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Abstract

Axigluons are colored heavy neutral gauge boson that coupleto quarks through an axial
vector current and the same strong coupling as gluons. The most important model-
independent manifestation of axigluons is the generation of a forward–backward asymmetry
in top-antitop quark production atpp̄ collisions which originates from the charge asymmetry.
We update our previous analysis for the inclusive QCD induced forward–backward
asymmetry and define a new observable which is more sensitiveto the effect than the
forward–backward asymmetry. Furthermore, we find a lower limit of 1.2 TeV at 90% C.L.
on the axigluon mass from recent measurements of the asymmetry at Tevatron. Also at LHC,
the charge asymmetry is sizable in suitably selected samples. We evaluate this asymmetry
in the central region for different selection cuts and show that, like at Tevatron, the charge
asymmetry can probe larger values of the axigluon mass than the dijet mass distribution.
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1 Introduction

The Large Hadron Collider (LHC) will enter into operation very soon, allowing to explore the existence
of new physics at the TeV energy scale with unprecedented huge statistics [1]. Since the top quark is
the heaviest known elementary particle it plays a fundamental role in many extensions of the Standard
Model (SM), and its production and decay channels are promising probes of new physics. The total cross
section of top-antitop quark production at LHC is about100 times larger than at Tevatron. This will lead
to the production of millions oftt̄ pairs per year even at the initial low luminosity ofL = 1033cm−2s−1

(equivalent to10 fb−1/year integrated luminosity).

Some properties of the top quark can be studied at Tevatron through the forward–backward asym-
metry which originates from the charge asymmetry [2, 3]. TheBorn processes relevant for top quark
production,qq̄ → tt̄ andgg → tt̄, do not discriminate between final quark and antiquark, thuspredict-
ing identical differential distributions also for the hadronic production process. At orderα3

s however
a charge asymmetry is generated and the differential distributions of top quarks and antiquarks are no
longer equal. A similar effect leads also to a strange-antistrange quark asymmetry,s(x) 6= s̄(x), through
next-to-next-to-leading (NNLO) evolution of parton densities [4]. The inclusive charge asymmetry has
its origin in two different reactions: radiative corrections to quark-antiquark annihilation (Fig. 1) and in-
terference between different amplitudes contributing to gluon-quark scatteringqg → tt̄q andq̄g → tt̄q̄.
Gluon-gluon fusion remains obviously symmetric. The integrated forward–backward asymmetry has
been predicted to be about+5% at Tevatron [2]; i.e. top quarks are preferentially emittedin the di-
rection of the incoming protons. This prediction suffers, however, from a sizable uncertainty because,
although arising from a one-loop calculation and the corresponding real emission terms, it is still a lead-
ing order (LO) result. At LHC the total forward–backward asymmetry vanishes trivially because the
proton-proton initial state is symmetric. A charge asymmetry is, however, still visible in suitably defined
distributions [2].

In tt̄ plus jet production, which represents an important background process for Higgs boson searches
in electroweak vector boson fusion andtt̄H production, the asymmetry, of orderα3

s, is a tree-level ef-
fect [3] with sign opposite to the one given for inclusive production [2]. The next-to-leading (NLO) order
QCD corrections to thett̄+jet exclusive channel have become available very recently[5], providing a
NLO prediction for the charge asymmetry. At Tevatron the exclusive forward–backward asymmetry of
top quarks is drastically reduced at NLO, from about−7% at LO to−1.5 ± 1.5%, where the large un-
certainty is due to the residual scale dependence. A priori one can not extrapolate this unexpected result
to the totally inclusive asymmetry. Already at LO the size ofthe asymmetry in thett̄+jet event sample
depends on the jet resolution parameters, and on the softness of the radiated gluon. A smaller minimal
gluon energy generates a larger negative asymmetry, and vice versa, and the size of NLO corrections
might be different for different jet setups. Furthermore, because the one-loop corrections to the inclusive
asymmetry are positive and larger than the negative contribution of real gluon bremsstrahlung a smaller
prediction for the asymmetry in thett̄+jet sample might give rise to a larger inclusive asymmetry.Un-
fortunately, the only way to obtain a more accurate prediction for the inclusive asymmetry is to evaluate
the higher order corrections corresponding to a difficult two-loop calculation.

