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Forward-backward asymmetries ALy and A%y are observed in the top-quark ¢ rapidity distribution and in
the rapidity distribution of charged leptons € from top-quark decay at the Tevatron proton-antiproton
collider, and a charge asymmetry A is seen in proton-proton collisions at the Large Hadron Collider (LHC).
In this paper, we update our previous studies of the Tevatron asymmetries using the most recent data. We
provide expectations for Ac at the LHC based first on simple extrapolations from the Tevatron, and second
based on new physics models that can explain the Tevatron asymmetries. We examine the relationship of the
two asymmetries Al and Aly. We show their connection through the (V — A) spin correlation between the
charged lepton and the top quark with different polarization states. We show that the ratio of the two
asymmetries provides independent insight into the physics interpretation of the top-quark asymmetry. We
emphasize the value of the measurement of both asymmetries, and we conclude that a model which produces

more right-handed than left-handed top quarks is suggested by the present Tevatron data.
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I. INTRODUCTION

The observation of a larger than expected forward-
backward asymmetry Afg in the rapidity of top quarks
produced at the Fermilab Tevatron collider [1,2] continues
to hold considerable attention in the community of particle
physicists. It is one of few manifestations of a deviation
from predictions of the standard model (SM). That the
deviation occurs in the top sector suggests that its inter-
pretation might well involve new physics (NP), given that
the large mass of the top quark is comparable in value to
the electroweak scale. Indeed, many NP models have been
proposed to explain the enhancement of Af;. These models
usually postulate the existence of new states, whether in
the direct-channel coupling to 77, or exchanged in a cross
channel and coupling the top quark to first- and/or second-
generation quarks. Examples include flavor-changing Z’
[3-24], W' [25-37] and axigluon G’ [38-59] models,
among others [37,60-83].

Strong constraints on models of new physics come from
a variety of sources, whether from low-energy precision
data that limit flavor-changing couplings of the top quark,
or from collider data such as the 7 invariant mass distri-
bution and the #7 total cross section at the Tevatron. Models
of NP also face experimental constraints from searches for
new phenomena at the Large Hadron Collider (LHC) such
as the absence of direct evidence thus far for new heavy
gauge bosons W’ [84] and Z', and strong bounds on the
cross section at the LHC for the production of pairs of
same-sign top quarks [85,86].

Of particular interest to us have been the implications
of models of new physics for the polarization of the
top quark, and methods that can be used to measure
the polarization [87]. This focus on the top-quark
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polarization also serves as a unifying theme for the
topics discussed in this new paper. In the SM, strong
production of 7 pairs in QCD yields an equal number of
positive- and negative-helicity top quarks, hereafter re-
ferred to as fg and 7. Electroweak production in single
top-quark production, for example, yields primarily #.
Therefore, a demonstration that a significant fraction of
top quarks are produced with positive helicity would
herald new physics.

In addition to Al of the top quark, the DO group reports
a positive forward-backward asymmetry of charged lep-
tons from top-quark decays. The measurement is done in
two ways [2,88], both based on data corresponding to an
integrated luminosity of 5.4 fb~!. The value Al =
(15.2 = 4.0)% is measured in the € + jets final states [2].
The second method uses the dilepton final states from #7
production, where the W bosons from the ¢ and 7 decays
both decay leptonically. The result obtained is A]‘;B =
(5.8 = 5.1(stat) = 1.3(syst))%. A combination of the two
measurements yields Ab; = 11.8 = 3.2%. The combined
result may be compared with the values (2.1 * 0.1)% from
simulations of the SM or (4.7 *£0.1)% once QCD +
electroweak (EW) corrections are included [88,89], an
excess at the level of 2.2 standard deviations. In a previous
paper, we investigated the kinematic and dynamic relation-
ship between the two asymmetries Al and A%, [90]. The
fact that A%y and ALy are larger than the SM predictions
indicates that the charged lepton strongly prefers to move
in the same direction as the top quark from which it
originates [91,92]. Data on the ratio of the two asymme-
tries tend to favor models in which more tz than 7 are
produced, but confirmation with greater statistical and
systematic precision is desirable. A detailed analysis of
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the SM prediction of the lepton charge asymmetry at the
Tevatron and the LHC can be found in Ref. [93].

In this paper, we elaborate on the studies reported earlier
and include new predictions. We begin in Sec. II with the
definitions of the asymmetries measured at the Tevatron.
We summarize the Tevatron data and, using the latest data,
we update our earlier fits in the framework of Z/, W/, and
axigluon new physics models. Unlike the Tevatron proton-
antiproton collider, the LHC proton-proton collider offers
no preferred direction for the measurement a rapidity
asymmetry. Nevertheless, charge asymmetries A(. for top
quarks and Aé for leptons can be defined and predicted in
the SM. Using data from the Tevatron, we estimate what
may be observed for these charge asymmetries at the LHC
in the context of models of new physics, and we compare
these expectations with LHC data in Sec. III. As we show,
despite limited statistics, the LHC data on the charge
asymmetry are also consistent with a deviation from the
SM, although perhaps not as great a deviation as expected
from an extrapolation from the Tevatron observations.

The relationship of ALy and A¥g is addressed in Sec. IV
and in the Appendix where we include detailed derivations
of results not published before. The essential starting point
is the V — A structure of the matrix element for the decay
t— Wb — b€"v. Section IVA contains a discussion of
the angular distribution of the decay lepton €, first in the
rest frame of the top quark and then after the top quark is
boosted in rapidity and transverse momentum. We pay
particular attention to the positive-/negative-helicity state
of the top quark because the final momentum and angular
distributions of leptons in the laboratory frame, after the
top quark is boosted, depend significantly on the top
quark’s polarization state. In Sec. IV, we derive the rela-
tionship of the lepton asymmetry Af,; and the top-quark
asymmetry Apg, separately for the left- and right-handed
polarization states of the top quark.

Different models of new physics produce top quarks
with different proportions of left- and right-handed polar-
ization. For example, Z' and W' models produce predomi-
nantly right-handed top quarks, whereas the axigluon
model generates unpolarized top quarks. We use an axi-
gluon model and a W’ model in Sec. V to deduce their
different expectations for the ratio of the lepton and top-
quark asymmetries. In the case of both models, the allowed
parameters produce a range of values for the ratios Af: /AL
at the LHC and A% /ALy at the Tevatron, aligned along
approximately straight lines in plots of A% vs AL and of A&,
vs Afg. Ideally, precise data would provide a definite point
in the two-dimensional plot and tightly constrain the
parameter space.

Our conclusions appear in Sec. VI. We emphasize the
value of making measurements both of Al and Af and of
A& and AL because their ratio can be related through top-
quark polarization to the underlying dynamics of top-quark
production.

PHYSICAL REVIEW D 88, 014033 (2013)
II. TEVATRON DATA AND UPDATED FITS

The top-quark forward-backward asymmetry in 7 pair
production at the Tevatron is defined as

. N(Ay>0) — N(Ay <0)

B N(Ay>0)+ N(Ay <0)’

(D

where Ay =y, —y; is the difference between the
rapidities of the top quark and the anti-top quark, and
N(Ay >0) [N(Ay <0)] is the number of events with
Ay >0 (Ay < 0). The proton beam is chosen as the direc-
tion of positive z. In the SM, the asymmetry is induced by
perturbative diagrams beyond the leading order. It is pre-
dicted to be (8.7 = 1.0)%, including next-to-leading-order
(NLO) EW and QCD corrections [94,95]. The most recent
DO result in the #7 rest frame is Afy = (19.6 = 6.5)% [2],
based on their 5.4 fb~! luminosity data set, while the
measurement from CDF is (16.2 = 4.7)% based on their
data set with an integrated luminosity of 8.7 fb~! [96].
CDF also reports that Agy in the region of large 7 pair
invariant mass (m; = 450 GeV) exceeds the SM predic-
tion (~ 30), although the significance is not as large as the
3.4¢0 deviation of CDF’s previous result [1]. More explic-
itly, Afg(m; = 450 GeV) = (29.6 = 6.7)% and the SM
prediction is (12.8 = 1.1)% [95].

Many new physics models have been proposed to ex-
plain the discrepancy of Af; between data and the SM
prediction. Some of these models are now quite sophisti-
cated. It is not our intention in this paper to investigate
models in detail. Rather, we explore a few simple models
as illustrations of a range of possibilities. We begin in this
section with an update of our previous fits to Tevatron data
for three models: flavor-changing Z' exchange, flavor-
changing W’ exchange, and axigluon models. The minimal
version of the Z' model implies a large rate for same-sign
top-quark pair production at the LHC, not supported by
data [7,85,86]. The W/ model is highly constrained by data
on the 7 plus jets final state at the LHC [34,35,84].

