top) the
ATLAS measurement and (bottom) the CMS measurement.
Unfolded data (dots with error bars representing the total
uncertainty) are compared to the SM predictions from Kuhn
and Rodrigo (2012) (NLO prediction 1) and Bernreuther and Si
(2012) (NLO prediction 2, also referred to as SM in the top
figure). Also shown are the predictions for an axigluon
exchanged in the s channel for two assumed mass values
(Aguilar-Saavedra and Pérez-Victoria, 2011c), as well as for an
effective axial-vector coupling of the gluon (EAG) (Gabrielli,
Raidal, and Racioppi, 2012). From Aad et al., 2014c and
Chatrchyan et al., 2013b.

7 TeV (see Sec. IV.A.1), combinations of the differential
measurements have not yet performed, owing to different
choices in binning for these kinematic variables adopted by
the collaborations. It is important to harmonize these choices
in the near future, in order to be able to maximally exploit the
LHC measurements through their quantitative comparison and
eventual combination.

B. Leptonic asymmetry

Measurements of the leptonic asymmetry at the LHC have
so far only been performed in the dilepton channel. In this
case, the observable used is Aéf , based on the difference of the
absolute values if the pseudorapidities of the positive and
negative leptons [see Eq. (2.12)]. Although this asymmetry is
diluted by the top quark decay, it has the advantage that it can
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FIG. 17 (color online). A, as a function of m; after the
requirement 7 > 0.6 from the ATLAS measurement. Unfolded
data (dots with error bars representing the total uncertainty) are
compared to the SM prediction from Bernreuther and Si (2012).
Also shown are the predictions for an axigluon exchanged in the
s channel for two assumed mass values (Aguilar-Saavedra and
Pérez-Victoria, 2011c). From Aad et al., 2014c.

be measured without reconstructing the 7 kinematics, and
especially the fact that it has a very small experimental
dilution owing to the precise lepton reconstruction at the
LHC experiments. Existing measurements by the ATLAS and
CMS Collaborations are based on the analyses described in
Sec. IV.A.2.

Both ATLAS and CMS measured the inclusive AZ at
7 TeV obtaining AZ = 0.024 £ 0.015(stat) = 0.009(syst)
and AZ = 0.009 + 0.010(stat) 4+ 0.006(syst), respectively,
in good agreement with the SM prediction of AZ =
0.0070 +£ 0.0003. In addition, the CMS experiment measured
A?? differentially as a function of p%, y;, and my, taking
advantage of the kinematic reconstruction performed and
discussed in Sec. IV.A.2. Figure 18 shows the unfolded
A% as a function of y; and m;, compared to the parton-
level predictions from the MC@NLO generator.

C. LHC summary

A summary of the inclusive A and AZ measurements by
the ATLAS and CMS Collaborations is shown in Fig. 19. Also
shown are simple error-weighted averages for the 7 TeV
measurements, neglecting correlations in systematic uncer-
tainties between both experiments. All measurements so far
are found to be consistent with the SM predictions. The
complete set of inclusive measurements using the full 8§ TeV
data set as well as differential measurements combining
multiple channels within and across experiments would be
quite important for more precise tests.

D. Future LHC prospects

Because of the increased importance of gg — ¢ with rising
c.m. energy, the predicted SM asymmetry for the second LHC
run is roughly one-half of the asymmetry for 7-8 TeV, i.e.,
Ac = 0.0067 = 0.0004 at 14 TeV (Bernreuther and Si, 2012).
The measurement will be difficult and demanding and, likely,
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FIG. 18 (color online). Top: AZ as a function of y;. Bottom: AZY
as a function of m; Here AZ is denoted by A{P. Both
measurements are from the CMS Collaboration. Unfolded data
(dots with error bars representing the total uncertainty) are
compared to the parton-level predictions from MC@NLO. From
Chatrchyan et al., 2014c.

rather inconclusive. If one assumes that the systematic
uncertainties will be of the same magnitude as in current
measurements (this may be too optimistic due to the increased
pileup), the uncertainty will still be of the same order as the
asymmetry itself, with the disadvantage with respect to 7,
8 TeV that potential deviations from the SM are further
smeared by gg fusion. On the other hand, one can exploit
the high #7 statistics to make measurements at high 87, m,;, or
|v:|, where the SM prediction is larger. In this respect, an
interesting proposal is to exploit the large coverage of the
LHCb detector to make measurements in the very forward
region 2 < |y,| <5 (Kagan er al., 2011).

The large luminosity and cross sections at the second LHC
run will also allow for measurements in the production of #7
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FIG. 19 (color online). Summary of inclusive Ac and AZ
measurements by the ATLAS and CMS Collaborations, com-
pared to the respective SM predictions. The uncertainties on the
experimental measurements include both statistical and system-

atic contributions. Also shown are simple error-weighted aver-
ages of ATLAS and CMS measurements at 7 TeV.

pairs in association with a photon (Aguilar-Saavedra et al.,
2014) or a W boson (Maltoni et al., 2014). A charge
asymmetry can also be defined in these processes as in
Eq. (1.3),

airiw _ N(Aly| > 0) — N(Aly| <0)

¢ NG =0 TNy <0 ¢V

In f#y, the presence of the photon enhances the ¢g fraction
with respect to ¢7 production, since a photon cannot be
emitted from initial gluons (and radiative top decay ¢ —
Wby can be suppressed with suitable kinematical cuts).
Additionally, the extra photon changes the relative impor-
tance of ui and dd contributions, since it couples differently
to up and down quarks. We show in Fig. 20 the gg fraction
F, + F,and the ratio F;/F, for 17(y) production at the LHC
with 8 and 14 TeV, as well as for 7 at the Tevatron. The
presence of the extra photon is much more effective to
“approach” the Tevatron point than kinematical cuts on 7
or m. )

Within the SM the asymmetry in 7y, A/ = —0.038 at
14 TeV, appears already at the tree level, due to the
interference of photon emission in the initial state and from
a top quark. New physics can also contribute to this asym-
metry. Intriguingly, if there exists some conspiracy between
new-physics contributions in i and dd initial states to render
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FIG. 20 (color online). F,/F, = o(dd)/c(uit) and ¢ fraction
F, + F, for tf and ffy production in the SM. For comparison, we
also plot these quantities in 77 production after imposing high-m ;
or high-p! requirements. From Aguilar-Saavedra et al., 2014,

a SM-like A in 7 production at the LHC (see Sec. I1.C), a
measurement of the asymmetry in #fy could uncover it, since
the balance between these contributions is different for this
process. This is shown in Fig. 21, using as a new-physics
benchmark a new color octet with mass M = 250 GeV and
arbitrary couplings to the up, down, and top quark that give a
good fit to all #f data. It is observed that, even when the
asymmetry in #7 is close to the SM prediction, there can be
sizable deviations in f7y.

An independent handle is provided by /7W* production. At
LO, fiW* (ttW™) can be produced only from ud, c5 (ad, ¢s)
states, and symmetric gg fusion contributes only at NNLO.
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FIG. 21 (color online). Charge asymmetry A in 7y at 14 TeV vs
Agy at 8 TeV for points in the parameter space of a new color
octet. The horizontal band is the current 8 TeV measurement in
Chatrchyan et al. (2013b) and its uncertainty. The vertical dashed
lines represent the expected statistical uncertainty for 100 and
400 fb~!. The SM predictions are also included. From Aguilar-
Saavedra et al., 2014.
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but in #7W* production. From Maltoni et al., 2014.

Hence the asymmetry generated is also larger than in 7
production, AZY = 0.02275:%%3 at NLO for 14 TeV (Maltoni
et al., 2014).* New physics can also contribute to this
asymmetry, and the deviations with respect to the SM
prediction may be more significant than in 77 production.
This is demonstrated in Fig. 22, using as a new-physics
benchmark a color octet with mass M = 200 GeV (labeled as
I, I) and M = 2 TeV (III, IV). The coupling is chosen as left
handed (I, III) or axial (II, IV). (For a purely right-handed
coupling to the light quarks the contribution of the octet to the
amplitude vanishes and its presence would be unnoticed in
{tW=*.) The upper panel corresponds to the asymmetry in 7,
and the lower panel to the asymmetry in #W®.

V. NEW-PHYSICS INTERPRETATIONS

An appealing possibility is that the deviations between
(some of) the experimental results and the SM predictions for
Agg are a signal of new physics in 77 production. This agrees
well with the general expectation that the top quark may be
particularly sensitive to new physics in the electroweak

“In this reference, the asymmetry is built using the ¢, 7 pseudor-
apidities rather than the rapidities; the difference with respect to the
asymmetry defined from rapidities is small. Also, NLO denominators
are used.
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breaking sector, due to its large Yukawa coupling.5 In the last
few years, different extensions of the SM have been proposed
to explain the excess of the measured Apg. To match the
experimental central values, the new-physics contribution
must be comparable to the SM one. Then, some effects in
other observables, either in {7 production or elsewhere, can be
generically expected. We discuss them in Secs. VI and VII,
respectively. These effects often translate into strong con-
straints on viable explanations.