The forward–backward asymmetry of top quarks has already attracted much experimental interest at
Tevatron. A detailed study of the feasibility of the measurement in the dilepton and lepton+jet channels
has been presented in Ref. [6]. Experimental measurements have already been performed in Refs. [7, 8,
9]. In Ref. [9], based on695 pb−1 integrated luminosity, the forward–backward asymmetry inthe lepton
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plus jets channels was found to be

AFB = 0.20 ± 0.11 (stat) ± 0.047 (sys) . (1)

A very similar result was obtained for the inclusive asymmetry in Refs. [7, 8] based on955 pb−1 inte-
grated luminosity, and again in the lepton plus jets channels:

A(∆y · Ql) = 0.23 ± 0.12 (stat) ± 0.056
0.057 (sys) , (2)

where the charge asymmetry is defined by the difference in thenumber of events with positive and
negative∆y · Ql, the rapidity difference of the semileptonically and hadronically decaying top quark
times the charge of the charged lepton. They also have measured the exclusive asymmetry of the four-
and five-jet samples:

A4j(∆y · Ql) = 0.11 ± 0.14 (stat) ± 0.036
0.034 (sys) .

A5j(∆y · Ql) = 0.37 ± 0.30 (stat) ± 0.075
0.066 (sys) . (3)

The asymmetry in the five-jet sample although expected to be negative is statistically limited, and the
comparison with the NLO prediction [5] would require the useof the same jet definition. The inclusive
asymmetry in both experimental analyses, although compatible with the theoretical prediction, is still
statistically dominated. The statistical error, however,is expected to be reduced to0.04 with 8 fb−1 [9],
which is comparable with the systematic error.

With these results at hand one might try to test new physics beyond the SM. The production of
tt̄ through a colored heavy neutral gauge boson will manifest itself through a bump in the invariant
mass distribution of the top-antitop quark pair [10, 11, 12], and in some models might give rise to a
sizable forward–backward asymmetry [13]. Models which extend the standard color gauge group to
SU(3)L × SU(3)R at high energies, the so called chiral color theories [10], predict the existence of a
massive, color-octet gauge boson, the axigluon, which couples to quarks with an axial vector structure
and the same strong interaction coupling strength as QCD. Although there are many different imple-
mentations of chiral color theories with new particles in varying representations of the gauge groups, the
most important model-independent prediction of these models is the existence of the axigluon. Similar
states are also predicted in technicolor models [14]. The main signature is the appearance of a charge
asymmetry of orderα2

s. Because the coupling of the axigluon to quarks is an axial vector coupling the
charge asymmetry that can be generated is maximal.

Axigluon masses below1 TeV are already ruled out. The Tevatron searches for new resonances de-
caying to dijets [15, 16] exclude the mass range200 < mA < 1130 GeV at95% C.L. Lighter axigluons,
with masses lower than50 GeV, were excluded studyingZ decays, where the axigluon is produced by
the bremsstrahlung of the quarks [17], and also studying thedecay of Upsilon [18] and the Z decay to a
gluon and an axigluon [19]. The intermediate mass range window has also been excluded [20].

In this paper we shall update our prediction for the inclusive forward–backward asymmetry at Teva-
tron, and propose a new differential distribution that enhances the asymmetry by almost a factor1.5.
We then obtain a new constraint on the axigluon mass from the actual measurement of the inclusive
asymmetry at Tevatron. Finally, we show that at LHC the studyof the differential charge asymmetry is
sensitive to larger axigluon masses than the top-antitop invariant mass distribution.
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2 The QCD induced charge asymmetry

The QCD induced charge asymmetry in the reactionqq̄ → tt̄(g) is generated by the interference of final-
state with initial-state gluon radiation [Fig. 1, (a)×(b)] and by the interference of virtual box diagrams
with the Born process [Fig. 1, (c)×(d)]. The asymmetric contribution of the virtual corrections exhibit
soft singularities that are canceled by the real contribution, but do not exhibit collinear light quark mass
singularities which would have to be absorbed by the lowest order process which however is symmetric.
Ultraviolet divergences are absent for the same reason. Thevirtual plus soft radiation on one hand and
the real hard radiation on the other contribute with opposite signs, with the former always larger that the
latter such that the inclusive asymmetry becomes positive.Top quarks are thus preferentially emitted in
the direction of the incoming quark at the partonic level, which translates to a preference in the direction
of the incoming proton inpp̄ collisions. Flavour excitationgq(q̄) → tt̄X generates already at tree-level
a forward–backward asymmetry which at Tevatron is also positive although one order of magnitude
smaller than the asymmetry fromqq̄ annihilation.

