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We propose to measure the threshold lepton asymmetry, that is the forward-backward asymmetry of the

charged lepton in t�t events near the production threshold. At threshold, top quark pairs are produced in an

s-wave. Angular momentum conservation then implies that the top spins equal the spin of the initial state

which—in the case of quarks—is uniquely fixed by the chirality of the initial quarks. Thus, measuring

final-state top spins determines the chirality of the quarks which produced them. Information about the top

spins can be extracted by measuring the angular distribution of the charged lepton in semileptonic or

dileptonic decays of the top pair. One such distribution, the threshold lepton asymmetry, vanishes in tree-

level QCD but is nonzero if new physics modifies the relative contribution of right-handed and left-handed

quarks to top pair production. This is interesting because realistic models addressing the anomalous t�t

asymmetry have chiral couplings to light quarks. Models with identical t�t asymmetries at the Tevatron can

be distinguished by their threshold lepton asymmetries, which range between plus and minus 25% in

realistic models.
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I. INTRODUCTION

The top quark’s large mass of order the electroweak
scale suggests it may have a significant coupling to new
physics in the sector which breaks electroweak symmetry.
This makes top quark physics a natural place to test the
consistency of the Standard Model (SM) and to search for
effects of new physics. Experiments at the Tevatron and the
LHC have targeted several properties of top quarks, such as
the single and pair production cross sections, pair produc-
tion asymmetries, polarization, and spin correlations. So
far only one of these measurements—the forward-
backward asymmetry of t�t pair production at the
Tevatron At�t

FB—has shown a significant deviation from
the SM. Both CDF [1] and D� [2] Collaborations report
inclusive At�t

FB with central values of order 20% and more
than 2� away from the prediction based on next-to-leading
order (NLO) QCD [3,4]. Moreover, CDF (though not D�
[2]) observes a strong dependence of At�t

FB on the invariant
mass of the top pair [5]. The forward-backward asymmetry
of the charged lepton in semileptonic [2] and dileptonic [6]
t�t events is also larger than the SM prediction. It is intrigu-
ing that despite noticeable differences between the indi-
vidual measurements, they show a large positive
asymmetry that cannot be accounted for by known SM
processes.1 Generating sizable At�t

FB requires the presence of
a new particle with chiral couplings not only to the top but
also to the light (up and/or down) quarks. This implies
that models that generate large At�t

FB also predict that

observables related to top quark polarization will be
affected [8–11].
In this paper we point out that it is interesting to inves-

tigate the forward-backward asymmetry of the charged
lepton in q �q ! t�t events near the production threshold.
This observable has a simple and intuitive theoretical
interpretation, namely it measures the relative contribution
of qR �qR and qL �qL to top pair production at threshold. The
reason is that at threshold the top pair has no orbital angular
momentum, therefore the top spins are determined by the
chiralities of the quarks which produced them. As usual,
the top spins can be statistically measured by looking at the
angular distribution of the charged lepton, which is pref-
erentially emitted along the top quark spin and oppositely
to the antitop quark spin.2 At tree level the SM predicts
equal contributions from qR �qR and qL �qL to t�t production
and therefore a vanishing threshold lepton asymmetry. On
the other hand, new physics models predicting large At�t

FB

always involve different couplings to left- and right-
handed light quarks (for a review and references, see
Refs. [13,14]) and therefore predict positive or negative
values for the threshold lepton asymmetry. We argue that in
many cases the threshold lepton asymmetry offers a
stronger discriminating power than previously considered
measures of top polarization. From the experimental point
of view the measurement is relatively straightforward,
especially at the Tevatron where q �q is the dominant top
production mode and where a large fraction of the t�t pairs
are produced close to threshold, vtop � c. Unlike the

1There is still room for improving the precision of SM pre-
dictions, especially concerning the effects of experimental cuts
on the measured asymmetry. For recent discussions see Ref. [7].

2The analyzing power of top spins has long been understood;
see for example Ref. [12].
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measurement of spin correlations, the lepton asymmetry
only requires looking at a single lepton independently of
the rest of the event. Therefore it can be measured in
semileptonic as well as in dileptonic top events. Given
the size of the top sample accumulated by the Tevatron,
the threshold lepton asymmetry can be measured with a
reasonably small statistical error.

II. THE ARGUMENT

Consider top quark production in a collision of ultra-
relativistic quarks with definite helicity or, equivalently,
with definite chirality. In principle, there are four distinct
chirality configurations of the quark-antiquark pair: qL �qL,
qL �qR, qR �qL, qR �qR. In a given physics model only a subset
of initial states may lead to t�t production. For example,
ignoring the light quark masses, QCD produces t�t pairs
only from the qL �qL and qR �qR initial states.