The most obvious constraint is already used in this section
as a first filter to select the possible new physics that could
explain the discrepancies. It comes from the agreement of
the SM prediction of the total cross section at Tevatron,
osm = 7.5 £ 0.5 pb (Aliev et al., 2011), and the measured
value 6.y, = 7.60 £ 0.41 pb (Aaltonen et al., 2014b). Writing
the cross section in the presence of new physics as
0 = Osm + 60in + 00quaq> this agreement implies that the
interference between SM and new-physics amplitudes oo,
and the modulus square of the new-physics amplitude 66,9
must satisfy the condition

36in; + 06quaq = 0. (5.1)

This equation requires i, < 0, since 6o,,q 1S positive semi-
definite. To obtain a tighter bound, we decompose
b6 = S0 + 668, where S67 and 66® represent the contribu-
tions of the forward and backward hemispheres, respectively,
to the corresponding terms in the cross section. Equation (5.1)
allows us to approximate the new-physics contribution to the
FB asymmetry AAgg = Apg — APN as

— 668

F B F
ooy, — 60y, + 60 quad

int uad
AA FB = o g
SM

(5.2)

Because the term 56unad is positive semidefinite, the model-
independent condition (5.1) implies, in particular,
508, < —(1/2)AAgposy. A sizable positive A% thus requires
a sizable and negative (Saffn (Grinstein, Kagan, Trott, and
Zupan, 2011). So we learn that new physics interfering with
the SM amplitudes (with the tree-level ones for a significant
effect) is preferred. Conversely, incoherent new physics [(see
Isidori and Kamenik (2011) for an example] cannot generate a
large asymmetry.

The restrictions on new physics stemming from Eq. (5.1)
are much stronger than the plain requirement of interference,
which in practice is quite mild. We can distinguish two
scenarios.

*This is actually the case in many popular explicit models. For
instance, in composite-Higgs models, the large Yukawa coupling of
the top quark arises from the fact that it is mostly composite.
Therefore, it couples strongly to the resonances of the composite
sector. These resonances could thus mediate top-quark pair produc-
tion and contribute to the charge asymmetries. More generally, all
natural scenarios of electroweak symmetry breaking introduce new
particles associated with the top quark to partially cancel its large
radiative contributions to the Higgs mass. These particles often give
rise to new effects in the top quark sector.
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e Linear new physics: If do;, = 0, the quadratic terms
5ag£d must be suppressed, so sizable corrections to the
asymmetry come from the interference terms only. The
suppression of quadratic terms is natural when the scale
of new physics is large or its couplings to the SM
fields small.

* Quadratic new physics: If do;,, is sizable (and necessarily
negative), AAgg can be produced by interference and/or
quadratic contributions, with the same or opposite sign.
In this scenario, the cancellation (5.1) is nontrivial. This
has important consequences: First, the parameters of the
theory have to be tuned, generically, as they appear with
different powers in both terms. Second, to give rise to
sizable quadratic contributions, the new physics must be
either present at low scales (below 1 TeV) or couple
strongly to the SM. Third, this cancellation, imposed at
the Tevatron relevant energies, needs not hold at higher
energies. As discussed in Sec. VI, this typically leads to
an excess in the LHC f7 cross section at high values
of mg.

As customary, we neglect in the following the interference of
new physics with NLO QCD amplitudes. The error in the
asymmetry in this approximation can be estimated to be
smaller than or comparable to A3Y in the linear and quadratic
scenarios, respectively.

A. Heavy new physics

If the new degrees of freedom are heavy in comparison with
Tevatron and LHC energies, their effect can be parametrized
model independently by an effective Lagrangian that involves
only the SM fields. In view of the recent experimental results
in Higgs physics (Aad et al., 2014b; Chatrchyan et al., 2014a),
we include the Higgs doublet explicitly as a SM field and
assume that electroweak symmetry is broken by a vacuum
expectation value of this field, just as in the SM. In the
electroweak symmetric phase, the effective Lagrangian must
be invariant under SU(3). x SU(2), x U(1), gauge trans-
formations. It can be expanded as

= 1 n n
Lot = Lon + ZFZ[CS ‘o +Hel, (5.3)
n=1

i

where Lg) is the SM Lagrangian, A is the characteristic scale
of new physics, CE") are dimensionless coefficients, and (’)E">
are local gauge-invariant operators of dimension 4 + n. The
expansion (5.3) is appropriate for decoupling new physics,
which can be either weakly or strongly interacting. This is
related to the renormalizability of Lgy. The first terms are
expected to give a good approximation for processes with
typical energy E < A. In the case of #7 production, we
have E < mg;.

The t7 cross section and asymmetry calculated with L
inherit this perturbative structure. The first corrections to the
SM predictions appear at order 1/A?, from the interference of
the SM amplitude with an amplitude that has one insertion of a
dimension-6 operator. These are the only effects that need to
be taken into account in the linear scenario. For the quadratic
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scenario, on the other hand, we also need to consider 1/ A4
corrections. They can arise in three different manners: (i) from
the interference of the SM amplitude with an amplitude with
two insertions of dimension-6 operators, (ii) from the modulus
square of an amplitude with one insertion of a dimension-6
operator, and (iii) from the interference of the SM amplitude
with an amplitude with one insertion of a dimension-8
operator.

The contributions of the third kind depend on many free
parameters and have always been neglected in the literature.
Several arguments have been given to justify this approxi-
mation (Aguilar-Saavedra and Pérez-Victoria, 2011d;
Delaunay et al., 2011). We consider a fixed scale A, much
larger than the #7 invariant masses that the Tevatron and the
LHC can produce. If the series is to converge rapidly, it is
%
. to ensure that C\¥'m2/A? < C!?. Because
@)
J

plausible that the coefficients C
@)

i

are not larger than the
coefficients C

it turns out that some coefficients C;~ relatively larger than

1 are needed in the quadratic scenario, this implies that the
coefficients CE4) are smaller than [C;Z)}Z. Then the contri-
butions from dimension-8 operators will be suppressed with
respect to the other 1/A* contributions. This behavior has
been confirmed in explicit weakly coupled models and it is
also expected, from naive dimensional analysis, in strongly
coupled theories. On the other hand, the interfering dimen-
sion-8 operators will have a structure similar to the one of
interfering dimension-6 operators (typically, with additional
covariant derivatives), so to a large extent their effects on
inclusive observables can be absorbed into corrections to the
coefficients of the dimension-6 operators. All this suggests
that considering only the corrections from dimension-6
operators does not entail a significant loss of generality,
even in a quadratic scenario. A direct consequence of this
approximation is that all the observables will depend only

on ratios ng)/ A%. We add, nevertheless, a word of caution:
the hierarchy of coefficients we assumed earlier may be
spoiled by the elimination of redundant dimension-6 oper-
ators, as the necessary field redefinitions can induce
dimension-8 operators with C,(-4> ~ [ng)]z. For this reason,
we consider in the following a complete basis of dimension-
6 operators, including the ones that vanish by the dimen-
sion-4 equations of motion. Of course, when working to
order 1/A> the redundant operators can be safely
eliminated.

We focus on the operators contributing to ¢gg — ff
partonic processes, g = u,d, which are the most relevant
at the Tevatron. We can distinguish operators with one
quark current, which modify the trilinear vertices of the SM
amplitudes, and operators with two fermionic currents,
which produce contact four-fermion interactions. Oblique
corrections do not generate an asymmetry and are further-
more very restricted by gauge symmetry and electroweak
precision tests.

We first discuss operators with one quark current, which
can modify the vertices in the SM diagrams with exchange
of a gauge boson. Amplitudes with s-channel exchange of a
y or Z boson with anomalous couplings will give
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contributions suppressed by a®>/A2, since they do not
interfere with the SM gluon amplitude, due to the different
color structure. On the other hand, flavor-changing dtW and
utZ anomalous couplings, which would give rise to
t-channel amplitudes and aa,/A? interfering contributions,
must be very small, due to flavor-physics constraints. We
can thus focus on quark-quark-gluon vertices in diagrams
with an exchanged gluon. There are eight non-flavor-
changing operators of this type:

OuG(/) = QL/’{ao-ﬂyuR¢GZy’

Oy = QL’laO"th;bGﬁm (5.4)
Ouicp = LA 0" drpGy,
and
OqG = Z]L)“aDDqLGZw
Ope = 01.4°D*Q, G4,
OMG = ﬁRl“}/”D”uRsz, (55)

O, = trAY' D 15Gy,,

Oy = dgAy* D’ dr G4,

Here A® are Gell-Mann matrices, D, is the covariant
derivative, ¢g; and (; represent, respectively, first- and
third-generation left-handed quark doublets, and up, dg, and
tg are the right-handed up, down, and top quarks, respec-
tively. These operators arise only at the loop level, so their
coefficients will be suppressed by 1/16x if the fundamental
theory is weakly coupled. The Hermitian (anti-Hermitian)
parts of the chirality-flipping operators in Eq. (5.4) give
chromomagnetic (chromoelectric) dipole moments to the
involved quarks. None of them generates a FB asymmetry,
but the Hermitian parts contribute to the cross section at the
interfering level (Atwood, Kagan, and Rizzo, 1995; Haberl,
Nachtmann, and Wilch, 1996). More relevant for us are the
operators in Eq. (5.5). Their axial combinations generate
derivative axial-vector couplings of the gluon to the quarks.
As shown in Gabrielli and Raidal (2011), the gluon-
exchange diagram with two of these axial couplings
interferes with the SM amplitude, producing a FB asym-
metry. This is a 1/A* contribution of the first kind. Quite
large coefficients or a low scale are needed to obtain a
sizable effect. On the other hand, these couplings give only
1/A* quadratic contributions to the cross section. Therefore,
an explanation of the Tevatron anomaly with these axial
operators is as disfavored as in incoherent scenarios. This
problem might always be mitigated by negative contribu-
tions to doy, from other operators, in particular, the vector
combinations of the operators in Eq. (5.5).