(c) (d)

(b)(a)

q

q

Q

Q

Figure 1: Origin of the QCD charge asymmetry in hadroproduction of heavy quarks: interference of
final-state (a) with initial-state (b) gluon bremsstrahlung, plus interference of the double virtual gluon
exchange (c) with the Born diagram (d). Only representativediagrams are shown.

The differential charge asymmetry of the single quark rapidity distribution is defined through

A(y) =
Nt(y) − Nt̄(y)

Nt(y) + Nt̄(y)
, (4)

wherey denotes the rapidity of the top (antitop) quark in the laboratory frame andN(y) = dσ/dy. Since
Nt̄(y) = Nt(−y) as a consequence of charge conjugation symmetry,A(y) can also be interpreted as a
forward–backward asymmetry of the top quark. We have updated our previous analysis [2] by using the
new value of the top quark mass,mt = 170.9 ± 1.1 (stat) ± 1.5 (sys) GeV [21], and the new set of
MSRT2004 [22] structure functions. For the total charge asymmetry at

√
s = 1.96 TeV we predict

A =
Nt(y ≥ 0) − Nt̄(y ≥ 0)

Nt(y ≥ 0) + Nt̄(y ≥ 0)
= 0.051(6) , (5)
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Figure 2: (a) Differential QCD asymmetry in the average rapidity at Tevatron,
√

s = 1.96 TeV. (b) Av-
erage rapidity differential distribution. Factorizationand renormalization scales are set toµ = mt.

where different choices of the parton distribution functions, and different choices of the factorization and
renormalization scales,µ = mt/2 andµ = 2mt, and a variation of the top mass within the experimental
error have been considered. We have also included the contribution of the mixed QCD-electroweak
interference that leads to an increase of the asymmetry as given by QCD by a factor1.09 [2]. The
result is close to our earlier prediction:A = 4.8 − 5.8% [2]. Both the numerator and denominator are
evaluated in LO. NLO corrections to the totaltt̄ production cross section are known to be large, around
30% or even larger [23]. Applying aK-factor of1.3 to the denominator would reduce the asymmetry
to A = 0.036(4). In the absence of NLO corrections to the numerator we nevertheless stay with the LO
approximation in both numerator and denominator, expecting the dominant corrections from collinear
emission to cancel. From a more conservative point of view anuncertainty of around30% has to be
assigned to the prediction of the asymmetry.

Let us now consider events where the rapiditiesy+ andy− of both the top and antitop quarks have
been determined, and define a new differential distributionthat leads to an enhancement of the charge
asymmetry. We define

Y =
1

2
(y+ + y−) , (6)

as average rapidity. Then, we consider the differential pair asymmetryA(Y ) for all events with fixedY
as a function ofY :

A(Y ) =
Nev.(y+ > y−) − Nev.(y+ < y−)

Nev.(y+ > y−) + Nev.(y+ < y−)
. (7)

In Figure 2(a) we show the differential pair asymmetryA(Y ) versus the average rapidity for the Teva-
tron. The renormalization and factorization scales are setto µ = mt, and we use the LO MSRT2004 [22]
parton distributions with three fixed flavours. Asymmetric contributions from flavour excitation pro-
cesses, i.e. fromgq(gq̄) collisions, are negligible. We obtain an almost flat positive asymmetry of the
order of7%. For reference, we also plot in Figure 2(b) the differential cross section as function of the
average rapidity. For the integrated pair asymmetry we find

A =

∫

dY (Nev.(y+ > y−) − Nev.(y+ < y−))
∫

dY (Nev.(y+ > y−) + Nev.(y+ < y−))
= 0.078(9) , (8)
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where the error has been estimated as for the forward–backward asymmetry. Numerator and denominator
are evaluated in leading order.