For definiteness, we first focus on the initial state qR �qR.
A right-chirality quark has spin in the direction of its
motion, i.e., positive helicity. Right-handed antiquarks
have negative helicity. Therefore, quark and antiquark
have opposite helicities, and since they are moving in
opposite directions, their spins are aligned. Thus, the initial
state has total spin 1 and polarization in the direction of the
incoming quark (we will call this direction the positive z
direction). Since the incoming quarks do not have orbital
angular momentum in the z direction, the z component of
the total angular momentum is also 1. Using angular
momentum conservation, the final state must have angular
momentum 1 in the positive z direction. But at threshold
the top quarks have no relative velocity and no orbital
angular momentum; in other words, the production process
proceeds through s wave, independently of assumptions
about the interactions (i.e., QCD or new physics). It fol-
lows that the top spins must be aligned and point in the z
direction in order to equal the spin of the initial state.

The spins of top quarks can be determined statistically
by measuring the direction of the decay products. In par-
ticular, it is well known that the charged lepton in leptonic
top decays is a ‘‘perfect’’ top spin analyzer. For the top,
the direction of the positively charged lepton follows the
distribution

1

�

d�

d cos �
¼ 1

2
ð1þ cos�Þ; (1)

where � is the angle between the momentum of the out-
going lepton and the top spin in a reference frame where
the top quark is at rest. For the antitop the situation is
reversed: the negative lepton has a 1� cos � distribution
with respect to the antitop spin. Thus, a process in which t�t
pairs are produced at rest from an initial state with right-
handed initial quark chiralities predicts a distinctive angu-
lar distribution in semileptonic or dileptonic decays: the
positively charged leptons are predicted to go mostly in the
positive z direction with the distribution Eq. (1), whereas

negatively charged leptons are emitted mostly in the nega-
tive z direction. To quantify this effect, one can define the
lepton asymmetry,

A‘
FB ¼ Nlðql cos �l > 0Þ � Nlðql cos�l < 0Þ

Nlðql cos �l > 0Þ þ Nlðql cos�l < 0Þ : (2)

Here �l is the angle between the lepton and the incoming
quark directions. For the qR �qR ! t�t process in the t�t rest
frame (where both the top and antitop are at rest at thresh-
old) we obtain the threshold lepton asymmetry A‘

FBð
ffiffiffi
s

p ¼
2mtÞ ¼ þ50%.
If the initial state consists of left chirality quarks, qL �qL,

all spins are reversed. In this case the t�t pair at threshold
has spins in the negative z-direction and A‘

FBð
ffiffiffi
s

p ¼ 2mtÞ ¼
�50%. More generally, by measuring the angular distri-
bution of the charged leptons in semileptonic or dileptonic
top decays one can determine what fraction of t�t events at
threshold originated from left- or right-handed initial
quarks. Of course, QCD is parity symmetric and predicts
equal admixture of left- and right-chiral initial quarks.
Thus, the QCD prediction is A‘

FBð
ffiffiffi
s

p ¼ 2mtÞ ¼ 0 at the
tree level (in fact, this holds for arbitrary

ffiffiffi
s

p
). If, however,

there are new physics contributions to t�t production for
which the couplings to left- and right-chiral fields differ,
one expects a nonvanishing lepton asymmetry.
Several comments are in order.
(i) At threshold the t�t pairs are at rest, therefore the

forward-backward asymmetry is ill defined. In con-
trast the leptons are always boosted as a result of the
decay of the massive top, and the lepton threshold
asymmetry can be defined. In this sense, the thresh-
old lepton asymmetry A‘

FB is independent of the t�t
forward-backward asymmetry At�t

FB. In fact, it is easy
to construct models in which the inclusive At�t

FB and
A‘
FB have opposite signs. The threshold lepton asym-

metry is also distinct from spin correlations. The
latter are sensitive to the relative directions of
the spins of top and antitop, and at threshold it takes
the same value (þ 1) regardless of whether the top
pair is produced by qR �qR or qL �qL. At a practical
level, note that the spin correlation requires the
decay products of both top and antitop as an input,
whereas in the case of the lepton asymmetry it is
sufficient to look only at the lepton from either the
top or antitop. In particular, the lepton asymmetry
can be measured in semileptonic events. Finally,
there are important differences between the thresh-
old and inclusive lepton asymmetries. As we dis-
cussed, the former depends only on the chirality of
the initial quarks, while the latter is also sensitive to
the chiralities and the forward-backward asymmetry
of the final state tops. Again, there exist models
where the threshold and inclusive asymmetries
have opposite signs.
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(ii) Apart from the lepton asymmetry it is interesting
to study the dilepton asymmetry which can be de-
fined in events in which both top quarks decay
leptonically,

A‘‘
FB ¼ Nð�‘þ >�‘�Þ � Nð�‘þ <�‘�Þ

Nð�‘þ >�‘�Þ þ Nð�‘þ <�‘�Þ
; (3)

where � is the pseudorapidity. At the t�t threshold,
the dilepton asymmetry, much as the single lepton
one, directly measures the initial quark helicities. In
particular, for a purely qR �qR initial state, it takes the
value þ2=3, while for qL �qL it is �2=3, indepen-
dently of other details of the production process.
Thus the threshold dilepton asymmetry is an even
more sensitive probe of light quark polarization than
the single lepton one, at least in theory. Moreover,
the dilepton asymmetry has the advantage of being
invariant under longitudinal boosts. On the other
hand, the disadvantages of the dilepton observable
are a more challenging t�t invariant mass reconstruc-
tion and smaller statistics.