The effective interaction between a flavor-changing
Z'/W'" and SM particles is

L= gig’ gy*PgtV, + Hec, 2)
where g, is the weak coupling, and g = u(d) for
V! = Z'(W'). In addition to the SM process gg — g — tf
and its NLO corrections, the ¢f pair will also be pro-
duced via a r-channel process with a Z' or W/ mediator.
Using ““A; = +” to represent the positive helicity of
particle i (right-handed polarization for massless parti-
cle), and “A; = —” the negative helicity (left-handed
polarization for massless particle), we express the he-
licity amplitude Mi,,(/\,,, Az Ay Ap), apart from a com-
g%f‘z,/fﬁncﬁhd
8(f—m%/,)
indexes of ¢, g, t and 1, as

mon factor , where a, b, ¢ and d are the color
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M, (+ — —=) =[2+ rZ 1 — Bsin6,
M, (+ = —+) =[2(1 = B) + rp(1 + P11 = cos H),
M, (+ = +=)=—[2(1 + B) + r}(1 — B)I(1 + cos ),

++4) = —[2 + r} 1 — B*siné. (3

The variables § and 7 are the usual Mandelstam
variables, my is the mass of V/, r, = m,/my,
B =+1—4m?/§, and 0 is the polar angle of the top
quark in the c.m. frame of the #f pair, measured relative
to the initial-state quark. In the highly boosted limit of
B — 1, the nonzero helicity amplitudes are

M, (+ —

M, (+ = —+) ~2ry(1 — cos b),
M, (+ — +—)~ —4(1 + cos 6).

“)

For the axigluon (G') model, we assume, for simplicity,
that the interaction of the axigluon with the SM quarks is
purely pseudovector-like and can be written as

L =g (gi3:v*vsq; + 2 Qiv*vsQ)5GLA,  (5)

where t‘f} is the generator of the color SU(3) group; ¢
denotes the first two generations of quarks in the SM and
QO the third generation of quarks. The coupling g, is the
usual strong coupling strength; g; and g, are the coupling
parameters of the axigluon to the light quark (g, i.e. first
two generations) and the heavy quark (Q, i.e. third
generation), respectively.

The process gg — G' — ti contributes to f pro-
duction at hadron colliders. Its helicity amplitudes
MG/()\q, Ag Ay A;) are

24A 4A S
_ & buzcds( ' 8i8n) B(1 + cos 0),
S — mG, + lmG/FG/
Mog(—++—)= Mg+ ——+)
8ithatead(—8181)

= 1 - 0), (6
§ - mzc/ + imG/FG/ B( cos ) ( )

where I'; is the width of the axigluon. For mg > 2m,,
which is the case in our study,

oM 4m2\3/2
o = 56 G {4g12 + g,g[l + (1 — mz’) ]} (7)
G/

For a coupling ratio
FG//mG/ ~0.1.

The absence of pronounced deviations from the SM
expectation in the measured m;,; distribution [1,2] indicates
that the axigluon should be heavy and/or broad. Since the
term linear in cos 6 appears only in the interference term,
the contribution to Afy in #7 production from an axigluon is

therefore through interference with the SM channel. Its

strength g, =g, =1, the
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effect becomes important in the region of large myy,
i.e. B~ 1. The interference term in the overall squared
amplitude is proportional to

§(5—m2)
(§ - mé/)z + mérré/

[2g,84(1 +cos6)* —2g,8,(1 —cos6)?]

:4g,gh§(§—mé,)cos0
P R RN o M
(§—mg,)* +mg, Iz,

®)

When an axigluon is heavy such that i< mgr, the prod-
uct of g;g, must be negative to obtain a positive Arg
[40,42,43].

We fit data at the Tevatron to determine the parameters
of the three new physics models under consideration.
The SM contributions at NLO are included along
with the contributions from the new physics models.
We choose to fit the measured inclusive total cross
section for #7 production 7.5 * 0.31(stat) * 0.34(syst) *
0.15(Z theory) pb [97], and AL from CDF with 8.7 fb~!
integrated luminosity [96]. We scan the parameter space of
the models requiring that the predictions fit the total cross
section as well as ALy for both m; <450 GeV (7.8% =
5.4%) and m; = 450 GeV (29.6% * 6.7%) within 20
accuracy. The SM 17 cross section we adopt is 6.77 =
0.73 pb calculated with MCFM6.2 [98]. For the SM predic-
tions of ALy in different energy bins, we follow the values
shown in Ref. [95],

Al (my; < 450 GeV) = (6.2 + 0.4)%,

9

Afg(mz = 450 GeV) = (12.8 = 1.1)%. ©

In addition to the observables listed above, there are also
differential cross sections in the invariant mass m,; and in
the transverse momentum py_ of the ¢ system. Including
such data in our fits would arguably provide further con-
straints on the allowed parameters of the models. On the
other hand, contributions from new physics tend to affect
the mass distribution at large values of m ;, where statistics
are relatively poor and therefore less constraining on fits.
Moreover, and more importantly, to do a proper analysis,
one would want to compute the new physics contributions
at NLO, include the effects of parton showering, and model
the experimental acceptance cuts whose effects are par-
ticularly significant at larger values of m;. A complete
analysis in terms of new physics models is also compli-
cated by the fact that data on the m,; distribution are
unfolded in terms of the SM shape and cut efficiencies.
Even without extending our study to include data on dif-
ferential cross sections, we find significant constraints on
the coupling strengths of the models, as summarized below
for the Tevatron and in the next section for the LHC. Data
from the LHC on same-sign top-quark production, on the
production of a pair of top quarks plus one jet, and on
searches for dijet resonances are used to limit the space
of allowed parameters. The distinct features of the
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FIG. 1 (color online).

Afp measured by the CDF collaboration in the intervals m; < 450 GeV and m;

The parameter space of three new physics models determined from fits to the Tevatron ¢7 total cross section and

= 450 GeV. The inner shaded (yellow) region fits the

data within 1o and the outer shaded (green) region fits within 2o flavor-changing Z’ model, flavor-changing W’ model, and axigluon
model. The dashed line in (a) shows the bound obtained from the CMS search for same-sign top-quark pairs at the LHC. The dashed
line in (b) shows the bound on the coupling fy that we obtained from an analysis of the CMS data on top-pair-plus-one-jet events at
the LHC. The cross-hatched (blue) region in (c) is inferred from the limits set by ATLAS on axigluons from the search for

enhancements in the dijet mass distribution.

constrained models are instructive, as we show for the
correlation between the two asymmetries ALy and A&y,
which is a reflection of their polarization predictions.

Figure 1 shows the results of our fits for the three
models. We simulate the models using MADGRAPH5 [99].
The inner (yellow) and outer (green) shaded bands are the
parameter spaces which fits the Tevatron ¢f total cross
section and Af; within 1(2)o. For the Z’' model, there is
no allowed parameter space when my is less than about
400 GeV, and only a tiny region can fit within 1o when mz
is heavier than 1100 GeV, with large couplings f, = 6.6.
This conclusion differs from the one in our earlier work.
The difference comes entirely from the fact that we are
now fitting the most recent CDF data in which Afy is
smaller. The contribution from Z’ exchange is fed by the
u and # initial states which have large parton densities at
the Tevatron pp collider. Therefore, both ALy and the #7
total cross section change rapidly with the coupling f,.
When f, is large enough to bring the total cross section
into a region that is consistent with data at the 20 level, AL
at high m; (= 450 GeV) becomes too large to fit the data.
As a result, only a small parameter space yields a better fit
than the SM itself, and it is very difficult to reach agree-
ment with data within 1o. Therefore, we now conclude that
the minimal flavor-changing Z’ model can barely explain
the large deviation of ALy from the SM observed at the
Tevatron. In Fig. 1 (Z'), we also plot the upper limit of the
coupling for the Z' model obtained from the search of
same-sign top-quark pairs at the LHC [86]. The region
above the dashed curve is not allowed since too many
same-sign top-quark pairs would be produced. The mini-
mal version of the Z’ model is definitely disfavored.

In contrast to the Z' case, there is a large region of
parameter space in which the W' model can fit the
Tevatron data within 1o and 20, as shown in Fig. 1 (W’).

We scan the coupling fy in the W/ model up to 7.5 in our
numerical study.1 We see that the W’ model can fit data
quite well with my, =< 1 TeV for the coupling parameter
Sfw = 7.5. The asymmetry and the ¢ cross section do not
change as sharply with coupling in the W’ model as they do
in the Z’' case since their contributions are fed by the
smaller d and d parton densities. The upper limit of the
coupling for the W’ model is shown in the figure. We obtain
this upper limit from an analysis of the CMS data on the
production of a top pair plus one jet [84]. The region above
the dashed curve is not allowed since too many ¢f + j
events would be produced. The data were not analyzed
for values of the W' mass below 400 GeV so we do not
show a constraint below this value. There is a similar
constraint from ATLAS [100], but we do not use the bound
shown in their Fig. 6 because the interference term between
the SM and the W’ model is not considered in the deter-
mination of their bound. This interference is not negligible
[35,37]. We see that some region of the parameter space of
the W' model remains open. The contribution to Afy at the
Tevatron from top-W' associated production is not incor-
porated in our study since it is small at Tevatron energies
owing to phase-space and gluon parton distribution
function suppression.