The integrated pair asymmetry is equivalent to the definition of the asymmetry used in Refs. [7,
8]. The reason for the enhancement of the effect can be understood as follows: by defining the pair
asymmetry one essentially investigates the forward–backward asymmetry in thett̄ rest frame, where the
forward–backward asymmetry amounts to7− 8.5% [2], depending on̂s. This value is largely recovered
by considering the pair asymmetryA(Y ), independently ofY . In contrast events where botht and t̄
are produced with positive and negative rapidities do not contribute to the integrated forward–backward
asymmetryA, which is therefore reduced to around5%.

3 Axigluon limits from Tevatron

The interference between the gluon and axigluon induced amplitudes respectively for the reactionqq̄ →
tt̄ does not contribute to the production cross section. However, it generates a charge asymmetry that
gives rise to a forward–backward asymmetry inpp̄ collisions in the laboratory frame [13]. The square of
the axigluon amplitude is symmetric and contributes to the total cross-section, which will show a typical
resonance peak in the top-antitop invariant mass distribution [11, 12]. While the interference term is
suppressed by the squared axigluon mass1/m2

A, the contribution of the square of the axigluon amplitude
will be suppressed by1/m4

A. It is therefore obvious that the forward–backward asymmetry is potentially
sensitive to larger values of the axigluon mass than the top-antitop dijet distribution . Gluon-gluon fusion
is not affected by the axigluon exchange because there are nodirect gluon-axigluon vertices with an odd
number of axigluons [11] due to parity. The expressions thatwe use for the partonic Born cross-section
are summarized in Appendix A.
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Figure 3: (a) Differential top quark charge asymmetry inpp̄ collisions at Tevatron,
√

s = 1.96 TeV, for
different values of the axigluon mass. (b) Rapidity distribution of top and antitop quarks formA = 1 TeV.
FormA = 2 TeV (dashed) and5 TeV (dotted) we only represent the top quark distribution. Factorization
and renormalization scales are set toµ = mt.

The interference between the amplitudes for production oftt̄ through a gluon and an axigluon, re-
spectively, vanishes upon integration over any charge symmetric part of the phase space and thus does
not contribute to the production cross-section. However, the charge asymmetry resulting from this in-
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Figure 4: (a) Differential pair asymmetry inpp̄ collisions at Tevatron,
√

s = 1.96 TeV, for different
values of the axigluon mass. (b) Corresponding differential cross sectiondσ/dY . Factorization and
renormalization scales are set toµ = mt.

QCD mA = 1 TeV mA = 2 TeV mA = 5 TeV
AFB = A 0.051(6) −0.133(9) −0.027(2) −0.0041(3)

A 0.078(9) −0.181(11) −0.038(3) −0.0058(4)

Table 1: Forward–backward and pair asymmetries at Tevatron,
√

s = 1.96 TeV, for different values of
the axigluon mass.

terference may well be more sensitive to the existence of axigluons than the contribution of the squared
amplitude, in particular in the case of largemA, and will, furthermore, be a characteristic consequence
of its axial nature.

In Fig. 3(a) the differential charge asymmetryA(y) at the Tevatron is shown for different values
of the axigluon mass as a function of the top quark rapidity. The QCD induced piece is not included
in this figure. In Fig. 3(b) the top and antitop quark rapiditydistributions are shown, again at LO, for
mA = 1 TeV (for larger values of the axigluon mass we only plot the top quark distribution). Due to
the axigluon contribution the top quark distribution is shifted to negative values of the rapidity while
the antitop quark distribution prefers positive values. The corresponding curves for the pair asymmetry
A(Y ) are shown in Fig. 4(a), the differential pair cross sectiondσ/dY in Fig. 4(b). In Table 1 we present
the prediction for the integrated forward–backward asymmetry for different values of the axigluon mass.
We also give values for the integrated pair asymmetryA as defined in Eq. (8). The uncertainty of the
predictions is estimated as before. The size of the pair asymmetry is larger than the forward–backward
asymmetry. The enhancement factor is however somewhat smaller than in QCD.