(iii) While the argument given above applies at the strict
t�t threshold it is clear that corrections to our analy-
sis scale like a model-dependent power of vtop. As

long as the top quarks are nonrelativistic, we expect
the correlation of the top spins with the beam
direction to persist. We will present numerical ex-
amples which quantify this in the next section.

(iv) The analysis presented here is only valid at leading
order and higher order corrections, for instance due
to emission of extra gluons, would change our
analytic results. However, we do not expect these
effects to change the qualitative argument discussed
above. Next-to-leading-order corrections to the
spin analyzing power of the lepton daughter or the
spin-spin correlation coefficient were recently dis-
cussed in Ref. [15] and found to be important but
still subdominant.

(v) The spin effect discussed here does not depend on the
chirality of the top quarks produced. In fact, since the
top quarks are at rest their chirality is not a good
quantum number, only the top spins matter and these
are completely determined by the initial quarks.

(vi) The size of the effect predicted here is diluted by
production of t�t pairs from initial state gluons,
which clearly does not lead to any asymmetry. At
the Tevatron this is not expected to be a big effect as
within the SM 80% of the top production is from
initial quark antiquark annihilation. At the LHC,
due to the domination of the gluon contribution and
the symmetric initial state, more complicated ex-
traction techniques are needed [16].

(vii) Events initiated by qL �qR or qR �qL pairs would lead
to tops with zero total spin at threshold and thus
to a vanishing threshold lepton asymmetry, an

important information by itself. We note that in
this situation the spin correlation observable has
opposite sign compared to the qL �qL and qR �qR
initiated events.

(viii) Near threshold, one expects the new physics con-
tributions to be subdominant so that the largest
effect will come from interference with standard
model processes. In the SM the dominant produc-
tion is induced from up quarks. Thus, the thresh-
old lepton asymmetry is most sensitive to new
physics with two operator structures [17]:
ð �u��TauÞð�t��TatÞ and ð �u���5T

auÞð�t���5T
atÞ,

where Ta is an SU(3) generator in the fundamen-
tal representation. Note that the ‘‘t-channel’’
structures of the form j �u�tj2 are in the present
context equivalent to the previous ones via Fierz
transformations.

III. EXAMPLE MODELS

A. Toy model, chiral QCD

To illustrate our point, let us start with a toy model where
the spin effects that were discussed so far can be clearly
isolated. The model is a chiral version of QCD where a
massless chiral gluon has arbitrary couplings to left- and
right-handed quarks,

L � ðgqL �q ���A�qþ gqRq
c��A� �qc þ gtL �t ��

�A�t

þ gtRt
c��A� �t

cÞ: (4)

Consider the top production process from a pair of light
quarks colliding at a fixed CM energy

ffiffiffi
s

p
. The amplitude

can be written as

M ðqi �qj ! tk �tlÞ ¼
�
�ik�jl � 1

3
�ij�kl

�
Fðsq; s �qjst; s�tÞ;

(5)

where i . . . l are color indices and sx are the quark spins,
ðþ=�Þ for spin in the positive/negative z direction. At
threshold,

ffiffiffi
s

p ¼ 2mt, we find

Fðþ;þjþ;þÞ ¼ �gqRðgtL þ gtRÞ
2

;

Fð�;�j�;�Þ ¼ �gqLðgtL þ gtRÞ
2

;

(6)

while for other spin configurations the amplitude vanishes
at threshold. In agreement with our previous discussion, at
threshold the spin state of the top pair equals that of the
incoming quark, thus, the top spins probe the coupling of
the chiral gluon mediator to the light quarks. For example,
if the chiral gluon couples only to right-handed light
quarks, gqL ¼ 0, gqR � 0, then both the top and the antitop

quark end up with the spin þ1=2. In that situation the
threshold lepton asymmetry will take the maximal value of
þ50%. Conversely, for gqL � 0 and gqR ¼ 0 the threshold

lepton asymmetry will be �50%.
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In Fig. 1 we plot the lepton asymmetry as the function of
the center-of-mass t�t production energy for purely right-
handed coupling of the chiral gluon to the light quarks, and
for three different couplings to the top quarks. We see that
at threshold the lepton asymmetry is indeed always�50%,
independently of the coupling to the top.3 At higher

ffiffiffi
s

p
, the

t�t final state has orbital angular momentum and there is no
longer a one-to-one correspondence between the spins of
the light quarks and of the tops, leading to A‘

FB different
from 50%. In fact, at very high

ffiffiffi
s

p
when the tops have large

velocities, the lepton asymmetry approaches the value of
the top forward-backward asymmetry which is positive
(negative) for right-handed (left-handed) coupling of the
chiral gluon to the top, and which is zero if that coupling is
vectorlike. The dilepton asymmetry has a very similar
qualitative behavior, the main difference being the thresh-
old value of �66%.