In the axigluon case, we scan g; and g, up to 8. For
simplicity, we fix g; = —g;, = f in Egs. (6) and (7). To
achieve good agreement with data at the 1o level, the mass
of the axigluon is required to be in the range of about 900 to
1900 GeV. For other axigluon masses, the model can only
fit data at the 20 level. These results are shown in Fig. 1
(G"). InFig. 1 (G'), we also show some bounds on axigluon

'"The upper bound on the coupling is set here by the choice
of a perturbative bound g% f%v,/ (2 X 471) = 1, which means
fw =177
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masses and couplings obtained from a search for reso-
nances in the dijet invariant mass distribution [101-104].
To obtain the lower bound on the coupling constant fs/,
we generate parton-level dijet events in the axigluon
model using MADGRAPHS and MADEVENT [99]. After add-
ing the cuts on the final-state partons employed in
Refs. [101-104], we obtain the cross sections o X A,
where A represents acceptance. Comparing these results
with the exclusion bound in Refs. [101-104], we derive the
lower bounds of the excluded region for f as a function of
the axigluon mass, shown in Fig. 1 (G’). On the other hand,
axigluons with a large width cannot be excluded using the
search technique described in the ATLAS paper. The
contribution from a broad axigluon would cover a large
fraction of the search region in the dijet invariant mass and
be absorbed into the data-driven background fit. To account
for this limitation of the search, we sketch a soft upper
limit of the exclusion region in f; determined by the
value I'g//mg = 0.3 [the (blue) cross-hatched region in
Fig. 1 (G)].

Before concluding this discussion of fits to the Tevatron
data, we acknowledge limitations of our approach. For the
three new physics models, we compare the #f forward-
backward asymmetry with the unfolded data of the CDF
collaboration. The unfolded result is obtained under the
assumption that the events follow the SM #7 event distri-
bution, so the comparison is not exact for new physics
models. The correction could be significant for #-channel
exotic vector bosons. Indeed, the authors of Ref. [10] have
shown that the cut efficiency is larger in the SM in the
region of large m,; than for the case of a 7-channel exotic
vector boson. There are two main influences of this differ-
ence [10]. First, the lower efficiency of the z-channel new
physics models, especially in the large-m,; region, will
suppress the number of large-m ; events in the new physics
models and release the tension between theory and data.
However, in our analysis, we do not fit the differential cross
section in m,;, only the cross section integrated over m,;.
Since the cross section falls rapidly with m;, the pertinent
correction is relatively small in our fit. Second, the differ-
ence between the cut efficiencies for events with Ay >0
and Ay <0 in the new physics models will decrease the
prediction of Afg. Such effects were shown in Ref. [10] to
be not as large as the cut-efficiency effect on the invariant
mass distribution. It is worth remarking that the NLO QCD
correction for the pure new physics term and for the NP-
SM interference term is larger in the large-invariant mass
region than in the low-invariant mass region [33]. The
NLO QCD correction will therefore counteract the cut-
efficiency effect at least partly. A complete investigation
that includes both the NLO and cut efficiency effects is
desirable, but we judge that the simpler approach used here
suffices for our limited purposes.

To summarize this section, we remark that based on
the latest ALy data from CDF at the Tevatron, the simple
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Z' model is disfavored, and a light W/ (=<1 TeV) is
preferred for a small coupling strength, while an axigluon

model can give a good fit with an axigluon mass about
1200-1900 GeV.

III. LHC PROTON-PROTON COLLIDER

In this section we address the charge asymmetry in
rapidity Ac measured at the LHC. We obtain estimates of
LHC expectations first by simple extrapolation from the
Tevatron data on Af; and second based on the new physics
models whose parameters we determined in Sec. II.

The proton-proton LHC collider is symmetric in rapid-
ity, and it is ambiguous to define the forward or backward
region. However, the u and d (valence quarks inside the
proton) parton densities carry, on average, a larger fraction
of the momentum of the proton than the u and d antiquark
densities (sea quarks inside the proton). With the knowl-
edge that there is a forward-backward asymmetry in the
perturbative production process for gg — tf production,
we expect that the top quark at the LHC will be boosted
in the direction of the incident quark. As a result, top
quarks should accumulate in the region of large rapidity
and anti-top quarks will be preferentially in the central
region. Therefore, one can define an asymmetry Ac at the
LHC as

_ Ny > lyil) = Ny <1y
Nyl > 1yih) + Ny, < ly:l)’

The SM prediction including NLO EW and QCD contri-
butions is Ac = 0.0115 at 7 TeV center-of-mass energy
[95], and the predicted value drops when the collider
energy increases. The event generator MC@NLO provides
a slightly different result, Ac = 0.006 [105], owing to
different normalization and the absence of NLO EW
corrections.

Recent measurements of Ac at the LHC have been
published by the CMS and ATLAS collaborations based
on data sets with 4.7 fb~! of integrated luminosity. The
results from CMS [106] obtained from the lepton plus jet
final state and ATLAS [105] obtained from combining both
lepton plus jet and dilepton channels are

CMS(lepton + jets): 0.004 = 0.010(stat) = 0.012(syst),
ATLAS(combined): 0.029 * 0.018(stat) = 0.014(syst).

an

The ATLAS central value is an order of magnitude larger
than the CMS value, but they agree within the large un-
certainties in both experiments, and they are consistent
with the SM prediction.

At the LHC, 7 production is dominated by the gluon-
gluon initial state which provides no asymmetry, and the
asymmetry Ac generated by the quark-antiquark initial
state is therefore expected to be diluted substantially. An
approximate estimate for the LHC asymmetry is

Ac (10)
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FIG. 2 (color online).
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(a) The probability of choosing the correct forward direction, the direction of initial-state quark at the

Tevatron. (b) The probability of choosing the correct forward direction, the direction of initial-state quark at the LHC. For the
“universal” case, we include all four flavors of light quarks with equal weight when we calculate €. For the “u(d)-quark™ case,
we include only the contribution from the u(d)-quark. We do not show the behavior of other light flavors because they are sea quarks at
the Tevatron and do not give a significant contribution to Akg. (c) The relative suppression factor & for the universal, u-quark, and

d-quark cases.

o o(gg— 17)
€ o(gg—th+algg—1D)

X AL (qG—1D)X&  (12)

The first term represents the fraction of the top-quark
pair production cross section induced by the ¢g initial
state which is about 17% in the SM at 7 TeV LHC. The
second term is the asymmetry induced by the ¢g initial
state. Given that about 88% of the tf production cross
section in the SM comes from the gg initial state at the
Tevatron, ALz(gg — t7) can be extracted from the top-
quark forward-backward asymmetry observed at the
Tevatron; we use Afp(qg — 1) =~ ALy /88%, where Afy
is the measured top-quark asymmetry. The last term & in
Eq. (12) represents the probability of correctly identifying
the forward direction, namely how frequently the forward
direction represents the direction of the initial-state quark.
This probability has to be evaluated for both the Tevatron
and the LHC.

At the Tevatron, the momentum of the proton beam
is chosen as the forward direction. Therefore, the
probability is

STEV — o(qq __’ 10)4/p,q/P
O'(qq — If)otal

, 13)

where the denominator is the total cross section of gg — tf
and the numerator is the contribution to the total cross
section when the initial-state quark and antiquark come
from a proton and anitproton, respectively. An explicit
evaluation can be obtained from the integral over parton
densities,

>, f;/sfq/p(xl)fc?/ﬁ(xlis)dx_xl1 ,
2, é/qu/p(xl)fé/ﬁ(x%s) +fé/p(xl)fq/ﬁ(xfs ]%1
(14)

eTEV (5) =

where S is the square of the total energy of the pp collision
and § denotes the square of the energy in the partonic
collison.

At the LHC, with no preferred direction in a proton-
proton collider, the boost direction of the #f system is
chosen to be the forward direction. Hence, the probability
of choosing the forward direction correctly is

guiic — 7198 = g=g

= , (15)
U(qq — ) otal

where the numerator now is the contribution to the total
cross section when the initial-state quark momentum
is larger than the initial-state antiquark momentum. The
corresponding integral over parton densities is
§ 0\ dx
_)x_ll

2 fi/g/'gfq/p(xl)fzi/p(xls
2y f;/s fq/p(xl)ft?/p(xlis)Lfr_)iI .

We evaluate the efficiencies explicitly using the
Martin-Stirling-Thorne-Watt parton distribution functions
(PDFs) [107]. The efficiencies vary with the invariant
mass of the #f system, as shown in Fig. 2. At the
Tevatron, the value of &'V is nearly 100%, and the
proton (antiproton) beam represents the direction of
the initial quark (antiquark) quite well. However, at the
LHC, the probability e"HC that the initial quark direction
matches the boost direction of the 17 system is lower. We
find values in the range 72%-83%, depending upon the
initial-state quark and the effective energy of the ¢f c.m.
system (Fig. 2). Since the values of the &’s are not 100%
at the LHC, the wrong choice of forward direction
decreases the absolute value of ALy.