As explained in the introduction, the forward–backward asymmetry AFB and the integrated pair
asymmetry have already been measured at the Tevatron [7, 8, 9]. The uncertainty of these preliminary
results is still very large, and statistically dominated. The different experimental analyses are based on
the same data sample and give a very similar result for the inclusive asymmetry. The subsequent discus-
sion is thus of qualitative nature only. In Fig. 5(a) and 5(b)we compare the experimental measurements,
with the SM contribution subtracted (Eq. (5) and Eq. (8) respectively), to the asymmetry generated by
the axigluon. At the two sigma level axigluon masses belowmA = 1.2 GeV are excluded. Both asym-
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Figure 5: Comparison of the top quark forward–backward (a) and pair (b) asymmetry generated by
the exchange of a massive axigluon to the experimental measurement at Tevatron once the theoretical
prediction in the SM is subtracted. The2σ contour is also showed.

metries give a very similar lower bound. It is clear that a more accurate experimental measurement and
theoretical prediction will allow to further constrain theaxigluon mass. However, at present the largest
uncertainty by far is of experimental origin, and it will be reduced with more statistics. In this case, we
will be in the interesting situation where axigluon masses that are not accessible at Tevatron through the
study of the dijet cross-section can be excluded by the forward–backward or the pair asymmetries.

4 QCD and axigluon induced asymmetries at the LHC

Top quark production at LHC is forward–backward symmetric in the laboratory frame as a consequence
of the symmetric colliding proton-proton initial state. Furthermore, the total cross section is dominated
by gluon-gluon fusion and thus the charge asymmetry generated from theqq̄ andgq (gq̄) reactions is
negligible in most of the kinematic phase-space. The effectcan be studied nevertheless by selecting
appropriately chosen kinematic regions. At LHC the QCD asymmetry predicts a slight preference for
centrally produced antitop quarks, with top quarks more abundant at very large positive and negative
rapidities [2]. The charge asymmetry as defined in Eq. (4) is,however, only sizable in regions with low
event rates and large rapidities, where the experimental observation might be difficult. In Fig. 6(a) we
present the differential charge asymmetry generated by theexchange of an axigluon as a function of
rapidity, choosingmA = 1, 2 and5 TeV. We observe a similar behaviour as predicted by QCD but with
the opposite sign; top quarks are slightly more abundant in the central region, while a sizable negative
asymmetry is found at large values of the rapidity. FormA = 5 TeV the asymmetry is almost negligible
throughout, a consequence of the relatively smalltt̄ mass and the correspondingly strong suppression of
the axigluon amplitude.

We shall therefore analyze the effect of selecting samples with high invariant masses of the top-
antitop quark pair. Those samples should have a higher amount of qq̄ induced events, and furthermore,
an enhanced axigluon amplitude even for largemA. Thus a sizable asymmetry is expected, although at
the price of reducing the total event rate. This should not bea problem at LHC due to the huge top-
antitop quark yields. In Fig. 7(a) we show the differential charge asymmetry generated by axigluons of
massmA = 1 TeV for samples with invariant masses larger than1, 2 and3 TeV respectively. A large
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Figure 6: (a) Differential top quark charge asymmetry inpp collisions at LHC,
√

s = 14 TeV, for
different values of the axigluon mass. (b) Rapidity distribution of top quarks for different values of the
axigluon mass. Factorization and renormalization scales are set toµ = mt.

asymmetry with a maximum in the central region ranging from−8% to−30% is predicted. In Fig. 7(b)
we show the corresponding top and antitop quark rapidity distributions. The total single inclusive cross
sections are equal but the rapidity distributions are not, with antitop quarks more abundant in the central
region. Similar plots are presented in Fig. 8 for an axigluonmass ofmA = 5 TeV, where now the
generated asymmetry becomes positive due to the larger axigluon mass. In the former case the process
is dominated by contributions witĥs > m2

A, in the latter case witĥs < m2
A, which implies a change in

the sign of the axigluon propagator.
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axigluon withmA = 1 TeV for samples with invariant top-antitop quark masses larger than1, 2 and
3 TeV respectively. (b) Corresponding rapidity distributions of top quarks (solid) and antitop quarks
(dashed). Factorization and renormalization scales are set to µ = mt.