‘We next consider the impact of four-quark operators on top
pair production. A complete basis has been given by Aguilar-
Saavedra (2011). In contrast to the two-quark operators
considered earlier, they can be generated at tree level.
Seven of these operators can produce non-negligible interfer-
ing 1/A? contributions to f# observables (Degrande et al.,
2011):
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00 = M01r'201)(qLr2 L),

O(Q?,r; HOur2*7' Q1) (qry, A qy).

Ou = 3(Try*2% 1) (igy A ug),

Ous = 3(irr"A1x) (dry,Ad). (5.6)
Ogu = %(Q 721 Q) (itgy, A ug),

Opa = HOLr*2“ Q1) (dry,A*dr),

Oy = 5(ar"2%qr ) (Try, A tg).

with 7/ the Pauli matrices. We have not written operators that
are very constrained by flavor physics, nor an operator that
interferes only with the QCD amplitude after a down-quark
mass insertion. The 1/A? corrections to the uii — ff and
dd — tf cross sections depend only, respectively, on the
“vector-vector” combinations of coefficients

(1) 3)
Vv - th + Ctu + CQu + CQq + Cqu (5 7)
3 .
CL‘I/U - th + Ctd + CQd + CQq - C(Q;7

whereas the 1/A? corrections to the charge asymmetries in
these processes depend on the “axial-axial” combinations
— (1) (3
ijxa - _th +Cp — CQu + CQq + CQq» (5 8)
d _ (1) '
Cio=—Cyu+Ciy—Coa+ Cy,— Coy.
which contribute, respectively, to the collider-independent
asymmetries A, and A,. In the absence of other corrections,
the linear scenario is realized, for uz and dd initial states
separately, when C%, = C¢, = 0. If this condition is met,
O(1/A*) corrections must be subleading and the correction to
the inclusive FB asymmetry is

< (5.9)

2

AAler — 0.093C% +0.014CY, ] <1 Tev) .

We see that at the Tevatron the asymmetry (and also the cross

section) is significantly more sensitive to the operators

involving the u quark, due to the larger uiz fraction F,.

The coefficients have to be relatively large to reproduce a large

asymmetry, e.g., to match the central value of the CDF

measurement of Agg. For instance, if C, = 0, we need C%, >
0.8 when A > 1 TeV and C%, > 3 when A > 2 TeV.

If the cross section is modified at order 1/A?, the quadratic
1/A* terms are important and other four-quark operators must
be taken into account, in addition to the ones in Eq. (5.6). In
this quadratic scenario, C%, (or C¢,) must be sizable and
negative, to compensate for the quadratic terms. General
analyses with all the dimension-6 operators to O(1/A*) have
been performed by Aguilar-Saavedra and Pérez-Victoria
(2011d) and Delaunay et al. (2011). They showed that the
Tevatron cross section and FB asymmetry can be well fitted in
large regions of the space of operator coefficients, not
necessarily obeying the condition C%, = C¢ = 0.

A general feature of dimension-6 operators, and therefore of
heavy new physics, is that they affect the 7 observables more
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significantly at high m;. This agrees, at least qualitatively,
with the mass dependence of the FB asymmetry observed by
the CDF Collaboration. On the other hand, the cross section is
also distorted at large invariant masses, and the deviations
could be observable at the LHC. This leads to strong
constraints, discussed in Sec. VI. The energy sensitivity is
much more dramatic for the 1/A* corrections.

The same operators and combinations of coefficients are
relevant for the charge asymmetry at the LHC. Already at the
1/A? level, it is clear that heavy new physics allows in
principle for different sizes and signs of A, consistent with
Agg > 0. Indeed, the coefficients C%, and C4,, which are
independent in this formalism, can be adjusted to reproduce
the required values of A, and A, in Egs. (2.9). As we will see,
these two coefficients are actually generated by independent
couplings in explicit models that realize the linear scenario.

B. Light extra particles

Large contributions to the FB asymmetry can be most
naturally produced by tree-level exchanges of new particles.
Lorentz invariance and the renormalizability of the corre-
sponding SM extensions, which avoids extra higher-scale
suppressions, limit their spin to be either O or 1.° These new
particles can be exchanged in the s, ¢, or u channels,
depending on their precise interactions with quarks. The
corresponding forms of the propagator have a significant
impact on the rapidity and invariant-mass distributions of the
asymmetries and cross section:

* s channel: The propagator itself does not modify the
angular distributions, so any charge asymmetry must be
produced by chiral couplings. To avoid a visible peak in
the differential cross section, these particles must be
either heavier than the available energies at the LHC,
lighter than the 77 threshold, or very broad. In the first
case, the cross sections and asymmetries increase faster
than in the infinite-mass limit, especially when m,; gets
close to the mass of the new particle. In the second
case, the dependence with m is rather mild. In the third
case, their behavior will depend on the precise mass and
width of these particles. In all cases, the conservation of
angular momentum, as imposed in Eq. (2.4), implies that
the expansion in Legendre polynomials (2.8) of the
nonstandard contributions to the differential cross sec-
tion has only a few terms: for scalars only the Legendre
momenta a, and a; can be modified—the latter only if
there is interference with the gluon-exchange amplitude,
whereas vectors can contribute to ag, a;, and a, at most.

* t channel: The propagator favors forward top quarks, so
it alone can generate a positive FB asymmetry. The
asymmetries are increased at high rapidities and invariant
mass. In this case, since cos @ appears in the denomi-
nator, higher-order Legendre momenta will accompany
the lower-order ones. This angular dependence is

°Spin 2 particles have been considered by Grinstein et al. (2012).
Their derivative couplings increase their effects with energy and lead
to strong LHC constraints.
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TABLE V. Vector bosons and scalar representations mediating gg — 7. The notation is standard, with left-handed
doublets g, ;, right-handed singlets ug;, dg;, ¢ = e, and y* = Cipr", where € = iz and C is the charge conjugation matrix.
The indices a, b, ¢ represent color, with €, the totally antisymmetric tensor, and the indices 7, j denote the family number

in the interaction basis.

Label Representation Interaction Lagrangian Symmetry
Z;Q (1, 1)0 _(g:"j‘_]LiyﬂQLj + g?jﬁm}’”um + gﬂamr”dm)z,@ 9= QT
W, (1,3)y —gijC_ILi}’”T]quWL g=4g
W, (1, 1), —gijdriv"ug;W," + H.c.
G, (8. 1) —(gharir" s ar; + ggir™ 5 ug; + gdriy* 5 dg;) Gl g=4d"
H, (8,3)y —gijaLir't 5 qp HY g=4g
G, (8.1), —gijdrir" % ug;G,*" + H.c.
o, (3.2)1/6 —Gij€avcdriby" €45 j. i +He.

f (3.2)ss6 ~Gij€apcliriny*€qs ;. Q" + H.c.
Y, (6.2)1/6 —gi; 5 [driar"eqs j, + dripreqs ;)Y + He.
Y, (6,2)_s/6 —9ij5 [fRiar*€qy j, + Uripr*eqs )Y, + Hee.
¢ (L.2)y2 _giMjQLiuRj&J — 941 + Hee.
o (8,2)1)2 —9i4Li %uukjci)u — 98q1:% dg;®* + Hec.
104 (3, 1)y —g,-jsabcc_iR,-bufejfa)’“T + H.c.
o (6.1)_y3 —0ij 5 [drialt, + dripti; ]2 + Hee.
@ (3. )43 ~Gij€abcligipU;c0”" + H.e. g=—-g"
Q (6,1)_y3 ~Gij 5 [BRialif s, + Bpiplif;, ]2 + Hee. g=4"
c (3.3).13 ~Gij€abedrivt €45 ;c0°" + Hee. g=—g"
z (6,3)_1/3 =9ij51q1ia7" €45 j, + Lt eq) ;)2 + He. g=4"

disfavored by the corresponding CDF results shown
in Fig. 7.