We stress again that the lepton forward-backward asym-
metry at threshold is independent of the top forward-
backward asymmetry; in particular, for gtL ¼ gtR the latter

is zero, while the former can be anywhere between �50%
and 50%, depending on the relative magnitude of gqL and

gqR . Furthermore, we underline the difference between the

threshold and inclusive lepton asymmetries. In our ex-
ample with gqL ¼ gtR ¼ 0 (marked as RL in the plot),

the inclusive lepton asymmetry would be very small after
convoluting with Tevatron PDFs, while the threshold lep-
ton asymmetry is �50%.

B. Some realistic models

So far we have discussed a simple toy model where the
contributions to the threshold lepton asymmetry are easily
understood and calculated. Going to realistic new physics
models, several new effects may complicate the picture.
First of all, there will be the QCD contribution to the t�t
production, which is always symmetric. Thus, the thresh-
old lepton asymmetry is not expected to be maximal,
unlike in the toy model, unless the new physics completely
dominates the t�t production at threshold (which is unlikely
given experimental constraints). Typically, new physics
will interfere with QCD, changing the relative contribu-
tions of qL �qL and qR �qR to the top production rate, leading
to a moderate positive or negative threshold lepton asym-
metry. Moreover, there is always the gluon initial state
contribution to the t�t production which cannot favor any
polarization direction. Of course, any effect present at the
parton level is expected to be further smeared out by
detector and reconstruction effects. In the same vein, the
single lepton asymmetry measured in the LAB frame will
be smeared out after PDFs are taken into account due to the
random boost of the t�t system, while the measurement in
the t�t rest frame implies additional reconstruction uncer-
tainties. Finally, focusing on the threshold asymmetry
inevitably increases statistical uncertainties, as only a frac-
tion of t�t pairs are produced with small momentum.
Nevertheless, the effect discussed above should be ob-

servable in physically interesting models, in particular, in
many models addressing the anomalous t�t forward-
backward asymmetry reported by CDF and D�. To dem-
onstrate it, we study lepton asymmetry in several models
which have been proposed in the literature. Quite generally,
these models predict new particles with sizable chiral
couplings to quarks which contribute to top production in
the s channel [18,19], t=u channel [20], or both [21,22].

FIG. 1 (color online). Lepton (left) and dilepton (right) forward-backward asymmetry in the q �q ! t�t process as a function of the
center-of-mass production energy in the chiral-QCD toy model. The asymmetries are defined at the parton level in the rest frame of the
collision. We assumed purely right-handed couplings of the chiral gluon to the light quarks, and left-handed (RL), right-handed (RR)
and vector (RV) couplings to the top quark. In all three cases the threshold lepton asymmetry is þ50% and the threshold dilepton
asymmetry is þ66%.

3For axial couplings to the top the leading order amplitude
vanishes at threshold. In that case the production cross-section at
threshold is dominated by higher order terms in vtop expansion
of the amplitude, and A‘

FB ends up being less than 50%. Higher-
order QCD corrections, not discussed in this work, could also
alter this result.
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For our numerical study we pick five benchmark points and
show the predicted lepton asymmetries near threshold in
Table I. Three of these benchmarks belong to a model of
a light (mG0 & 2mt) s-channel color octet, an ‘‘axigluon,’’
having flavor universal coupling to quarks. This model is
capable of producing large enough contributions to At�t

FB

without violating the constraints from other Tevatron and
LHC observables as long as the axigluon mass is not too
far above the t�t threshold and has a large width [19]. We
choose mG0 ¼ 200 GeV, �G0 ¼ 50 GeV, and flavor and
isospin universal axigluon couplings to the quarks as gR ¼
0:8gs, gL ¼ 0 (AxR), gR ¼ 0, gL ¼ 0:8gs (AxL), and
gR ¼ �gL ¼ 0:4gs (AxA). Each variant of the model pre-
dicts �At�t

FB � 11%.4

Looking at the table it is clear that the sign of the lepton
asymmetry at threshold reflects the polarization of the light
quarks that couple to the axigluon. In particular, for AxR
A‘
FB near threshold is large and positive (because t�t pro-

duction from right-handed quarks is enhanced), while it is
large and negative for AxL (because t�t production from
left-handed quarks is enhanced). The sign carries over to
the inclusive lepton asymmetry, as noticed in Ref. [11];
however, for the inclusive asymmetry the discriminating
power between different benchmarks is somewhat weaker
due to a stronger correlation of A‘

FB and At�t
FB away from the

production threshold. The benchmark AxA with the axial
couplings of the axigluon to quarks is different. As re-
marked earlier, in this case the axigluon contribution to the
amplitude is OðvÞ and thus completely vanishes at the
threshold. Therefore, the top pair production at the thresh-
old is dominated by the SM where no polarization effects
are present, resulting in a vanishing threshold lepton asym-
metry. For this benchmark, the nonvanishing inclusive
A‘
FB is simply a consequence of the nonzero At�t