The measured number of forward (backward) events
is therefore Npe + Ng(1 — &) [Nge + Ng(1 — €)], where
Ng,) is the true number of events in the forward region.

8LHC (&) —

(16)
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As a result, the measured ALy equals A" X (2e — 1).
The suppression factor € defined in Eq. (12) is shown on
the right side of Fig. 2. Its value is

28LHC —

E= (54 = 10)%. amn

Combining all terms, we expect that AL =0.17 X
Alp/88% X 54% =~ 0.1ALg, where we recall that ALy is
the value measured at the Tevatron.

Taking ALz ~ 20%, we see that an extrapolation from
the Tevatron provides a rough estimate for the LHC of
Ac =~ 0.02, in reasonable agreement with the central value
of the ATLAS measurement but in excess of the central
value of the CMS measurement. Setting aside for the mo-
ment the still large uncertainties of the LHC data, the
agreement of the ATLAS measurement with our extrapo-
lation lends credence to the suggestion that new physics
contributions are playing a role in the asymmetry measured
at the Tevatron. On the other hand, there is evident tension
between the Tevatron asymmetry and the central value of
the CMS measurement.

Our model-based predictions of Ac, to be discussed
presently, provide values of A a little higher than the
simple extrapolation. The difference arises because the
new physics contributions change the fraction of the gg
initial-state contribution to #f production at the Tevatron
and the LHC. The SM prediction for the 7t cross section is
150 = 19 pb [98], and the ATLAS measurement is 177 =
3(stat) *8(syst) = 7(lumi) pb [108]. In the W’ and axigluon
models, the contribution to ¢ production from new physics
comes only through the g¢g initial state. When the new
physics contribution compensates for the excess of the
measured ¢f cross section above the SM contribution, the
fraction from gg — tf to t7 at 7 TeV can increase to about
30% compared with 17% in SM. Therefore, we can expect
Ac = 0.2A%Lg, a factor of 2 enhancement with respect to our
previous estimate.

The analysis above provides an estimation of A at the
LHC from Agg at the Tevatron. It should be used carefully
as there are reasons that it may not be good enough. First,
contributions from 7 processes with extra partons in the
final state are not included in the estimation. They might be
important for some new physics models, especially for Ac
[22,23,36]. Second, there are models in which Al at the
Tevatron is a residue of the balance between contributions
from wuii and dd initial states [83]. In this case, Ac at the
LHC could vary over a wide range since the fraction of
the ui and dd initial states is different at the LHC, and &
for the u quark and d quark is different and dependent on
the effective energy of the ¢7 center of mass. Third, for new
physics models in which the Afg results from a resonance
effect, there will be a suppression (enhancement) if the
resonance is heavy (light) [48,59].

Turning next to the explicit new physics models
discussed in the previous section, we use the allowed

PHYSICAL REVIEW D 88, 014033 (2013)

parameters for the flavor-changing W' and axigluon mod-
els shown in Fig. 1 to calculate A at the LHC. The results
are shown in Fig. 3, along with a comparison to the results
of ATLAS and CMS. We show different theory predictions
for ATLAS and CMS. The difference in the assumed value
of the SM contribution explains the differences in the
predictions of Ac in Fig. 3. To obtain the ATLAS predic-
tions we use Ac = 0.006 for the SM prediction, as done by
ATLAS. For the CMS comparison, we use the SM value
Ac = 0.0115 adopted by CMS.

The values Ac for the W/ model at 7 TeV are in the range
0.01-0.1. The sharp drop for my, = 850 GeV-1200 GeV
is related to our upper cut of the coupling parameter gy at
7.5. Most of the values of A¢ predicted in the W/ model are
larger than the ATLAS central value; however, they are
within the 10 uncertainty band. For the axigluon model, all
of the predictions of Ac agree with the ATLAS result
within the 1o level. In the axigluon model A- does not
simply increase with the axigluon coupling to SM parti-
cles. For mg = 1500 GeV, Ac reaches its maximum at
about 4.2%, with coupling f; = 2.7. Therefore, we can
see that the upper boundary of the inner shaded (yellow)
region (couplings that fit Tevatron data within 107) overlaps
the outer shaded (green) region (couplings that fit Tevatron
data within 207 for some m¢. The G’ model predicts
smaller values of A than the W/ model because there is
a change of the sign of the s-channel propagator. When the
invariant mass of the 7 system is larger than the mass of the
axigluon, the contribution to A¢ from the interference term
is negative. In comparing with the CMS data, we see that
owing to the large contribution from new physics, the
predicted values of Ac are outside of the 1o band.
Unless the central value increases in updated measure-
ments, the CMS data disagree with new physics models
based on W’ or axigluon contributions.

For the W’ (and other ¢-channel new physics models),
the associated production process d(d) + g — #(7) +
W' — tf + d(d) may also give a significant contribution
to Ac. In Refs. [22,23], such effects are investigated for a
non-self-conjugate Z’' model. The large gluon parton den-
sity accentuates the cross section for a relatively light Z’
and W', yielding a negative contribution to Ac [22,23] and
releasing the tension between the small measurement at the
LHC and the large predictions from the new physics
models. The overlap between the predictions and the ex-
perimental bounds will be larger than those shown in
Fig. 3. However, a complete analysis must take into ac-
count interference between ¢f + j in the SM and the W’
model [35,37] and a large enhancement from NLO QCD
corrections (K-factor ~1.3—-1.5 [36]). We defer it for a
future study.

IV. AL, AND ITS CORRELATION WITH A%,

In addition to the top-quark forward-backword asymme-
try, the charged lepton asymmetry Afy is also measured by
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The predicted top-quark charge asymmetry, AL, at the LHC at 7 TeV from the W’ (left) and axigluon (right)

models, compared with the ATLAS (upper) and CMS (lower) results. The inner shaded (yellow) and outer shaded (green) regions are
for the couplings that fit the Tevatron #7 total cross section and Ay within 1o and 20, respectively. The central value measured by
ATLAS (CMS) at the LHC is marked with a (red/blue) horizontal line, and the (black) horizontal dashed lines show the 1o uncertainty
of the measurement. The irregular (blue) dashed lines on the W’ figures show the bounds obtained from the analysis of top-pair-plus-
one-jet events. The regions above these dashed lines are disfavored.

the DO collaboration at the Tevatron and by the ATLAS
collaboration at the LHC. It is defined as

¢ _NZ—Ng
BENTEN, (18)
At the Tevatron, N 2 (N, ) is the number of events with
qeyve > 0(qeye <0), and g, and y, are the sign and rapid-
ity respectively of the charged lepton from the semilep-
tonic decay of a top or anti-top quark in the lepton plus jets
events of ¢f production. As stated in the Introduction, the
DO group reports Afy = (11.8 = 3.2)%, a deviation of
about 2.20 above the SM prediction 4.7 = 0.1% [88]. At
the LHC, the ATLAS collaboration measures Af;iB using
data from the dilepton channel in 7 events; N} (N,)
represents the number of events with |y,«| — |y,-| >
(<)0. Based on data corresponding to 4.7 fb~! of inte-
grated luminosity, ATLAS finds (2.3 = 1.2(stat) =
0.8(syst))%, in excess of the SM prediction 0.4% but
within 20 [105].

The top quark is the only quark that decays quickly,
before hadronization takes place, and its polarization
determines the kinematic distribution of its final-state

particles. Therefore, it should be possible to understand
Afp based on the kinematics of the charged lepton in the
decay of a top quark with different polarization states.
Before presenting our numerical predictions for Af;B in
Sec. V, we show analytically how the relationship of Ay
and Afy is controlled by the top-quark polarization. In this
section, we start with the kinematics of a charged lepton in
top-quark decay and derive the correlation between Af; and
Af;B. We introduce a variable Ry that is useful for bridging
the lepton asymmetry and the top-quark asymmetry.

A. Lepton kinematics and top-quark polarization

The charged lepton in top-quark decay is a powerful
analyzer of the polarization of the top quark [109]. Owing
to the V — A structure of the charged current in the SM, the
angular distribution of a charged lepton € from top-quark
decay [t — W' (— € »)b] in the top-quark rest frame is

l dr _ 1 + A, cos Oy
I' dcos 0y 2 ’

(19)

where A, denotes the top-quark helicity, and 6, is the
angle of € with respect to the direction of motion of the

014033-8



INTERPRETATIONS AND IMPLICATIONS OF THE TOP ...

PHYSICAL REVIEW D 88, 014033 (2013)

I - 3Ir—r————r
0of @ E r  (b) E,=200 GeV
Eo E 250
o8f . E St .
- o7E E ]
< : 1§ 2r . t
@ 0.6F 4 8 r
E i o E
§ 0.5? E E 1.5:
5 04fF i 3 '
L o0af e S
2 —1t, 3
0.2¢ R L 0.5
| L 3 g
A R N -3 ol e B B
o3 0.5 0 0.5 1 -1 -0.5 0 0.5 1

cosob,,

FIG. 4 (color online).
frame for a top quark with E, = 200 GeV.

top quark in the overall center-of-mass system of the 7
production process. Throughout this paper, we use the
helicity basis in our calculations. We use A, = + to denote
aright-handed top quark (), and A, = — for a left-handed
top quark (#; ). The distributions are shown in Fig. 4(a). The
charged lepton from a right-handed top-quark decay pre-
fers to move along the top-quark direction of motion, while
a lepton from a left-handed top quark moves preferentially
against the top-quark direction of motion. In the rest frame
of the top quark, 75% (25%) of charged leptons from #y
(#1) decay follow the top-quark direction of motion, i.e.
cos Oy > 0.