* y channel: The propagator prefers to send the top quarks
backward. Hence, it favors a negative asymmetry. To
obtain a positive FB asymmetry, the numerator of the
amplitude has to counteract this effect. However, as the
invariant mass increases, the influence of the propagator
becomes more significant, and eventually the asymme-
tries become negative. Another problem of u-channel
exchanges is that they also contribute to higher Legendre
momenta.

These different behaviors become milder as the mass of the
exchanged particle increases, relative to the Mandelstam
variable in the denominator of the propagator. In the
heavy-particle limit, the propagator approaches a constant
and the effect is described, in all three cases, by a four-fermion
operator. The coefficients of these operators are given by ratios
919>/ M?, with g, , trilinear couplings and M the mass of the
new boson. They have been calculated explicitly, for arbitrary
scalars and vector bosons, by Aguilar-Saavedra and Pérez-
Victoria (2011d).

The possible quantum numbers and interactions of the new
particles are strongly restricted by the requirement of
SU(3)- x SU(2), x U(1), invariance of the SM extension,
in the electroweak symmetric phase. In particular, the extra
fields must furnish complete representations of this symmetry.
There are ten possible irreducible representations of new
vector bosons and eight irreducible representations of scalars
contributing to gg — tf. They are collected in Table V,
together with the relevant interaction Lagrangian. We also
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indicate the symmetry properties, if any, of the coupling
matrices g;;.

Allowing for general couplings, the relevant components of
the Z', W, G, H, ¢, and ® multiplets can be exchanged in
either the s or 7 channels in ¢g — 7 processes, whereas those
of W' and G’ can be exchanged in the ¢ channel only, and those
of the other ten multiplets, in the # channel only. Obviously, #-
and u-channel exchanges require flavor-changing couplings.
All these fields can produce interfering contributions da7 "

Any new physics contributing at the tree level to 7
production can be characterized by these multiplets and their
interactions. In practice, to perform explicit analyses it is
necessary to choose particular directions in this multidimen-
sional space. Although scenarios with several multiplets can
be interesting, most of the models that have been proposed to
explain the anomaly in the FB asymmetry are extensions of
the SM with just one of these multiplets. Among these simple
models, the following ones have been studied in greater detail.

Color-octet vector G (Ferrario and Rodrigo, 2008)7:
Exchanged in the s channel via flavor-diagonal couplings,
it gives an amplitude that interferes with the SM gluon-
exchange diagram. The corresponding contribution to the
charge asymmetries in ¢gg — (7 is proportional to the product
of axial couplings ¢%%¢,, where ¢4¢ =g’ —g¢? and
d\ = ¢% — g% When m;; < Mg (m;; > M), ¢ and ¢, must

"The specific couplings and mass range studied there led to the
prediction of a negative FB asymmetry, but arbitrary signs can be
obtained in general, as explained below.
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have opposite (same) sign for a positive contribution. In the
heavy-mass limit, it is described by a set of operators with
C4.,/\* = =g’ g, /AM%. This multiplet is particularly prom-
ising for several reasons. The main one is that 5oy, = O (linear
new physics) when the vector couplings to either the light
quarks or the top vanish, i.e., either g% = g7, + ¢4, = 0 and
gh =gl + g%, =0 or g, = g4+ ¢4 = 0 (when all vector
couplings vanish, the octet is an axigluon). The octet G is
actually the only multiplet that can produce, on its own,
positive charge asymmetries without interfering contributions
to the cross section. Another welcomed feature of an octet
vector boson in the s channel is that it reproduces well the
observed values of the Legendre momenta, since it contributes
only with J = 1 to the amplitude. The main issue is, as in any
s-channel model, to hide the resonant peak in the cross
section, produced by the quadratic terms. The solutions have
already been mentioned and are further discussed in the next
section. On the other hand, dijet and four-top quark data
constrain the possible values of the couplings of the octet to
the light quarks and the top, respectively. These bounds are
discussed in Sec. VII. This multiplet appears naturally in
extensions of the SM with a SU(3) x SU(3) — SU(3).
symmetry-breaking pattern (Frampton and Glashow, 1987).
In particular, it can emerge as the lightest Kaluza-Klein
excitation of the gluons in extra-dimensional theories with
gauge fields in the bulk (Djouadi et al., 2010).

Neutral Z' boson (Jung ef al., 2010): This SM singlet is
particularly interesting when exchanged in the ¢ channel via
flavor-changing fu couplings. A negative asymmetry is
produced at the interfering level, so significant quadratic
contributions are required to obtain a positive correction to
the FB asymmetry and also to cancel do;,,. As we see later in
this section and in the following ones, this popular model is
strongly disfavored by different Tevatron and LHC observ-
ables. From the model-building point of view, these vectors
could be the gauge bosons of an extra local flavor symmetry
(Jung, Pierce, and Wells, 2011).

Charged W' boson (Cheung, Keung, and Yuan, 2009): This
isosinglet couples to right-handed quarks and contributes in
the ¢ channel to the partonic process dd — tf. Larger cou-
plings are needed to compensate the lower dd luminosity. This
field also produces negative AAgg at the interfering level and,
similarly to the Z’, is disfavored by available data. Right-
handed W’ bosons appear in left-right extensions of the SM
gauge group.

Scalar isodoublet ¢ (Nelson, Okui, and Roy, 2011): This
Higgs-like doublet works best when exchanged in the ¢
channel. It gives positive asymmetry at the interfering level.
For small masses, the required couplings to achieve a sizable
AAgg and a cancellation of 56, + 66,4 are relatively small.
The particular flavor-changing couplings in such a two-
doublet model can be justified with flavor symmetries.

Color-triplet scalar @ (Shu, Tait, and Wang, 2010): This
isosinglet of charge 4/3 can be exchanged only in the u
channel, with flavor-violating right-handed fu interactions.
Once again, its interference contribution to the asymmetry is
negative, so large couplings and a significant cancellation are
required. Moreover, masses M,, > 220 GeV are necessary to
soften the effect of the u channel propagator. These fields are
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included in the scalar sector of many grand unified models

(Dorsner et al., 2010).

Color-sextet scalar Q (Shu, Tait, and Wang, 2010): Another
isosinglet of charge 4/3, it also contributes in the u channel
via flavor-violating right-handed fu couplings and, again,
intermediate masses are preferred. However, in this case the
interference contribution to AAgg is positive.8 These fields
also appear in models of grand unification.

We show in Fig. 23 the predictions of these models for the
inclusive and high-mass values of the FB asymmetry (Aguilar-
Saavedra and Pérez-Victoria, 2011e). The colored regions
showing these predictions are obtained by a parameter-space
scan, subject to some loose constraints from the total ¢7 cross
section at the Tevatron and the high-mass tail at the LHC. We
consider only positive contributions of the new particles to the
asymmetry. For the color octet, we use a very heavy axigluon,
represented by the corresponding four-fermion operators. We
see that most of these simple models can simultaneously
reproduce the CDF excess in the inclusive and high-mass FB
asymmetries. The exception is the Z' boson, which over-
predicts them, especially at high m ;. The reason is that large
couplings are necessary in this case to ensure the cancellation
of interference and quadratic terms, in the region with a
positive asymmetry. A conclusion one can draw from these
plots is that the mass dependence observed by the CDF
Collaboration can be explained naturally by new physics,
without the need for contrived models. We, nevertheless, point
out that a different mass dependence results from light octets
G. In particular, for octets with mass under the ¢7 threshold the
invariant-mass distributions of the FB and charge asymmetries
are flatter, so they agree better with the findings of the DO
Collaboration (Aguilar-Saavedra and Pérez-Victoria, 2011c).
On the other hand, the precise dependence on the polar angle
measured by the CDF Collaboration is best reproduced among
these simple models by the color octet G, since the ¢ and u
exchanges generate higher-order Legendre momenta.