FB through
kinematics of the top decay, much as in the SM.
Quantitatively similar results would be obtained in a model

of a heavy (mG0 � 2mt) axigluon with flavor nonuniversal
couplings [18].
We also studied a model featuring an electroweak dou-

blet scalar S coupled to the quarks via the flavor-violating
Yukawa couplings yRSQ3u

c þ yLSQ1t
c [13,24]. In this

model the scalar contributes to the u �u ! t�t process in the
t channel, and for a light enough mass it produces a
positive contribution to At�t

FB. For our benchmark points
we choose mS ¼ 170 GeV and yR ¼ 1:5, yL ¼ 0 (SdR)
or yR ¼ 0, yL ¼ 1:5 (SdL), which leads to �At�t

FB � 6%.
Here, somewhat counterintuitively, the lepton asymmetry
at threshold is negative (positive) when the scalar couples
to right-handed (left-handed) up quarks. What happens is
that the scalar t-channel exchange interferes destructively
with QCD, thus, for moderate yR ðyLÞ couplings, the con-
tribution of the right-handed (left-handed) quarks to the top
production rate gets suppressed. Note that this sort of
behavior is possible because the interference between the
SM and new physics dominates the contributions to the
forward-backward asymmetries for these benchmarks,
whereas pure new physics contributions are subdominant.5

IV. EXISTING RELATED DATA

The threshold lepton asymmetry has not been tackled
experimentally so far, but there are two measurements of
the inclusive lepton asymmetry in t�t events. In Ref. [2]D�
reports the measurement of the single lepton asymmetry in
semileptonic top events. At the production (parton) level
the result is

A‘
FB ¼ ð15:2� 4:0Þ%; (7)

compared to 2% predicted by the SM at the NLO.
Interestingly, this measurement’s departure from the SM

TABLE I. The predicted Tevatron lepton forward-backward asymmetry calculated using
MADGRAPH [23] for several benchmarks defined in the text. The asymmetry is integrated for

three different mtt intervals from threshold up. In each entry, we give the four observables
At�t
FB==A

‘
FB ðLAB frameÞ=A‘

FBðt�t rest frameÞ=A‘‘
FB. All numbers are fully inclusive (no cuts),

parton level (no showering and detector effects), and tree level (in particular, purely SM NLO
contributions are not included). The last line in the table gives the approximate fraction of the
total t�t rate falling into the corresponding mtt interval.

Benchmark
ffiffiffi
s

p
< 375 GeV

ffiffiffi
s

p
< 450 GeV Inclusive

AxR 4==13=18=21% 8==14=17=21% 11==14=17=21%
AxL 5==� 10=� 13=� 18% 9==� 8=� 10=� 13% 11==� 6=� 7=� 9%
AxA 6==2=2=2% 10==3=3=5% 12==5=6=7%
SdR 0==� 7=� 10=� 13% 2==� 6=� 7=� 9% 5==� 3=� 4=� 4%
SdL 2==8=10=14% 3==8=10=12% 6==9=11=13%
Fraction 17% 60% 100%

4Throughout we refer to the longitudinal boost invariant t�t

asymmetry defined as At�t
FB ¼ Nðyt>y�tÞ�Nðyt<y�tÞ

Nðyt>y�tÞþNðyt<y�tÞ .

5This is also true for the axigluon benchmarks and quite
generically for models that comply with the constraints coming
from the t�t cross-section measurements at the Tevatron. That
new physics explanations of the asymmetry should be dominated
by the interference terms was established model-independently
in Ref. [21].

SPINNING THE TOP QUARK PHYSICAL REVIEW D 87, 034041 (2013)

034041-5



prediction is statistically more significant than the devia-
tion in the t�t asymmetry measured in the same sample,
At�t
FB ¼ 19:6� 6:5%.
The other result is thanks to the CDF Collaboration [6]

who measured the lepton asymmetry in dileptonic top
events. At the reconstruction level after subtracting
non-t�t background, CDF obtains

A‘
FB ¼ ð21� 7Þ%; (8)

which is similar to the measured t�t asymmetry at the
reconstruction level and strikingly smaller than the parton
level At�t

FB ¼ ð42� 15Þ% in that channel [6].6 Finally, recall
that combining the semileptonic and dileptonic channels at
CDF, one finds the inclusive parton level At�t

FB ¼ ð20� 7Þ%
[1], very close to the D� value. Thus, both collaborations
find that the inclusive lepton asymmetry has the same sign
as the inclusive t�t asymmetry which provides a handle for
discriminating between different new physics models. In
fact, the published D� and CDF measurements already
strongly disfavor models predicting negative inclusive lep-
ton asymmetries, such as our AxL and SdR benchmarks in
Table I. Moreover, we observe that for both CDF and D�
the measured lepton asymmetry is smaller than the parton
level t�t asymmetry. This fits best with the models predict-
ing comparable contributions of qR �qR and qL �qL to the top
production, such as our AxA benchmark, although at this
point a moderate domination of qR �qR cannot be excluded.
Measuring the threshold lepton asymmetry would provide
a valuable piece of information, allowing a better discrimi-
nation between competing models.