Once the top quark is boosted along its spin direction,
the angular distribution of the charged lepton relative to
the direction of motion of the top quark deviates from
(1 = cos 0), and it becomes sensitive to the energy of the
top quark E, (or equivalently its velocity B). We derive

di. 1 —pBcosfy + A(cos b, — B)
I'dcos 0, 2v%(1 — Bcosb,)’

where B8 = /1 — m?/E?, v = E,/m, and 6, is the angle
between the charged lepton and the direction of motion of
its parent top quark. As an illustration, we plot in Fig. 4(b)
the distribution of cos @, of the charged lepton for

|

. (20

cosd,

(a) cos By, distribution in the top-quark rest frame for both #; and #z. (b) cos 6,¢ distribution in the boosted

E, = 200 GeV. The leptons from both # and fz move
preferentially forward, more so for 7z than # . About
60% of ¢* follow the top quark (i.e., cos 8,, > 0) for #,
and almost 100% for tR.

To obtain the forward-backward asymmetry in the labo-
ratory frame, we must rotate the angular distribution in
Eq. (20) from the top direction of motion to the laboratory
coordinate axes. We use a function Rg”\’ (B, y,) to represent
the probability that a lepton with positive charge lands in
the forward region when it originates from a top quark with
velocity 3, rapidity y,, and polarization A,. Formally,

N

—r 21
N{ + N D

0N, _
RF (Br yt) -

where N{ (N§) denotes the number of leptons € in the
forward (backward) region in the laboratory. Moreover,
oM — rpbi
Agg'(B.y) = 2Rg™(B.y) = L. (22)
It is noteworthy that an explicit analytic expression can

be obtained for Rf;’)"(ﬁ, y,) in the laboratory frame. The
derivation is somewhat lengthy, and it is presented in
Appendix A 3. We obtain

Acothy, v € [0, yr],

4By>(1+y2coth?y,)¥/?’ (23)

A,coth?y,

1 1
5+ +
0, 2 2(1+7y 2coth2y,)1/2
RF (B) yt) = 1 1
2 2(1+7y 2coth2y,)!/2 -
where
1 1+8
P = —]n . 24
Vi 2 "1 =g (24)

Figures illustrating the behavior of Rf:’)”(ﬂ, y,) as a
function of y, for different choices of E;, and as a function
of y, for different choices of p, may be found in our
Ref. [90], along with a discussion of interesting kinematic

Bty ety Vi € [—y, 0],

|

features of the curves. We limit ourselves here to showing
Fig. 5 and invite readers to consult our Ref. [90]. The
energy E, =200 GeV represents top quarks produced
just above the threshold region, where the cross section is
greatest, while E, = 600 GeV pertains to highly boosted
top quarks. For right-handed top quarks #z (black solid
lines in Fig. 5), Rg increases rapidly with y, in the region
vy, > 0. On the contrary, in the case of #; s, the ratio Rg
does not vary as significantly with y,. For E, = 200 GeV,

014033-9



BERGER et al.

PHYSICAL REVIEW D 88, 014033 (2013)

F 1
0.9F 09F 3
08f 0.8f iﬁ? 3
0.7F 07F t 3
0.6 ] 0.6F 3

o O5F R I Y- E
0.4f 0.4f 3
0.3f 0.3f =
0.2f 02 () E
i E,=200 GeV ] 01k E,=600 GeV

O’\\‘\\\‘\\\‘\\\‘\\\‘\\ ot | 1 sl b b 1 g

-04 -0.2 0 0.2 0.4
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the boost causes charged leptons to distribute nearly uni-
formly, and as a result, R is close to 0.5 for the allowed
range of y,. When the energy of the top quark is great
enough, the large boost forces most of the charged leptons
from top-quark decays to move along the top-quark
direction of motion, even for 7.

B. From ALy to ALy

The functions R%™(B, y,) in Eq. (21) and AZ*(B, y,) in
Eq. (22) are functions of the top-quark momentum. To
obtain the numbers of leptons in the forward and backward
regions, we must convolve Rf;’)"(,B, y,) with the top-quark
momentum spectrum on an event—by—event basis, i.e.

_NE 20 )2
— R/\ 1 A o)
N€+N€ 0.)\ +_/ F(ﬂ yt ,B d,B dy,, ( 5)
N 1 |A .
N o 1 - R} dp A dy,
N]f; + Ng o, [[ F(B yt)] Bdy, B Vi

(26)

Af:B—— >

T r=+.-

f[ZR%(ﬁyz)—ll o, Ad/o’/\dyp (27)

d(;l:/ 4 labels the differential ¢7 production cross

section for a top quark with specific kinematics (B, y;, A;)
and o stands for the 7 total production cross section.

The observed positive top-quark asymmetry Afy indi-
cates that more top quarks are produced in the forward
region than in the backward region of rapidity. Both #; and
#;, can generate a positive lepton asymmetry A1€B from a
positive Af;. However, a #;, would need a large boost along
the proton beam line (i.e. in the large-forward-rapidity
region) to overcome the fact that most of the charged
leptons from its decay move against it in its rest frame. A
right-handed top quark 7 can yield a positive AI‘;B even for
top quarks near the ¢7 threshold region. Therefore, the large
positive top-quark and lepton asymmetries ALp and Afy

where

45 1 05 0 05 1 15

The ratio Ry as a function of y, for a top quark with fixed energy: (a) E, = 200 GeV and (b) E, = 600 GeV.

observed by the DO collaboration indicate that the top-
quark polarization and the kinematics of the top quarks,
vy, and E,, may be playing a nontrivial role.

In the SM, the vector coupling of gluons in the SM leads
to equal production of left-handed and right-handed top
quarks in the final state. After performing the convolutions
in Eq. (27), we obtain

Al _(0+038)

ZFB = 40% (28)
ALy 2

in the SM at Tevatron. The first term in the numerator is the
contribution from left-handed top quarks, and the second
term is from the right-handed top quarks. This estimate
agrees well with explicit NLO calculations [2].

This SM expectation may be contrasted with the value

= (78 = 33)% (29)

obtained from the DO measurements of AL, and Afy =
(15.2 = 4.0)% measured in the € + jets final states [2].
On the other hand, using the value A%z = (11.8 = 3.2)%
obtained from a combination of measurements in the
dilepton final states from ¢ production and the € + jets
final states, we find

= (60 * 26)%. (30)

AL
AFB

The uncertainties are large, but the central values of these
ratios exceed the SM estimate and indicate that the physics
responsible for the forward-backward asymmetry produces
more right-handed than left-handed top quarks. It would be
valuable to confirm the measurement of Ay with the full
data sample in DO and to make a similar measurement with
CDF data.

The top-quark asymmetry A can be expressed as a sum
of contributions from the SM and NP as
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_(NFP+ NM) — (MR + M)

AL, =
FB (N{:\IP + NEM) + (NEP + NgM)
= Apg" X RV + ApM X (1 - RN?),  (31)
where
ALSM NEM — NEM tNP _ NFNP — ng
FB NSM o M FB NNP 4+ NNP?
(32)

NP
RNP — Ntot

SM NP~
Ntot + Nlol

with Vi, and N being the numbers of events in which

the top quark moves with y, > 0(y, < 0) in the SM and
induced by NP, respectively, and Ntsoltd(NP ) is the total num-
ber of events predicted in the SM (induced by NP).

A simplified analysis of the correlation between Af; and
Af:B was presented in our Ref. [90] in which we assumed
that Af is generated entirely by new physics. In the explicit
numerical predictions presented in the next section all SM
contributions including the NLO QCD effects are retained.
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V. ALy AND NEW PHYSICS MODELS:
AXIGLUON AND W/

The correlation between the charged lepton asymmetry
and the top-quark asymmetry is significantly different
for different polarization states of the top quark, and
it may therefore shed light on the nature of the physics
that causes the forward-backward asymmetries at the
Tevatron. In this section, as in our previous study [90],
we choose the W’/ and axigluon models as two reference
models to examine the correlation at the Tevatron and the
LHC. The results we show here for the Tevatron are
slightly different from our previous results because we
now use parameters obtained in Sec. Il from our fit to the
CDF 8.7 fb~! data set. In addition, we present predictions
for the LHC.