In Sec. II.C we argued that Arg and A, are independent in
general. However, actual models give correlated predictions
for both. We then consider the predictions of the new particles
for the charge asymmetry A, at the LHC. As implied by
Eq. (2.9), the relative contributions of a given model to Agg
and A depend on their relative contributions to u- and d-
initiated processes. In Fig. 24 we plot the predicted values of
Apg and A, for a parameter scan in the same simple models
considered above, except the Z’, which as explained cannot
reproduce the Tevatron data. These models follow a similar
slope, except in the case of the W’ boson. This particle leads to
twice the slope of the others because the dd — 17 process has
higher relative importance at the LHC than at the Tevatron. As
a result, the W’ boson is disfavored, since the agreement of its
prediction, within 1o, with the average of the measured Agg
leads to a 20 disagreement in Ac. The other models in this set
cannot reproduce the central values of the Agg and A,
measurements either, but they are consistent with them at
the 1o level. More extreme behaviors, including different
signs for Apg and A, are also possible. For instance, in the

A wrong sign in Shu, Tait, and Wang (2010) was corrected in
Arhrib, Benbrik, and Chen (2010).
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FIG. 23 (color online).
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Inclusive vs high-mass asymmetries at the Tevatron, for several new-physics models. The numbers in the legends

indicate the mass range for the new particle in GeV. The crosses correspond to the CDF measurements, with the shaded boxes indicating
the 1o uncertainty. The vertical lines correspond to the DO measurement of the inclusive FB asymmetry, with the corresponding 1o
uncertainty (the position in the horizontal axis is arbitrary). From Aguilar-Saavedra and Pérez-Victoria, 201 le.
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FIG. 24 (color online). Comparison of predictions for the
inclusive asymmetries Agg and A, for several simple models,
together with the experimental measurements. From Aguilar-
Saavedra and Pérez-Victoria, 2011a.
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explicit octet model proposed by Drobnak, Kamenik, and
Zupan (2012) this is achieved with light quark axial couplings
g% and g4 of opposite sign and with [g4| > |g%|. In particular,
it is possible to accommodate the central values of the
Tevatron and LHC asymmetries [see also Alvarez and
Leskow (2012), Drobnak et al. (2012), and Ko, Omura,
and Yu (2013)]. This requires a cancellation of new-physics
effects in A, which could be uncovered by the measurement
of a charge asymmetry in ffy production at the LHC (see
Sec. IV.D).

Finally, we note that, in order to discriminate between
different models, the analysis of the m,; dependence of A (see
Sec. IV.A.3) could be useful (Aguilar-Saavedra and Pérez-
Victoria, 2011a). We display the predictions for three models
in Fig. 25. For illustration we include the point corresponding
to the ATLAS measurement A- = 0.018 £ 0.022 for m; >
600 GeV (Aad et al., 2014c). The discrimination power will
be much higher with 8 TeV data, when the available statistics
allows one to measure A, at higher ¢7 invariant mass.

VI. CORRELATED EFFECTS IN # PRODUCTION
A. Enhancement of the high-m; tail

The distortion of the m differential distribution with
respect to the SM prediction is a rather general consequence
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FIG. 25 (color online). Dependence of the charge asymmetry on

an m; lower cut in three simple models, for a point with

AApg = 0.13, A¥Y = 0.016. The ATLAS measurement for m; >

600 GeV is also included. Adapted from Aguilar-Saavedra and

Pérez-Victoria, 2011a.

of hypothetical new-physics contributions to 7 production
(Aguilar-Saavedra and Pérez-Victoria, 2011d; Delaunay et al.,
2011), especially in the quadratic new-physics scenario. Then,
since the bulk of the ¢7 cross section results from moderate m,;
not far from the threshold, the agreement of the predicted
Tevatron cross section with the experimental measurements
(which is a basic requirement for realistic models) has the
almost unavoidable consequence that deviations appear in the
high-m; tail. These deviations are illustrated in Fig. 26, for
the Tevatron (top panel) and the LHC with 7 TeV (bottom
panel), for linear heavy new physics parametrized by a
nonzero C%  in Eq. (5.8) that fits the former CDF measure-
ments from Aaltonen et al. (2011a), Agg = 0.158 £ 0.075
(dashed line) and Apg = 0.475 £ 0.114 for m; > 450 GeV
(solid line). For quadratic new-physics scenarios the tail
enhancements are larger than the corresponding ones in
Fig. 26, which are “minimal” for heavy new physics.

For light mediators the tail enhancements are much less
pronounced (Aguilar-Saavedra and Pérez-Victoria, 2011c,
2011e). Moreover, at the Tevatron the potential deviations
in the high-m; tail may remain hidden if the new-physics
contributions concentrate in the forward region, in which the
detection efficiency is small due to the detector coverage
(Gresham, Kim, and Zurek, 2011a). This is the case, for
example, when light Z' or W’ particles are exchanged in the ¢
channel. Also, the statistical uncertainties in the high-m; tail
are large at the Tevatron. But at the LHC the detectors have a
larger rapidity coverage and the analyzed data sets have much
higher statistics, allowing for precise measurements of the m ;
spectrum over a wide range. In general they exhibit good
agreement with the SM prediction, as illustrated in Fig. 27.
[Electroweak Sudakov corrections slightly reduce the high-
my; tail with respect to the fixed-order Monte Carlo predic-
tions; see Manohar and Trott (2012).] This imposes severe
constraints on quadratic new-physics models that accommo-
date an excess Agg. Although a precise statement requires a
dedicated analysis taking into account the possibly different /7
acceptance in the presence of new contributions, the tail
enhancements in the Z" and W’ models are so pronounced that
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FIG. 26 (color online). Enhancement of the high-m tail at the
Tevatron (top) and the LHC (bottom) for heavy new physics. The
lower dot-dashed line is the SM LO prediction. The dashed and
solid lines correspond to two nonzero CY, values chosen to have
inclusive Apg = 0.158 and Apg = 0.475 for m; > 450 GeV,
respectively. The bands represent the variation around these
values (see text for details). From Blum er al., 2011.
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FIG. 27 (color online). Normalized 7 invariant-mass distribution
at the LHC with 7 TeV, measured in the semileptonic decay
channel, and SM predictions from several Monte Carlo gener-
ators. From Chatrchyan et al., 2013a.
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FIG. 28 (color online). Normalized ¢7 invariant-mass distribution
at the LHC with 7 TeV, for the SM (dotted line), the SM plus a
narrow G (dashed line), and the SM plus a wide G (solid line).
The predictions are normalized to an integrated luminosity of
1 fb~!. From Barcelo et al., 2012b.

they are eventually excluded as candidates to yield an Agg
excess. On the other hand, for u-channel color sextets and
triplets, as well as for a scalar isodoublet, an asymmetry
excess is compatible with the observed differential m;
spectrum.

In the linear new-physics models where do;,, vanishes (also
when considered differentially as a function of m,;) and 66y,q
is small—for example, a color octet G exchanged in the s
channel—the m; distribution is preserved except at the
resonance, where a potentially large enhancement results
from 864,,4. As was previously mentioned, this enhancement
can be hidden if the octet is wide or if it is lighter than the /7
threshold. In the former case, new particles may be required to
yield extra G decay modes that account for its large width, for
example, new quarks (Barcelo ez al., 2012a, 2012b) or colored
scalars (Marques Tavares and Schmaltz, 2011). Figure 28
shows the m ; distribution for the SM and when an extra octet
G with mass M = 850 GeV is included, without and with
extra decay modes that yield a large width I'/M = 0.7. In case
that G is lighter than the /7 threshold (Aguilar-Saavedra and
Pérez-Victoria, 2011c), the m; spectrum is preserved inde-
pendently of I'. Nevertheless, a large width may be required in
order to comply with other collider constraints (see Sec. VII).
If G is very heavy, the tail enhancement corresponds to the one
shown in Fig. 26.

B. Top quark polarization and # spin correlations

New ff production mechanisms in general modify the
top quark and antiquark polarizations, as well as their spin
correlation, especially if the coupling of the top quark to the
new states exchanged is chiral (Krohn ez al., 2011). The color
triplet and sextet scalars @ and € have a right-handed coupling
to the top quark as a consequence of gauge symmetry, as
described in Sec. V. On the other hand, the coupling of the top
quark to a color octet G and scalar doublet ¢ can have any
chirality.
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In order to discuss angular distributions in the decay of the
17 pair, we fix a reference system (x, y, z) in the top quark rest
frame and another one (x’,)’,7') in the top antiquark rest
frame, and consider the decay products X = #*,v,u.d, ...
and X' =¢",0,i,d,... from the top quark and antiquark,
respectively. Then the double-differential polar angle distri-
bution [see, for example, Bernreuther et al. (2001)] is

1 d*c 1
R ARy 0
6dcosOydcosOy 4[ + PeaycosOx

+ P_ay cosOy

+ Cayay cos Oy cos Oy, (6.1)
with 0y and Oy being the polar angles of the X and X'-
momenta in their respective reference systems. The coeffi-
cients P, and P, are the polarizations of the top quark and
antiquark in the 2 and 2’ axes, respectively. The coefficient C
measures the spin correlation between the top quark and
antiquark, namely,

o NOD + N =N (1) = N(I1)
N+ MO + N + N

where the up and down arrows indicate spins in the +Z and
+2' directions for the top quark and antiquark, respectively.
The quantities ay x are the so-called spin analyzing powers
of the decay products (Jezabek, 1994) and have opposite sign
for particles and antiparticles. For the charged leptons a,+ =
—ay- =1 in the SM at the tree level, with small QCD
corrections (Bernreuther e al., 2004). Because |ay| <1 in
general, the charged-lepton distributions have the maximum
possible dependence on the top polarization and spin
correlation.