V. CONCLUSIONS AND OUTLOOK

We have argued that lepton forward-backward asymme-
try in t�t events at threshold carries direct information of the
production mechanism. In particular, when top pairs are
produced from purely right-handed (left-handed) quarks, a
positive (negative) threshold lepton asymmetry is pre-
dicted. To our knowledge, this simple argument has not
been explicitly made in the earlier literature and has not
been explored in experimental studies.

Threshold lepton asymmetry is independent of the top
couplings and may be present even when the t�t forward-
backward asymmetry vanishes. It may be studied for a
single lepton in semileptonic or dileptonic events in which

case it does not require looking at the decay products of the
other top. One may also study the threshold dilepton
asymmetry in dileptonic events which carries the same
information. The threshold asymmetry can be very differ-
ent from the inclusive asymmetry. Charged leptons from
tops at threshold probe the chirality of the initial quarks,
whereas for highly boosted tops the lepton direction is
correlated with the direction and chirality of the top. The
inclusive lepton asymmetry is thus a convolution of several
distinct effects. Furthermore, the threshold lepton asym-
metry is complimentary to the spin-spin correlation mea-
surement [9,10]; the latter does not distinguish qR �qR and
qL �qL initiated events but is more sensitive to an admixture
of qR �qL and qL �qR initiated events.
In this paper we studied lepton asymmetry at the

Tevatron only. At the LHC that asymmetry of course
vanishes due to the symmetric initial state. However, by
focusing on events in which the center of mass of the t�t pair
is highly boosted, one can, in principle, gain access to the
asymmetry. Highly boosted events (with the t�t pair still at
rest relative to each other) are much more likely to have
originated from quarks than from gluons, and the direction
of the boost provides a statistical tag for the direction of the
initial quark [25]. The asymmetry to be measured at the
LHC would then be an asymmetry of the lepton with
respect to the direction of the overall longitudinal boost
of the event. Whether the threshold lepton asymmetry can
be realistically observed at the LHC is a nontrivial question
that deserves further study.
Note that our simulations were restricted to the parton

level. The effects of showering and detector resolution
should be taken into account, although they are not ex-
pected to be as important as in the case of t�t asymmetry. A
separate question is the impact of NLO QCD and bound
state corrections on the predictions of the threshold lepton
asymmetry. In this paper we purposefully avoided these
issues. However, one expects lepton angular distributions
to be robust against soft QCD effects. This has been
demonstrated in the related cases of polarized eþe� ! t�t
production [26] and �� ! t�t production [27].

ACKNOWLEDGMENTS

We acknowledge useful conversations with Andy
Cohen, Christophe Grojean, Tom Schwartz, Pekka
Sinervo, Christian Spethmann, and Jessie Thaler. We also
acknowledge the CERN ‘‘TH-LPCC Summer Institute on
LHC Physics,’’ during which this project was initiated.
M. S. was supported in part by DOE Grant No. DE-
FG02-01ER-40676.

6Note, however, that due to the rather hard leptonic pT cuts
and missing ET applied in this analysis, it should not be consid-
ered a fully inclusive asymmetry measurement.

ADAM FALKOWSKI, GILAD PEREZ, AND MARTIN SCHMALTZ PHYSICAL REVIEW D 87, 034041 (2013)

034041-6



[1] T. Aaltonen et al. (CDF Collaboration), CDF Conference
Note Report No. 10584.

[2] V.M. Abazov et al. (D0 Collaboration), Phys. Rev. D 84,
112005 (2011).

[3] J. H. Kuhn and G. Rodrigo, Phys. Rev. Lett. 81, 49 (1998);
Phys. Rev. D 59, 054017 (1999).

[4] M. T. Bowen, S. D. Ellis, and D. Rainwater, Phys. Rev. D
73, 014008 (2006); O. Antunano, J. H. Kuhn, and G.
Rodrigo, Phys. Rev. D 77, 014003 (2008); L. G.
Almeida, G. F. Sterman, and W. Vogelsang, Phys. Rev.
D 78, 014008 (2008).

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

[6] T. Aaltonen et al. (CDF Collaboration), CDF Conference
Note Report No. 10436.

[7] N. Kidonakis and B.D. Pecjak, Eur. Phys. J. C 72, 2084
(2012); J. H. Kuhn and G. Rodrigo, J. High Energy Phys.
01 (2012) 063.

[8] R.M. Godbole, K. Rao, S. D. Rindani, and R.K. Singh, J.
High Energy Phys. 11 (2010) 144; D.-W. Jung, P. Ko, and
J. S. Lee, Phys. Lett. B 701, 248 (2011); J. Cao, L. Wu, and
J.M. Yang, Phys. Rev. D 83, 034024 (2011); V. Barger,
W.-Y. Keung, and C.-T. Yu, Phys. Rev. D 85, 056008
(2012).