The axigluon and W’ models admit good fits to ALy at
the Tevatron, but they provide distinct predictions for the
polarization and kinematics of the final-state top quark.
The W’ model produces dominantly ¢z while the axigluon
model generates an equal number of fz and # with more

25

(%)

!

o1
T

FB

0 5 10 15 20 25 30

FIG. 6 (color online). Upper two panels: Correlation between AgB and Al for the W’ (left) and axigluon (right) models at the
Tevatron. Different colors of dots indicate different mass ranges. In the W’ model, red: 100 GeV ~ 300 GeV, green: 400 GeV ~
500 GeV, blue: 600 GeV ~ 800 GeV, yellow: >800 GeV. In the axigluon model, red: 800 GeV ~ 1300 GeV, green: 1400 GeV ~
1700 GeV, blue: 1800 GeV ~ 2100 GeV, yellow: >2200 GeV. The (blue) square point is the DO data AéB = 11.8 = 3.2% with its 1o
uncertainty. The (red) vertical line shows ALz measured by CDF in the 8.7 fb~! data set, and the two vertical (black) dashed lines
present the 1o uncertainty band. Lower two panels: The correlation between A{ and Aé at the LHC for the W' (left) and axigluon
models (right). The vertical (horizontal) line and the two dashed lines show the central value of A{. (Af;) and the 1o uncertainty bands

measured by ATLAS at the LHC.
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FIG. 7 (color online). Two-dimensional differential distribution, (N'(p,, y,) — N'(p, —¥,))y,>0/Ni for (a) the W’ model with
myy = 200 GeV, and (b) the axigluon model with mg = 1.8 TeV. The dashed line indicates 2Rg — 1 = 0.5 for each model, with
2R — 1 >0.5(<0.5) on the right (left) side of the curve. The coupling strengths in the new physics models are chosen so that ALy and

A]‘Z-B are accommodated.

energetic top quarks since the quarks come from the
decay of a heavy axigluon. In Fig. 6, we show the results
of our calculation of the charged lepton asymmetry using
the parameters determined in our 1o fits to the #f total
cross section and the most recent CDF data on Afg
[Afg(m; <450 GeV), Afg(m;>450 GeV) and Alg].
The upper two plots show the charged lepton asymmetry
as a function of the top-quark asymmetry at the Tevatron.
The lower two plots display the charged lepton asymme-
try for the LHC together with the top-quark charge
asymmetry A¢. For the Tevatron, the values of A, are
determined in the 7 rest frame whereas, for comparison
with the DO point shown, A% is in the laboratory frame.
For the LHC predictions, both at AL and at AL are in the
same frame.

There are vertical (red) lines in Fig. 6 at Ay ~ 16%
in the Tevatron plots and at Al ~ 0.03 in the LHC plots
to show the central values of the asymmetries mea-
sured by CDF and ATLAS, respectively, and two
(black) dashed lines in the upper and lower plots to
show the extent of the quoted experimental 1o uncer-
tainty bands. The horizontal (red) line in the LHC plots
shows the central value of AL measured by ATLAS at
the LHC, and the horizontal (black) dashed lines show
the 1o uncertainty values. Since the CDF collaboration
does not present the charged lepton asymmetry AfQB, we
show only the DO data ALy = (11.8 = 3.2)% as a (blue)
square point.

The calculated charged lepton asymmetries stretch out
over a range of values depending on the values of the
axigluon or W' masses used in the fits to the Tevatron
data. At the Tevatron, the charged lepton asymmetry
spreads from 3% to 17% in W’ the model, and over a
narrower range, from 6% to 13%, in the axigluon model.
The DO data point is in agreement with both models
within uncertainties. At the LHC, there are parameters in
both models (obtained from the Tevatron fits) that can
reproduce the values of A and Ag measured at the LHC

by ATLAS, shown by the fact that the intersection of the
vertical and horizontal (red) lines passes through the
scattering of dots. On the other hand, there is a wide
range of dots in the W’ model that are above the central
values of AL and A{, and out of the 1o uncertainty
band. In the axigluon model, all the values of A{ and
A¢ are consistent with ATLAS measurements within the
lo bands. It is evident that LHC and Tevatron data
together could reduce the allowed parameter spaces of
the two models.

The best fits to the lines of points in Fig. 6 at the
Tevatron are

Afg = 0.77 X Aly — 3.6%(W');

(33)
Afp = 0.50 X ALy — 1.0%(axigluon).
For the LHC, the best fits are
AL = 0.85 X AL — 0.002(W');
34

A& = 0.61 X AL + 0.0008(axigluon).

In order to gain greater insight into these correlations,
we examine two-dimensional differential distributions of
Al = (N} — Nj)/N,y as a function of the top-quark ra-
pidity and transverse momentum. In Fig. 7 we show these
density plots for a 200 GeV W' (left) and a 1.8 TeV G’
(right) at the Tevatron. Different shadings (colors) show
different densities of (N'(p, y,) — N'(pr, —=¥1))y,>0/Nior-
The top-quark forward-backward asymmetry ALy is ob-
tained after integrating over the rapidity y; and transverse
momentum (p%) of the top quark. As we can see, most of
the events which contribute to the top-quark asymmetry
concentrate in the region of pr about 50-150 GeV (the
axigluon model has more events with high pt), and y,
about 0.4-1.2.

In Fig. 7, we also show the curve of 2R — 1 = 0.5 as
a red dashed curve. Events to the right (left) of the curve
denote values 2Rp — 1 > (<)0.5. Note that 2Rr — 1 is
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the weight when we convolute with the differential Afy
to obtain the charged lepton asymmetry, cf. Eq. (27).
Therefore, a larger charged lepton asymmetry is ex-
pected when there are more events to the right of the
red dashed curve. In the W/ model, events that contribute
to Afp are more concentrated in the region 2Rp — 1 >
0.5 than for the axigluon model, consistent with the fact
that A%y /ALg in the W' model is larger than in the
axigluon model.

The size of the top-quark asymmetry, in excess of
SM expectations, is one indication that new physics
may be playing a role. The charged lepton asymmetry
provides a second and independent indication of the
presence of new physics since it points toward the
possibility that more right- than left-handed top quarks
are being produced. It is important to confirm the
charged lepton asymmetry. This goal could be realized
with an analysis of the full data set in DO. We also
encourage the CDF collaboration to measure the
charged lepton asymmetry.

VI. SUMMARY AND DISCUSSION

A forward-backward asymmetry in rapidity AL of
top quarks is observed at the Fermilab Tevatron. Its
value exceeds SM expectations by ~3¢, perhaps indica-
tive of the presence of new physics contributions in the
top-quark sector. In this paper we expanded consider-
ably on our previous studies of implications of the
asymmetry and included new predictions for the related
top-quark charge asymmetry at LHC. Starting from the
CDF value of ALz obtained in the analysis of their
8.7 fb~! data set, we derived the allowed regions in
parameter space of three illustrative new physics mod-
els, based, in turn, on the exchange of a flavor-changing
heavy Z' or W' in the r channel, or the contribution of an
axigluon G’ in the s channel. The asymmetry data alone
now show that the minimal Z' model is disfavored, a
conclusion reinforced by the negative search by CMS
for pairs of like-sign top quarks at the LHC. For the W'
and G’ models, we have shown that the parameter space
allowed by the asymmetry data is constrained further by
LHC searches for tf-plus-one-jet events and for en-
hancements in the dijet mass distribution, respectively.
More sophisticated models can certainly be devised as
extensions of the simple Z’, W/, and axigluon G’ models
considered here. Our conclusions are limited to the
models defined in Sec. II.

Our analysis of the Tevatron data was then used to obtain
predictions for Ac at the LHC. First, the association of the
asymmetry Ap, with the quark-antiquark initial state
allowed us, by an extrapolation in energy, to obtain an
estimation of A = 0.1A%L, in agreement with the central
value of the ATLAS measurement but in excess of the
central value of the CMS data. Explicit calculations of
Ac based on the allowed parameter space of the W’ and
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G’ models are shown in Fig. 3 and compared with the LHC
measurments by ATLAS and CMS. These calculations
confirm that it is difficult to reconcile the CMS measure-
ments of Ac with the parameters determined from fits to
Al at the Tevatron. On the other hand, the ATLAS data are
readily accommodated. The available LHC data on Ac are
based on a sample with only 4.7 fb~! of integrated lumi-
nosity. A reduction of the experimental uncertainties could
justify stronger conclusions regarding the compatibility of
the Tevatron and LHC measurements, and a combined
analysis of full statistics data from both colliders would
offer significant advantages.

As discussed in Sec. II, we fit Tevatron data on the
inclusive total cross section for 7 production and Afg in
order to determine the parameters of the new physics
models under consideration, explaining the reasons why
we do not include data on the differential cross section in
the invariant mass m; [see, in particular, the paragraph
immediately following Eq. (9) and the next-to-last para-
graph of the same section]. More recent measurements of
the m,; distribution at the LHC by the ATLAS [110] and
CMS [111,112] collaborations invite consideration of a
different approach from ours, in which data from the
Tevatron and the LHC are used in a joint fit to determine
model parameters. The inclusion of differential data
could provide further constraints on the allowed parame-
ters of models of new physics. No excess beyond the
prediction of the SM is observed in the region of large
m,; in the LHC data, suggesting stringent limitations on
models that predict an increase in the #f rate at high m;.
This constraint was investigated in Refs. [14,24] where
the cross section o(m,;; > 1 TeV) was required to remain
within 50% of its SM value. The Z’ model is shown to be
further excluded by this requirement, while the W’ model
is constrained with a tiny positive contribution to Af. For
an s-channel axigluon model, our results in Sec. II show
that dijet searches at the LHC exclude a narrow-width
axigluon whose mass is in the range [800, 2500 GeV].
Moreover, as we mentioned, there are subtleties in the use
of the m,; distribution in attempts to constrain a G’ with
broad width.