For 7 pairs produced via QCD interactions the polarizations
P, and P vanish for Z and 2’ in the production plane, and a
small polarization orthogonal to that plane arises at the loop
level. The spin correlations are nonzero in general. At the
Tevatron, there are no measurements of the top polarization,9
but the CDF and DO Collaborations have measured the spin
correlations using the beam line basis, that is, with Z and 2’ in
the proton direction (Abe et al., 2010, 2011; Abazov et al.,
2012). At the LHC, the top polarization has been measured in
the helicity basis (Aad et al., 2013a; Chatrchyan et al., 2014b),
that is, selecting Z in the direction of the top momentum in the
ff c.m. frame p, and %' = —2. (The measurements assume CP
conservation so that P, = —P, = P.) The spin correlation in
this basis has also been measured by the ATLAS and CMS
Collaborations (Aad et al., 2013b; Chatrchyan et al., 2014b).
The naive averages of these measurements can be found in
Table VI together with the SM predictions (Bernreuther and
Si, 2010, 2013).

The measurement of C in the beam line basis at the
Tevatron imposes some constraints on the parameter space
of the models explaining the Tevatron anomalies (Fajfer,
Kamenik, and Melic, 2012). But more restrictive are the

(6.2)

Abazov et al. (2013a) investigated the cos 6, distributions but
results are not presented at the production level.
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TABLE VI. Summary of the most precise polarization and spin
correlation measurements at the Tevatron and at the LHC with 7 TeV,
compared to the corresponding SM predictions.

Collider Basis Measurement SM prediction
Tevatron ~ Beam line C =0.5840.20 0.79110013
LHC7 Helicity P =-0.014 £ 0.029 0
LHC7 Helicity C=0.17+0.09 0.310 £ 0.006

precise measurements obtained at the LHC. The measurement
of P, excludes at the 2o level the color triplet as a viable
candidate to explain the anomalies and also disfavors the color
sextet, as can be seen in the upper panel of Fig. 29, where the
curves represent the allowed values of the new-physics
contribution AAgg and P, for each model, resulting from a
fit. Note that for an axigluon one has P, = 0, as depicted in
Fig. 29, but this is no longer the case if the coupling either to
the light quarks or to the top quark is not purely axial. The
measurement of C in the bottom panel is in some tension with
the predictions of all four models as well as with the
SM prediction, at the 1.5¢ level. [A lower spin correlation
can be accommodated with general color octets; see
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FIG. 29 (color online). Top quark “longitudinal” polarization P,
(upper panel) and new-physics contributions to C at the LHC
(lower panel) vs new-physics contributions to Agg for four
models: (i) light and heavy axigluon G, (ii) light and heavy
scalar doublet ¢, (iii) color triplet w, and (iv) color sextet Q2. The
shaded bands correspond to the central value and 1o uncertainty
for the corresponding measurement. From Fajfer, Kamenik, and
Melic, 2012.
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Aguilar-Saavedra (2014a).] With 8 TeV data the measure-
ments of P and C are not expected to be much more precise
than the current 7 TeV ones in Table VI, whose uncertainties
are nearly dominated by systematics. Instead, to take advan-
tage of the higher statistics at 8 TeV, the most interesting
possibility would be to measure the polarization and spin
correlation at high m;; and/or high 7, where the effect of new
physics may be larger.

In addition to the “longitudinal” helicity axis Z, there are
two other independent directions in which the top polarization
can be investigated. We can specify them by choosing y
perpendicular to the production plane, and X orthogonal to Z
and 9,

B} -
p=Lle g DB i gxs (63)
1P |D: X Py

with p, the proton momentum in the top quark rest frame.
[At the LHC, one can use the motion of the 7 pair in the
laboratory frame to select a preferred direction among the
two protons (Baumgart and Tweedie, 2013).] The % and y
directions are usually denoted as “transverse” and “normal,”
respectively. The transverse polarization can be nonzero, for
example, in s-channel color-octet models (Baumgart and
Tweedie, 2011; Aguilar-Saavedra, 2014b). A polarization in
the normal direction requires a complex phase in the
amplitude, which may be provided by the propagator of
the octet if it is produced on shell (Baumgart and Tweedie,
2013). Neither the transverse nor the normal polarizations
have been measured at the Tevatron or the LHC.

C. Interplay of asymmetries and top polarization

The several new-physics models proposed to explain the
Apg anomaly give different predictions for the leptonic
asymmetries, as it was soon noticed (Krohn er al., 2011).
New particles that couple to 7z produce larger leptonic
asymmetries than those coupling to 7;. This is illustrated in
Fig. 30, which depicts the relation between new-physics
contributions to the asymmetries AApg and AAL,, for a
color octet with mass M = 250 GeV exchanged in the
s channel. The relation between the asymmetries is given
for three chiralities of the ggG coupling (axial, right-
handed, and left-handed) chosen such that g4 = g4 > 0,
and a continuous variation of the chirality of the 7tG
coupling along the curves, including vector, axial, left-
handed, and right-handed couplings. The sign of AA%; in
each case is explained by the threshold behavior (see
Sec. I1.D). The two asymmetries are de facto uncorrelated,
and their combined measurement can give information of
the chirality of the couplings of the new particle to the
top quark.

The longitudinal polarization P, (in the helicity basis) is
also uncorrelated from the asymmetries, and in general it can
be positive, negative, or nearly zero. This can also be
illustrated with the color-octet model, where P, depends
not only on the coupling to the top quark but also on the
light quark couplings. Figure 31 shows the polarization at the
Tevatron as a function of the continuous parameter
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FIG. 30 (color online). Relation between AApg and AA?B, for
three choices of light quark couplings and continuous variation of
the chirality of top quark couplings to a color octet G. The
abbreviations refer to axial (A), vector (V), left handed (L), and
right handed (R). From Aguilar-Saavedra, 2014b.

¢y = arg(g) + igy) € [0, 2], (6.4)
for three choices of light quark couplings, all with gf\’d > 0.
(We do not consider vector couplings to u, d since in this case
the interference with the SM amplitudes does not generate any
asymmetry Agg.) One can see that P, = 0 if the top quark
coupling is either vectorial or axial. On the other hand, P, = 0
only when the top quark coupling is axial. In particular, one
can see that for an axigluon P, = P, = 0; P, is also small
unless it is produced on its mass shell.
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FIG. 31 (color online). Longitudinal (dashed lines) and trans-
verse polarization (solid lines) for three choices of light quark
couplings and continuous variation of the chirality of top
couplings [see Eq. (6.4)]. The abbreviations refer to axial (A),
vector (V), left handed (L), and right handed (R). From Aguilar-
Saavedra, 2014b.
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Once it is established that Apg and A%, (and also Ac) are
in general independent, one can attempt to fit these
asymmetries—as well as other /7 observables—in the context
of any new-physics models that explain the Tevatron anoma-
lies. A light color octet is the best suited candidate for this
since, as mentioned throughout Secs. V and VI, it can
reproduce the Tevatron and LHC asymmetries while keeping
good agreement with the remaining #7 data. A fit including the
Tevatron and LHC cross sections, asymmetries, and polari-
zation observables has been performed in Aguilar-Saavedra
(2014a). The global agreement of the SM is y?/d.o.f. =
15.8/10 (d.o.f. = degrees of freedom) for 10 measurements
(1.30). While the overall consistency with data is good within
the SM, the agreement can be improved to y*/d.o.f. = 8.1/8
(¢*/d.o.f. = 6.4/6) for an octet with a reference mass
M =250 GeV, I'’/M = 0.2, and right-handed (general) cou-
plings to quarks. Color octets with pure axial or left-handed
couplings to quarks do not improve the fit with respect to the
SM and are thus disfavored on a purely statistical basis.

Finally, one can go a step further diagnosing potential new
physics and study the relation between Apg and Al differ-
entially, for example, as a function of the charged-lepton
transverse momentum p? (Falkowski et al., 2013). Different
SM extensions predict not only different ratios Al /Apg but
also quite a different dependence on p%. This is shown in
Fig. 32, for p§ (in GeV) in the intervals [0, 20[, [20, 40[, [40,
60[, [60, 100[, [100, 150, [150, co[. The direction of the
curves is such that for the L and R benchmarks Apg grows
with p%, and for the SM and A benchmark A%; increases. This
information could be used to distinguish these models from
SM-based explanations of the asymmetry due to some
mismodeling effect that could enhance the observed asym-
metry with respect to the prediction. For example, a color
octet with right-handed couplings that gives a good fit of
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FIG. 32 (color online). Differential relation between Agg and A]ﬁB
(including SM and new-physics contributions, if any) as a
function of the lepton transverse momentum, for the SM, a
“scaled SM” in which the SM predictions of Agg and Af, are
scaled by a common factor in order to have Agg = 0.18, and for a
color octet with three choices of couplings to the top quark. From
Falkowski et al., 2013.
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all inclusive measurements could be distinguished from a
SM-like effect. In analogy with the Tevatron, at the LHC
the p% dependence of leptonic asymmetries versus A¢ can
be used to investigate the presence of new physics (Carmona
et al., 2014).

VII. OTHER CONSTRAINTS AND EFFECTS

New-physics interpretations of the excess in Agg often have
other implications beyond their impact on #f observables.
They are less universal, with different kinds of effects
predicted for different classes of models. In all cases, the
absence of those signals of new physics puts strong constraints
on the corresponding model parameter spaces. In this section
we review the most important non-f7 effects associated with
models with extra particles that contribute at the tree level to
the charge asymmetries.