[9] C. Degrande, J.-M. Gerard, C. Grojean, F. Maltoni, and G.
Servant, J. High Energy Phys. 03 (2011) 125.

[10] D. Choudhury, R.M. Godbole, S. D. Rindani, and P. Saha,
Phys. Rev. D 84, 014023 (2011).

[11] D. Krohn, T. Liu, J. Shelton, and L.-T. Wang, Phys. Rev. D
84, 074034 (2011).

[12] J. H. Kuhn and K.H. Streng, Nucl. Phys. B198, 71 (1982);
J. H. Kuhn, Nucl. Phys. B237, 77 (1984).

[13] J. A. Aguilar-Saavedra, and M. Perez-Victoria, J. High
Energy Phys. 09 (2011) 097.

[14] J. F. Kamenik, J. Shu, and J. Zupan, Eur. Phys. J. C 72, 2102
(2012); S. Westhoff, Proc. Sci., EPS-HEP (2011) 377.

[15] W. Bernreuther and Z.-G. Si, Nucl. Phys. B837, 90 (2010).
[16] CMS Collaboration, Report No. CMS-PAS-TOP-10-010,

CMS-PAS-TOP-11-014; ATLAS Collaboration, Report
No. ATLAS-CONF-2011-106.

[17] C. Delaunay, O. Gedalia, Y. Hochberg, G. Perez, and Y.
Soreq, J. High Energy Phys. 08 (2011) 031; K. Blum, C.
Delaunay, O. Gedalia, Y. Hochberg, S. J. Lee, Y. Nir, G.
Perez, and Y. Soreq, Phys. Lett. B 702, 364 (2011).

[18] A. Djouadi, G. Moreau, F. Richard, and R.K. Singh, Phys.
Rev. D 82, 071702 (2010); P. H. Frampton, J. Shu, and K.
Wang, Phys. Lett. B 683, 294 (2010); M. Bauer, F. Goertz,
U. Haisch, T. Pfoh, and S. Westhoff, J. High Energy Phys.
11 (2010) 039; C. Delaunay, O. Gedalia, S. J. Lee, G.
Perez, and E. Ponton, Phys. Lett. B 703, 486 (2011); Y.
Bai, J. L. Hewett, J. Kaplan, and T. G. Rizzo, J. High
Energy Phys. 03 (2011) 003; A. Djouadi, G. Moreau,
and F. Richard, Phys. Lett. B 701, 458 (2011); R.
Barcelo, A. Carmona, M. Masip, and J. Santiago, Phys.
Rev. D 84, 014024 (2011); U. Haisch and S. Westhoff, J.
High Energy Phys. 08 (2011) 088; R. Barcelo, A.
Carmona, M. Masip, and J. Santiago, arXiv:1106.4054.

[19] G.M. Tavares and M. Schmaltz, Phys. Rev. D 84, 054008
(2011); J. A. Aguilar-Saavedra and M. Perez-Victoria,
Phys. Lett. B 705, 228 (2011); G. Z. Krnjaic,
arXiv:1109.0648.

[20] J. Shu, T.M. P. Tait, and K. Wang, Phys. Rev. D 81,
034012 (2010); S. Jung, H. Murayama, A. Pierce, and
J. D. Wells, Phys. Rev. D 81, 015004 (2010); J. Shelton
and K.M. Zurek, Phys. Rev. D 83, 091701 (2011); V.
Barger, W.-Y. Keung, and C.-T. Yu, Phys. Rev. D 81,
113009 (2010).

[21] B. Grinstein, A. L. Kagan, M. Trott, and J. Zupan, Phys.
Rev. Lett. 107, 012002 (2011).

[22] Z. Ligeti, G.M. Tavares, and M. Schmaltz, J. High Energy
Phys. 06 (2011) 109.

[23] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T.
Stelzer, J. High Energy Phys. 06 (2011) 128.

[24] K. Blum, Y. Hochberg, and Y. Nir, J. High Energy Phys.
10 (2011) 124.

[25] Y. k. Wang, B. Xiao, and S.-h. Zhu, Phys. Rev. D 82,
094011 (2010); B. Bhattacherjee, S. S. Biswal, and D.
Ghosh, arXiv:1102.0545; N. Craig, C. Kilic, and M. J.
Strassler, Phys. Rev. D 84, 035012 (2011); J. L. Hewett,
J. Shelton, M. Spannowsky, T.M. P. Tait, and M. Takeuchi,
arXiv:1103.4618; Y. Bai and Z. Han, arXiv:1106.5071;
M. I. Gresham, I.-W. Kim, and K.M. Zurek,
arXiv:1107.4364; J. A. Aguilar-Saavedra, A. Juste, and
F. Rubbo, arXiv:1109.3710.

[26] See for example R. Harlander, M. Jezabek, J. H. Kuhn, and
T. Teubner, Phys. Lett. B 346, 137 (1995).

[27] See for example V. S. Fadin, V. A. Khoze, and M. I.
Kotsky, Z. Phys. C 64, 45 (1994).