Once statistical precision improves sufficiently at large
values of m;, there is no doubt that fits to the differential
distribution in m,; should be done. However, we caution
again that a thorough analysis would require computation
of the new physics contributions at NLO, include the
effects of parton showering, and take into account experi-
mental acceptance cuts whose effects are particularly
significant at large values of my, (cf. Ref. [10]). The
analysis in terms of new physics models is also compli-
cated by the fact that data on the m, distribution are
unfolded in terms of the SM shape and cut efficiencies.
When considering models more sophisticated than those
we have used here for illustrative purposes, one should
bear in mind that the UV completion of the effective
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model can include the introduction of new particles that
affect the reliable prediction of the large-mass tail of the
m,; distribution (see, for example, Refs. [16-19,21]). We
readily acknowledge the value of the differential distribu-
tion in my for constraints on models, but we defer this
study to future work.

In addition to the top-quark asymmetry, the charged
lepton forward-backward asymmetry AﬁB is also mea-
sured at the Tevatron. The DO collaboration reports
Afy = (11.8 £3.2)%, about 2.2 standard deviations
above the SM value. In Sec. IV and in the Appendix,
we explain the kinematic and dynamic aspects of the
relationship between the asymmetries Al and A%, based
on the (V — A) spin correlation between charged leptons
and different polarization states of the top quark. We
have shown that Af; and Al are strongly positively
correlated for right-handed top quarks. For left-handed
top quarks, the strength of the correlation depends on
how much the top quark is boosted. Since most of the 7
events are produced in the threshold region, the positive
values of ALy and A%, measured at DO indicate that more
right-handed than left-handed top quarks are being pro-
duced, in contrast to the SM expectation of equal rates.
This is a second manifestation of the disagreement of
asymmetry data with the SM, independent of the dis-
crepancy of the magnitude of Af;. We hasten to remark,
however, that the current uncertainties are large. The
reported DO data are based on only about half the
recorded data set. Analysis of the full DO data set is
desirable, and it would be helpful to have an independent
measurement of A%, from the CDF collaboration. There
is great value in making measurements of both Alg
and ASg because their correlation can be related through
top-quark polarization to the underlying dynamics of
top-quark production.

In Sec. V, we presented predictions for the correlation of
Afy with ALy at the Tevatron, and for the charged lepton
asymmetry Aé with the top-quark asymmetry A¢ at the
LHC. These predictions are based on the allowed parame-
ter space of the two benchmark new physics models, the
W' and G’ models, determined from our fit to the CDF data
on Afg. In the case of both models, the allowed parameters
produce a range of values for the ratios AL /AL at the LHC
and Afp /ALy at the Tevatron, aligned along approximately
straight lines in plots of AS vs AL and Afy vs ALg. Ideally,
precise data would provide a definite point in the two-
dimensional plot and tightly constrain the parameter space.
The two benchmark models we consider are illustrative of
the spectrum of possibilities in that the axigluon model
produces an equal number of right-handed and left-handed
top quarks, whereas the flavor-changing W’ model pro-
duces dominantly right-handed top quarks.

As a final point, we remark that the definitions of the
asymmetries require a specification of the reference frame
in which they are measured, whether the laboratory frame
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or the #7 rest frame. In this paper, we begin with Af; in the
1t rest frame since the highest statistics value of ALy is
measured by CDF in the ¢7 rest frame at the Tevatron. On
the other hand, the only Tevatron data on Af are measured
by DO in the lab frame. To take frame dependence into
account, one could begin from

Afg(lab) _ Afg(lab) Afp(lab)
Apg (1) Afg(lab) Afg(e7)

The boost tends to reduce Ay in the laboratory frame
relative to the ¢f frame [38]. The reduction is about
30% for the SM, but may be different when new physics
is included since the kinematics of #7 change slightly. As
a result, Afp(lab)/ALy(¢7) will be smaller than Af;(lab)/
Al (lab). Rather than apply uncertain correction factors,
we used the DO laboratory frame data on Afg, but we
urge the DO collaboration to measure their Ay in the
laboratory frame in order to have a more transparent
comparison with new physics predictions. A better com-
parison with theoretical expectations of the correlation
between the charged lepton asymmetry and top-quark
asymmetry would be possible with a DO update of AféB
and ALy in the same frame with their full data set.

(35)
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APPENDIX: ENERGY AND ANGULAR
DISTRIBUTIONS OF THE CHARGED LEPTON

We present our detailed calculation of the energy and
angular distributions of the charged lepton from the decay
t— Wrb— bl

1. The charged lepton distributions

In the top-quark rest frame, the energy and angular
distribution of the charged lepton €7 is

dr am, 1+ Az
= 1 —
dxdz 32wAB X %)

A
Arctan[ al

] @

where x = 2E,/m, (E, is the energy of the charged lepton)
and z =cos6. The angle 6 is the angle between the
direction of motion of the lepton and the top-quark spin
direction, A, denotes the helicity of the top quark (A, = +
for a right-handed top quark while A, = — for a left-
handed top quark), A = I'y,/my and B = m3,/m?. The
function Arctan is defined as
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x=0,

x <0.

arctan x,
Arctan(x) =
7r + arctan x,

Taking the narrow-width approximation for the W, we
have

1+ Az
2

ar _ agym,

. 1 —
inde 324 7Y

®(x — B),

(A2)

where O(x) is the Heaviside step function, and
O(x — B) ensures the top quark decays into an on-shell
W boson.

Note that the energy distribution and the angular
distribution are separable functions in the top-quark
rest frame. This implies that, after an integration over
the angular distribution, the energy distributions of the
leptons are identical from left-handed and right-handed
top quarks.

2. Ry along the direction of motion of a
boosted top quark

We consider next a boost of the top quark along its
helicity axis with a velocity 8. As a result of the boost,
the angular z and energy x = 2 E,/E, distributions of the
lepton become correlated.

The lepton momentum and angular distribution in this
new frame of reference is

ar  a%m, «x x
dxdz GAAB 1— 32[ — g ZB)]
_ Y
><<1+/\tZ B)@(x—w)
1—2z8 1—z8
Since the lepton’s energy spectrum cannot be negative, the

upper limit of the integration over x is determined by the
following condition:

x _1-p
= Bz (1 ZB) =0, 1.€. m

Xmax =
(A4)

(A3)

1_

The lower limit is fixed by the Heaviside function in
Eq. (A3),

1-p?
l—zB'

Figure 8 shows the lepton distribution along the direction
of motion of the top quark Z(p,) in the boosted frame. The
intercepts along the Z axis (i.e. the four black-bold points)
are determined by the upper and lower limits of x stated
above. Only the shaded region is allowed by kinematics,
and the inner white region is excluded by the on-shell
condition of the W boson. The angular distribution of the
charged lepton is

Xmin = B (AS)
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Y
1 B(1+ )

i

FIG. 8. [Illustration of the charged lepton distribution from a
boosted top quark in the laboratory frame. The top quark is
moving along the Z axis. The white inner region is not allowed
for an on-shell W boson. The four black-bold points along the Z
axis show the limits of integration of the charged-lepton energy
ratio Xx.

AU _ [ dl
dz )., dzdx
_ajm,(1=B)*(1+2B)(1 — B[l —z8+ \(z— B)]
384AB(1 — z8)° ’

(A6)

dx

from which we obtain the normalized angular distribution,

1dl _ (1= B[ —z8+ Az~ B)]
T dz 2(1 — zB)} ’

Along the direction of motion of the top quark, the
charged lepton is in the forward region with z=cosf >0
and in the backward region with z = cos # < 0. The partial
width of the charged lepton in the forward region is

1dI’
I'r = —d
E ,/;)dz <

2
_ Qyiny

" 384AB

(AT)

(1 = 382 +2BY)(1 + ,8)[1 + %(1 - ,8)],
(A8)

and the partial width of the charged lepton in the backward
region is

0 dI’
Iy = —d
B ,[—1 dz*
— S 3 o) - ,8)[1 Ay B)]
384AB 2 '
(A9)
The forward fraction ratio R is
' 1+ 8
Rp = = 2+ A1 = B)]. Al0

Since B = 1, Rg for a right-handed top quark is always
larger than 75%. On the other hand, for left-handed top
quarks, the leptons tend to move opposite the direction
of the boost in the top-quark rest frame. Owing to this
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\ ¥]

FIG. 9 (color online). Illustration of the charged lepton distri-
bution from a boosted top quark in the laboratory frame. The
capital X, Y, Z axes denote the laboratory frame, with the Z axis
being the direction of the beam line. The top quark is boosted
along the 7 axis.

antiboost effect, there is a critical point of Rgp = 50% for a
left-handed top quark. The critical point occurs at 8 =
V2 —1=0414,ie. E, = 191.5 GeV.