A. Flavor physics

Most models of new physics motivated by the anomaly in
the FB asymmetry require a nontrivial flavor structure. Indeed,
t- and u-channel exchanges involve intergenerational cou-
plings of the new particles to the first and third families, while
s-channel heavy octets must have couplings with different
sign, and thus nonuniversal, to generate a positive AAgg.
Conciliating these features with the stringent bounds on
flavor-changing neutral currents (FCNC) is not straightfor-
ward. In particular, the possible couplings to quarks are
constrained.

Usually, FCNC can be avoided by aligning the couplings of
the new particles with specific directions in flavor space.
However, a complete alignment in both the up and the down
sectors is not possible when the quark doublets Q; and ¢g; are
involved. In this case, bounds can be extracted from a
combination of measurements in B — B mixing and B decays,
D — D mixing, and K — K mixing (Bai ef al., 2011; Blum,
Hochberg, and Nir, 2011; Blum et al., 2009; Duraisamy,
Rashed, and Datta, 2011; Zhu, 2011). These bounds require
small or near-degenerate couplings to Q; and g;, or suffi-
ciently large masses. For this reason, in many of the proposed
models the extra particles are chosen to have chiral right-
handed couplings to the top quark.

In the case of s-channel exchanges, which involve only
diagonal couplings, all flavor problems would be avoided
from the start if the couplings were family universal and thus
diagonal in any flavor basis. The only interesting s-channel
multiplet for the FB asymmetry is the color octet. If heavy, it
requires that the axial couplings to light and top quarks ¢4 and
¢/, have opposite signs, which precludes universality. Once
more, light octets with M < 450 GeV present an advantage
here: because they need g4 and ¢, of the same sign, all the
axial and vector couplings can be chosen, in principle, to be
equal for the three families (Marques Tavares and Schmaltz,
2011). In this case, the couplings to Q; do not produce FCNC,
so an axigluon without vector couplings is not constrained by
flavor physics. An obstacle to such a universal octet is that the
usual dijet bounds require, for a sizable asymmetry, nonuni-
versal couplings with |¢,| > |g%| (see later). However, these
bounds are relaxed when the octet has an enhanced width,
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which is anyway needed for agreement with other observ-
ables; see Secs. VI.A and VII.D.

The required large flavor-changing fu (or td) couplings of
new particles exchanged in the ¢ or u channels, on the other
hand, do not allow for universality. Some degree of alignment
is then needed to comply with existing nontop FCNC limits.
Specifically, the off-diagonal couplings mixing the first and
second and the second and third families must be suppressed
in the mass-eigenstate basis. While this particular pattern can
be arranged in flavor models, it is unnatural and requires some
tuning (Jung, Pierce, and Wells, 2011; Shelton and Zurek,
2011). This situation is improved in specific cases. Most
notably, the color triplet @ has, in any basis, antisymmetric
coupling matrices in flavor space (Ligeti, Marques Tavares,
and Schmaltz, 2011). This property forbids tree-level FCNC.
The most dangerous loop contributions are also absent for this
field, and other flavor bounds can be avoided if the ¢¢ and cu
couplings are small in the gauge basis (Dorsner et al., 2010;
Giudice, Gripaios, and Sundrum, 2011).

An interesting and natural way to avoid flavor problems
and justify the unusual patterns of couplings needed in these
models was proposed by Grinstein, Kagan, Trott, and Zupan
(2011). If the interactions of the new particles respect the SM
quark flavor group G, =U(3), xU(3), xU(3), , or its
subgroup Hy = U(2), x U(2), x U(2), x U(1); [with the
quarks in the first two families in doublets of the correspond-
ing SU(2) factors], then the only breaking of these global
symmetries comes from the SM Yukawa couplings. (More
generally, a small breaking of H from the new-physics sector
can be allowed.) In this minimal-flavor-violation scenario,
FCNC are under control, since they are absent before flavor
breaking. Moreover, the large intergenerational couplings
required in #- and wu-channel models are not only flavor
symmetric, but also a consequence of nontrivial flavor
representations. Analogously, different signs of ¢/ and ¢,
for a color octet are automatic if the field is also an octet under
the flavor symmetry (z-channel exchange is also important in
this case). An additional virtue of these flavor-symmetric
models is that limits from same-sign top pair production
are avoided, as discussed in Sec. VIL.B. All the relevant
flavor representations of Gr and Hy have been classified
and analyzed in detail by Grinstein, Kagan, Zupan, and
Trott (2011).

B. Same-sign top quark pair production

The production of same-sign top quark pairs would be a
striking signal of physics beyond the SM. At hadron colliders,
charge conservation implies that #¢ pairs can be produced only
from initial up or charm quarks. Therefore the LHC, being a
pp machine, is especially well suited to studying this signal.

The possible scalar and vector bosons that can produce #¢
pairs at the tree level are a subset of the multiplets in Table V:
the neutral components of Z', W, G, H, ¢, and ®, exchanged
in the ¢ channel, and the charge 4/3 components of Q’, Y/, Q,
and X, exchanged in the s channel (Aguilar-Saavedra and
Pérez-Victoria, 2011b). The negative results so far at the LHC
(Aad et al., 2012d) put strong constraints on particular
combinations of the couplings of these fields, which we
collect in Table. VII.
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TABLE VII. Limits at 95% confidence level on the couplings of
arbitrary heavy vector bosons and scalars that mediate the production
of same-sign top quark pairs. The fields and couplings are defined
in Table V. For the fields Z' and G, we defined |gi3] =
(lg%5 > + |9%]*) /2. From Aad et al., 2012d.

Field Limit

Z lg13|/M < 0.57 TeV~!
Wi lgi3|/M < 0.57 TeV~!
G lg13l/M < 0.99 TeV~!
H, lg13l/M < 0.99 TeV~!

o, [911933]/M?* < 0.34 TeV~2
|911933|/M? < 0.63 TeV~2
4 lg'594, |/ M?* < 0.92 TeV~2
® |99, |/ M? < 1.8 TeV~2
@ 911933 /M? < 0.33 TeV~2
= |911933]/M?* < 0.16 TeV~>

For arbitrary allowed couplings, these ten multiplets can
contribute to both #7 and ¢ production. However, in general
there is no direct relation between the observables in both
processes, since they involve different combinations of cou-
plings. In fact, a direct relation exists if and only if the
following conditions are met: (i) the extra multiplet contrib-
utes to both 77 and 77 in the ¢ channel only, and (ii) the extra
multiplet is self-conjugate under CP, which is possible only
for real representations of the gauge group. The reason is that
in this case the new-physics amplitudes in ¢ and 77 processes
are related by a CP transformation of one of the vertices.
Therefore, the stringent 77 bounds put in deep trouble the
explanations of the FB anomaly with ¢ exchanges of Z’
(Berger et al., 2011) and also of G, W, and H (Aguilar-
Saavedra and Pérez-Victoria, 2011b). In particular, they are
sufficient to exclude the simplest Z' models, as shown in
Fig. 33. A neat solution to save these models is to embed these
fields in a nontrivial representation of a flavor symmetry, as
discussed in the previous section. Then, the conservation of
“top number” prevents uu/cc — tt processes (Jung, Pierce,
and Wells, 2011). Equivalently, the extended symmetry
ensures a cancellation of the contribution to these processes
of the different irreducible components that form these
reducible representations of the gauge group. Note that, even
for real flavor representations, the extended fields are no
longer self-conjugate when the flavor indices are fixed.

Finally, although no strong conclusions can be derived for
the complex fields ¢ and ®, some regions of their parameter
space relevant to the FB asymmetry in 77 are forbidden by
the absence of #t signals (Aguilar-Saavedra and Pérez-
Victoria, 2011b).

C. Top quark-jet resonances

In models with #- or u-channel exchange of a new boson R,
the same flavor-violating vertices that are necessary for 7
production will give rise to the production of R through the
process gg — Rt, with 7 = ¢ or 7. We assume in the following
that the field R is not self-conjugate, to avoid the same-sign
limits we have just discussed. If My > m,, this particle can
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FIG. 33 (color online). Predictions for Apg at the Tevatron and
the pp — 1t cross section at the LHC for a real Z’ boson with
right-handed couplings. Each curve corresponds to a different
mass. The horizontal lines indicate the 95% C.L. upper limits on
the cross section from measurements by the ATLAS and CMS
Collaborations (Aad et al., 2012a, 2012d; Chatrchyan et al.,
2011b), while the vertical bands correspond to measurements of
Apg, with half the final luminosity, by the CDF and DO
Collaborations (Aaltonen et al., 2011a; Abazov et al., 2011a).
From Aad et al., 2012d.

subsequently decay into 7q, giving rise to ¢ plus jet events
with a top-jet (¢j) or anti-top-jet (7) resonance (Gresham, Kim,
and Zurek, 2011b). At the LHC, where the initial partons are
predominantly quarks, rather than antiquarks, the resonance
will be most often found in 7j when R is a -channel mediator,
and in #j when it is a u-channel mediator. This is dictated by
the couplings of the corresponding particles and can be
understood as a consequence of baryon-number conservation.