SPINNING THE TOP QUARK PHYSICAL REVIEW D 87, 034041 (2013)

034041-7

http://dx.doi.org/10.1103/PhysRevD.84.112005
http://dx.doi.org/10.1103/PhysRevD.84.112005
http://dx.doi.org/10.1103/PhysRevLett.81.49
http://dx.doi.org/10.1103/PhysRevD.59.054017
http://dx.doi.org/10.1103/PhysRevD.73.014008
http://dx.doi.org/10.1103/PhysRevD.73.014008
http://dx.doi.org/10.1103/PhysRevD.77.014003
http://dx.doi.org/10.1103/PhysRevD.78.014008
http://dx.doi.org/10.1103/PhysRevD.78.014008
http://dx.doi.org/10.1103/PhysRevD.83.112003
http://dx.doi.org/10.1103/PhysRevD.83.112003
http://dx.doi.org/10.1140/epjc/s10052-012-2084-0
http://dx.doi.org/10.1140/epjc/s10052-012-2084-0
http://dx.doi.org/10.1007/JHEP01(2012)063
http://dx.doi.org/10.1007/JHEP01(2012)063
http://dx.doi.org/10.1007/JHEP11(2010)144
http://dx.doi.org/10.1007/JHEP11(2010)144
http://dx.doi.org/10.1016/j.physletb.2011.05.058
http://dx.doi.org/10.1103/PhysRevD.83.034024
http://dx.doi.org/10.1103/PhysRevD.85.056008
http://dx.doi.org/10.1103/PhysRevD.85.056008
http://dx.doi.org/10.1007/JHEP03(2011)125
http://dx.doi.org/10.1103/PhysRevD.84.014023
http://dx.doi.org/10.1103/PhysRevD.84.074034
http://dx.doi.org/10.1103/PhysRevD.84.074034
http://dx.doi.org/10.1016/0550-3213(82)90545-4
http://dx.doi.org/10.1016/0550-3213(84)90016-6
http://dx.doi.org/10.1007/JHEP09(2011)097
http://dx.doi.org/10.1007/JHEP09(2011)097
http://dx.doi.org/10.1140/epjc/s10052-012-2102-2
http://dx.doi.org/10.1140/epjc/s10052-012-2102-2
http://dx.doi.org/10.1016/j.nuclphysb.2010.05.001
http://dx.doi.org/10.1007/JHEP08(2011)031
http://dx.doi.org/10.1016/j.physletb.2011.07.020
http://dx.doi.org/10.1103/PhysRevD.82.071702
http://dx.doi.org/10.1103/PhysRevD.82.071702
http://dx.doi.org/10.1016/j.physletb.2009.12.043
http://dx.doi.org/10.1007/JHEP11(2010)039
http://dx.doi.org/10.1007/JHEP11(2010)039
http://dx.doi.org/10.1016/j.physletb.2011.08.031
http://dx.doi.org/10.1007/JHEP03(2011)003
http://dx.doi.org/10.1007/JHEP03(2011)003
http://dx.doi.org/10.1016/j.physletb.2011.06.028
http://dx.doi.org/10.1103/PhysRevD.84.014024
http://dx.doi.org/10.1103/PhysRevD.84.014024
http://dx.doi.org/10.1007/JHEP08(2011)088
http://dx.doi.org/10.1007/JHEP08(2011)088
http://arXiv.org/abs/1106.4054
http://dx.doi.org/10.1103/PhysRevD.84.054008
http://dx.doi.org/10.1103/PhysRevD.84.054008
http://dx.doi.org/10.1016/j.physletb.2011.10.004
http://arXiv.org/abs/1109.0648
http://dx.doi.org/10.1103/PhysRevD.81.034012
http://dx.doi.org/10.1103/PhysRevD.81.034012
http://dx.doi.org/10.1103/PhysRevD.81.015004
http://dx.doi.org/10.1103/PhysRevD.83.091701
http://dx.doi.org/10.1103/PhysRevD.81.113009
http://dx.doi.org/10.1103/PhysRevD.81.113009
http://dx.doi.org/10.1103/PhysRevLett.107.012002
http://dx.doi.org/10.1103/PhysRevLett.107.012002
http://dx.doi.org/10.1007/JHEP06(2011)109
http://dx.doi.org/10.1007/JHEP06(2011)109
http://dx.doi.org/10.1007/JHEP06(2011)128
http://dx.doi.org/10.1007/JHEP10(2011)124
http://dx.doi.org/10.1007/JHEP10(2011)124
http://dx.doi.org/10.1103/PhysRevD.82.094011
http://dx.doi.org/10.1103/PhysRevD.82.094011
http://arXiv.org/abs/1102.0545
http://dx.doi.org/10.1103/PhysRevD.84.035012
http://arXiv.org/abs/1103.4618
http://arXiv.org/abs/1106.5071
http://arXiv.org/abs/1107.4364
http://arXiv.org/abs/1109.3710
http://dx.doi.org/10.1016/0370-2693(94)01668-3
http://dx.doi.org/10.1007/BF01557234