3. Ry in the laboratory frame

The direction of motion of a top quark does not gener-
ally coincide with the beam direction, and, therefore, the
ratio Rg derived in the previous section does not describe
the probability of finding a charged lepton in the forward
region of the detector. In this section we generalize Ry to
the situation in which the top-quark kinematics in the
laboratory frame are described by its velocity 8 and rapid-
ity y,, or equivalently, by its traverse momentum py and
rapidity y;. To obtain Rg, we will rotate the lepton momen-
tum and angular distribution in Eq. (A3) to the laboratory
frame and then integrate over the forward hemisphere in
this laboratory frame.

Figure 9 illustrates the charged lepton distribution in the
laboratory frame whose axes are labeled (X, ¥, Z). The top-
quark boost is along its helicity axis 7). The calculation of
the decay distribution of the lepton can be carried out in the
new frame (£, £, 7). The angle between 7 and Z is denoted
0, with k= —tan®. For simplicity we require one
common transverse direction for the two frames, X and
fA . The important point to make is that the transverse plane
P ()? - Y), which separates the forward (Z > 0) and back-
ward (Z < 0) regions in the laboratory, is not perpendicular
to the direction of motion of the top quark. Our task is to
calculate the fraction of the charged leptons that fall in the
forward region Z > 0.

The major semi-axis of the decay ellipsoid is the
n-axis direction, with focus at the origin of the two
coordinate systems, the top-quark decay coordinate
frame and the laboratory frame. The & axis lies in the
transverse plane P, and the relationship of the values of
7 and ¢ for points in this plane is given by the equation
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of the line obtained by projecting the efa and zeta axes
onto plane P,

n=k¢, k<. (A11)
We introduce polar coordinates,
&=sinfcos¢p, (=sinfsing, m=cosh, (Al2)

where 6 is the polar angle, and ¢ is the azimuthal angle
in the frame (é, Z , 7). Throughout this work we choose
the convention that the ¢ angle is in the region [0, 27),
which means 0 = ¢ <27. In terms of these polar
coordinates, the equation relating points in the plane P
becomes

cot @ = ksin ¢. (A13)

Consider the case of a top quark with positive rapidity
(k =0, i.e. y, = 0). Charged leptons on the right (left) of
the P plane are in the forward (backward) region in the
laboratory. Their momenta satisfy the conditions 1 > k{
(p < k), respectively. In the polar coordinates, the
conditions become

cot @

k- (Al4
cot @ )

backward region: sin ¢ < o

forward region: sin ¢ >

These two inequalities then specify the region of integra-
tion over the 6 and ¢ angles as follows:

(i) cot@/k = —1: the condition sin¢ >cotf/k is
always valid. Therefore, the charged lepton is always
in the forward region. The integration regions are
0 = arccot(—k) and ¢ € (0, 27).

(i1) cot@/k = 1[i.e. & = arccot(k)]: there is no solution
because no ¢ can satisfy sin ¢ = cot/k = 1.

(iii) —1 <cot@/k <1: When 0 > 7/2,

NS (arcsin (?), 7r — arcsin (CO]E 9)), (A15)

and for 6 < /2,

¢ E [O, 7 — arcsin <C0]: 0))

U <27T + arcsin <¥), 277). (A16)

We summarize the integration regions in Table I.
The lepton spectrum from the decay of the top quark is

dl__ _aym__x [1_X(1—zﬁ)]

dxdzd¢ 1287AB1— 3 -2
=B _B(1-p%)
x(1+A,1_ZB)®<x T—F ) (A17)

The partial width for a lepton in the forward region is
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TABLE I. The integration regions of the # and ¢ angles. Note k < 0 by definition.

cos # o)
Part [ (—71'<+_k 1) (0, 277)
Part 11 (O - m) [0, 7 — arcsin (<9)) U (27 + arcsin (<%9), 27)
Part 11T (ﬁ 0) (arcsin (%39, 7 — arcsin (<L9))
Part IV (—1.7) %

g bm dl
I = d
¥ / f =g qu dvdzddp*?
J [“, £ 2qdl

( 192)
ol =)
BU- ﬁz) dxdzdd) f(l ﬁ2) dxdzd¢|:77 aresin W1 — 22
k

1
= dz——i—f Wdz [77— 2arcsin(4):|. (A18)
:[_\/lk? . mdz kvl — 22 ;
F§) r\;;)

The values of ¢,,;, and ¢, are listed in Table I, and FEA) is

Y a+p
I' a1+ + kB2

The calculation of F(FB) involves more steps. After integrating over x, we obtain

F(B) _ 7\/]k+7 B ] z (1 _ :82) B -
% —j ; dZI:7T 2arcsm(k\/m>:|477(1 e [1-=A8+ (A —PB)z]

X{A(1—=B)+2[1+ K1+ B)+kV1+ K01+ )L (A19)

M kBt ( kt ):I k(1 — B?)(m — 2 arcsint)
Y 7 [ L Y S —) ] B , A20
f—l ) tl: V1 + K22 V1 + k22 p 4w (V1 + kK*t* — kBt)? ) (A20)

J
where we change the integration variable z to ¢ = z/(kv/1 — z%) in the second step. The integration can be done

analytically, but special care is needed at the upper and lower limits where the integral is not analytically continuous.
We approach the upper bound from the left and the lower limit from the right, obtaining

i _ B A+ =) 0 5,
lim ff(z)dt e + ST R0 - TR 2771 (kV1 + k2)
lim /f(t)dz = - B k"l +HRI-p)+B_ A1+ -5 n A1 = B?)
—(-1* 4 /1 ¥ k2(1 _ BQ 2[1 + kz(l — ﬁ2)] 8[1 + k2(1 _ IBZ)]3/2 4(m N k,8)2
- é In (kV1 + &2). (A21)

Hence, I‘;B) /T is

re _ B LA =) WITRO-I+B A1 =B

T TR - 41+R1-BF2 A1 +R1 -] a1+ K+ kB>
Finally, for a top quark in the forward region, i.e. kK = 0 or y, = 0, the fraction of leptons in the forward region is

I' 2 2T+ 2—2p 40+ —i2gH)¥*

(A22)

Ry
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For a top quark in the backward region the result is 1 — R (choosing the opposite k).

We may use k> = tan’0@, =

+

—1 + B2coth?y, to make the connection to the top quark rapidity more apparent,

Acoth?y,

N—

Rl/;’(ﬂ’ yt) =

! +
2(1+7y 2coth2y,)!/2

=
4By2(1+y 2coth 2y,)3/2’ i = 0,

Acoth?y,

(A24)

2 2(1+7y 2coth2y,)!/2

4By2(1+y 2coth 2y, )32’ Vi< 0.

One could also choose pt (the transverse momentum of the top quark) and y, as the independent kinematic variables.

Using the kinematic relations

csch
k= u, B = \/ sech 9, (A25)
mt + pT
one can rewrite Ry as
1 1 mZesch®y \—1/2 | A, {m2csch?y, m? csch Bl 3/2(1 _ mZsech’y\—1/2
o[ e ) - s
F\FT> Ve —
1 m?csch?y \—1/2 ), (m?csch’y, mZesch?y,\=3/2( 1 _ m?sech?y,\—1/2
Pa() O ) ) s
|
4. Critical behavior of Ry to obtain p§, we find
A few interesting features of the ratio Rg are worthy of
note. For left-handed top quarks, when pr is not large, peak m? + (p$)? — Zp%,/m,z +(p$)? _ 0 (A28)

structure is present in R;\’( p1.y:), and there is more than
one value of y, which satisfies the equation Ré‘( B,v,)=0.5.

In principle, a peak position can be obtained by solving
the equation

ORg (pr.y) _
ay;
The derivative is not amenable to an analytic solution, but
we can still determine the critical value of p%. When pp >
p§, there is no peak structure in Ré’(pT, v:). When pr <
s, Ré’(pT, v,) shows peak structure for left-handed top
quarks. Solving

(A26)

Aif ¢
dRg (pT, Vi) -0

(A27)
ayt =0

4m,p5

The only physical solution is p§ = m,/ V3 =100 GeV.

For left-handed top quarks, there are values of the boost
for which the equation Rl)_l’(,B, v,) = 0.5 has more than one
solution. In this interval of S, Ré’(ﬁ, y,) is not far from 0.5
and is nearly constant. The solution of Rl)‘;’(ﬁ, y;) = 0.51s
coth?y, = —y*(1 + 2%)". Because k= —1+ B%coth?y,
should be greater than 0, we require coth?y, = 1/82. In
the region 8 € (V2 — 1, %) we find that Ré’(ﬁ, y,) is nearly
constant for left-handed top quarks. The corresponding
values of the energy of the top quark are E, €
(191.5 GeV, 201.3 GeV).
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