These signals have been searched for by experiments
at the Tevatron and the LHC. In particular, the ATLAS
Collaboration performed a search of W' and w in the
¢ + jets channel with the 2011 data set (Aad er al., 2012c).
The results are summarized in Fig. 34. Similar bounds apply
to any particle exchanged in the ¢ or u channels. We see that
most of the regions of parameters that could account for the
large values of the FB asymmetry measured in 2011 (Aaltonen
et al., 2011a; Abazov et al., 2011a) are basically excluded,
even without taking into account strong bounds from the m,;
tail, which can independently rule out a W’ explanation. This
analysis is, however, not sensitive to the regions with My
below the top quark mass.

D. Dijet and dijet-pair resonances

All particles that mediate ¢7 production in the s channel
have ¢g couplings g{, , and will therefore contribute to dijet
production. Searches for new phenomena in dijet final states
have been performed by the UA1 and UA2 Collaborations
(Albajar et al., 1988; Alitti et al., 1993) and also at the
Tevatron (Abazov et al., 2004; Aaltonen et al., 2009) and the
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FIG. 34 (color online). Expected and observed 95% C.L. upper
limits on W’ (upper plot) and w (lower plot) in terms of their mass
and the coupling. The dark areas are the regions favored by the 77
cross section and FB asymmetry measured by the CDF and DO
Collaborations with half the final luminosity (Aaltonen et al.,
2011a; Abazov et al., 2011a). From Aad et al., 2012c.

LHC (Aad et al., 2012b, 2013e; Chatrchyan et al., 2013d)
experiments. These searches are complementary, as they cover
different mass ranges. Most of them search for bumps in the
dijet invariant-mass distribution originating from new narrow
resonances, but some analyze also angular distributions,
which are useful to put bounds on broad or heavy particles,
parametrized by contact interactions (Chatrchyan er al,
2013c). A convenient mass-coupling interpretation of the
narrow-resonance limits from the different experiments has
been given, for singlets Z’ and octets G, in Dobrescu and
Yu (2013).

Dijet bounds require a relatively weak coupling of the new
particles to the light quarks, with |¢| < 0.3 for narrow octets
lighter than 2 TeV. For a given AAgg, these limits translate into
lower bounds for the axial couplings to the top quark. For
instance, the limit |g4| < 0.15 for a narrow octet with M =
1 TeV (Aad er al., 2012b; Dobrescu and Yu, 2013) implies
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that |¢,| 2 6 is required to reproduce the world average
Apg = 0.13. For lighter octets, smaller |¢/,| are allowed. At
any rate, this direct interpretation of the dijet limits is actually
rather conservative. Indeed, one should take into account the
fact that large values of the couplings ¢/, will increase the
width of the resonance and lower its branching fraction into
dijets. Open channels into other particles would further
weaken these bounds.

We next discuss the constraints obtained from four-jet final
states. The pair production of color octets from initial-state
gluons is determined by SU(3). gauge symmetry and the
unitarity of the theory (Gross et al., 2013). Pair production is
proportional to g and enhanced by color and spin factors, so it
is large at the LHC for light octets. When each octet decays
into two jets, an event with a pair of resonant dijets is
produced. The ATLAS and CMS Collaborations have studied
these signatures and have basically excluded narrow octets
with masses between 100 and 740 GeV (Aad et al., 2011,
2013d; Chatrchyan et al., 2013e), assuming 100% branching
ratio into dijets. This excludes the light-G explanation of the
FB asymmetry,10 unless the octets are broad or have a
significant branching ratio into multijets via additional inter-
mediate resonances (Gross et al., 2013).

E. Four-top quark production

Since, due to dijet bounds, large couplings ¢/, are required
for an explanation of the asymmetry measurements, pair-
produced octets will decay dominantly into two 7 pairs, if
kinematically allowed."' Such four-top quark final states have
a very small background in the SM. They are difficult to
reconstruct, but a simple search of this signal can be
performed studying the production of same-sign dileptons
(Aad et al., 2013c) and trileptons. In this way, it is possible to
exclude octets G with masses between 350 and 650 GeV
(Aguilar-Saavedra and Santiago, 2012) unless, once again, the
width is enhanced by the decay to non-SM particles.

VIII. OUTLOOK

The large FB asymmetries observed in a succession of
measurements at the Tevatron have triggered a detailed
exploration, from both the experimental and the theoretical
sides, of observables related to 77 production at hadron
colliders. Independently of the nature of the discrepancies,
which are significantly milder after the latest analyses, this
effort has led to a better understanding of the properties of the
top quark and of the effects of possible new physics connected
to the top quark sector. The resulting expertise will certainly
be valuable in future searches at the LHC.

The fact that the Tevatron measurements with the full data
set are closer to the SM predictions than previous measure-
ments, with half the luminosity, strongly suggests that the

“Octets G generating a sizable FB asymmetry and with mass
smaller than 100 GeV are excluded by electroweak precision tests,
due to their loop contribution to the gqZ vertex (Gresham, Shelton,
and Zurek, 2013).

"Four top final states also originate from diagrams with a
nonresonant octet. This is especially relevant below the 77 threshold.
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former discrepancies were due to simple statistical fluctua-
tions in the data. However, at this point the question is not
completely settled. Even if the two collaborations give average
results in the £ + jets channel that are statistically compatible,
it is intriguing that the CDF and DO measurements of both
asymmetries Apg and A% are actually quite similar in the 4-jet
sample. It is only the inclusion of the 3-jet sample, which
yields lower values of these asymmetries, that lowers the DO
averages and makes them more consistent with the SM
predictions. This sample is not considered in the CDF
analyses. While the differences between the results from
3-jet and 4-jet samples may be purely statistical, the possibil-
ity of some mismodeling effect, in either the 4-jet or 3-jet
samples, must be investigated in more detail. On the other
hand, the recent measurement of Agg in the dilepton channel
by the DO Collaboration yields a large asymmetry (even larger
than the CDF value in the £ + jets channel but also with a
larger uncertainty). A measurement by the CDF Collaboration
in the dilepton channel with the full data set might shed some
light on this issue.

Because the Tevatron asymmetries cannot be directly
measured at the LHC, the confirmation or rebuttal of a
possible anomaly is quite difficult. One important step would
be to measure the dependence of the asymmetries on the #7
velocity A7 to obtain the collider-independent asymmetries A,
and A,, discussed in Sec. II.C. This measurement is quite
demanding from the experimental side, since it requires a
three-dimensional unfolding in m, f, and |Ay|. But it offers a
unique possibility of testing at the LHC the same quantities
that are in the origin of the Tevatron Agg.

The possibility of unexpectedly large higher-order QCD
corrections that might significantly increase the value of the
predicted FB asymmetry at the Tevatron seems now excluded
by the recent NNLO calculation of Agg. Indeed, the NNLO
corrections turn out to be small, as expected, shifting the
central value from Apg = 0.088 to Apg = 0.095. Moreover,
the NNLO predictions, even when considered differentially,
lie well inside the uncertainty bands of the previous NLO
results; see Fig. 6. A proper combination of the CDF and DO
differential results is crucial to assess the agreement of theory
with data, taking into account experimental bin-to-bin corre-
lations and theory uncertainties.

Finally, the explanation of the asymmetry excess with new
physics faces two serious problems. The first one is that
almost all successful models are rather ad hoc, since they are
not clearly motivated by other compelling theoretical or
experimental reasons, and usually nongeneric choices of
parameters are required to avoid the most obvious constraints.
The second problem is that, even with such parameters, most
new-physics models still predict a series of observable signals
that have not been found. In particular, the measurements of
either A or ff differential distributions or top polarization
disfavor most of the models. Searches for #j resonances, on
the other hand, exclude large regions of the parameter space of
models with 7-channel exchanges. Among the simple explan-
ations in terms of just one multiplet, the model that can
better account for all the 77 data, including the Tevatron and
LHC asymmetries, is, arguably, an s-channel color-octet
vector boson. It should be noted, nevertheless, that this model
requires some nontrivial ingredients to comply with all the
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measurements. Another model that survives the different tests
is a light scalar isodoublet exchanged in the ¢ channel.

The next LHC run with 13—14 TeV and high luminosity will
bring the possibility of new, independent measurements in
addition to the current ones. One example is the charge
asymmetry in ffy production, which has the potential of
showing deviations with respect to the SM predictions even
for Ac in perfect agreement with the SM. Otherwise, it will
further constrain the parameter space of the different models,
rendering them less viable. Another example is the asymmetry
in t7W=. Whatever the final outcome is, it is likely that some
of the questions posed by the Tevatron asymmetries will be
answered in the next years. And, of course, some unexpected
surprises might be waiting along the road.
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