In order to quantify the difference in the rapidity distribution globally we define a new charge asym-
metry where only the the central region is taken into account:

AC(yC) =
σt(|y| ≤ yC) − σt̄(|y| ≤ yC)

σt(|y| ≤ yC) + σt̄(|y| ≤ yC)
. (9)
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Notice thatAC(yC) vanishes if the whole rapidity spectrum is integrated. Looking into Figs. 7(a) and 8(a)
we expect that the maximum is reached at aboutyC = 1. We thus report in Table 2 the values of the
central asymmetry, integrated up toyC = 1 for different values of the axigluon mass and for different
values of the cut in the top-antitop invariant mass. The single inclusive top quark cross section in the
central region is also listed (the corresponding antitop quark cross section can be deduced from the
asymmetry). We also give in Table 2 the value of the QCD asymmetry in the central region, and in
Fig. 9 the corresponding differential charge asymmetry. The central QCD charge asymmetry is never
larger than2%, and the reduction of the asymmetry for invariant masses above2 TeV is due to a larger
contribution of the flavour excitation processes that partly compensates the asymmetry generated by the
qq̄ events.

With 10 fb−1 integrated luminosity about 2000-2600 top quark events withmtt̄ ≥ 2 TeV are expected
to be produced at LHC in the central region (yC = 1), and a central charge asymmetry of about−2% is
predicted from QCD alone. FormA = 5 TeV the axigluon-induced asymmetry amounts to+3%. For the
same axigluon mass the total cross-section formtt̄ ≥ 4.5 TeV is only0.013 pb, one order of magnitude
smaller than the central cross section formtt̄ ≥ 2 TeV andyC = 1. It is thus clear that even at LHC
where no forward–backward asymmetry is generated, the central charge asymmetry can be used to probe
larger axigluon masses than the top-antitop invariant massspectrum [11, 12].

5 Summary

We have updated our previous analysis of the forward–backward and the charge asymmetry in top quark
production at hadron colliders. We have also proposed a new observable , the pair asymmetry, where the
effect at the Tevatron is enhanced by about a factor1.5. Top quark production at the LHC is obviously
forward–backward symmetric. Restricting the sample to events with large invarianttt̄ mass and tot and
t̄ final states with rapidity below one a difference of1 − 2% in t versust̄ production cross section is
observed.
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QCD mA = 1 TeV mA = 2 TeV mA = 5 TeV√
ŝ ≥ 1 TeV AC(yC = 1) −0.0086(4) −0.055(4) 0.025(3) 0.002(1)

σt(|y| ≤ 1) 9.7(2.7) pb 34(4) pb 15(2) pb 11(2) pb√
ŝ ≥ 2 TeV AC(yC = 1) −0.0207(14) −0.10(2) −0.048(5) 0.031(9)

σt(|y| ≤ 1) 0.19(6) pb 0.28(8) pb 1.7(2) pb 0.26(7) pb√
ŝ ≥ 3 TeV AC(yC = 1) −0.0151(7) −0.10(3) −0.11(2) 0.057(13)

σt(|y| ≤ 1) 0.011(4) pb 0.019(6) pb 0.024(7) pb 0.031(8) pb

Table 2: Central charge asymmetry at LHC,
√

s = 14 TeV, for different values of the axigluon mass and
different cuts in the invariant mass of the top-antitop pair. We also present the LO prediction for the top
quark cross section in the central region.

y
-3 -2 -1 0 1 2 3

A
(y

)

-0.03

-0.02

-0.01

0

0.01

0.02

0.03  = 14 TeVs

 1 TeV≥ 
 t t

m

 2 TeV≥ 
 t t

m

 3 TeV≥ 
 t t

m

Figure 9: Differential QCD charge asymmetry at LHC for top-antitop quark invariant masses larger than
2mt (dotted-dashed),1 TeV (solid),2 TeV (dashed), and3 TeV (dotted) respectively. Factorization and
renormalization scales are set toµ = mt.

The analysis has been extended to the asymmetry induced by axigluon contributions to the amplitude,
which is the most important manifestation of such an exotic object. Already present preliminary results
on the charge asymmetry from the Tevatron lead to an limit on the axigluon mass of around1.2 TeV. The
analysis has been extended to the LHC. Restricting the eventsample to regions of largett̄ mass withqq̄
induced production, large axigluon masses can be explored.

Acknowledgements

We thank Jeannine Wagner, Julia Weinelt and Dominic Hirschbühl for very useful discussions. One of
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A Born cross-section

The Born cross-section forqq̄ fusion in the presence of an axigluon vector resonance reads

dσqq̄→tt̄

d cos θ̂
= α2

s

TF CF

NC

πβ

2ŝ

(

1 + c2 + 4m2 +
4 c ŝ(ŝ − m2

A) + ŝ2 (β2 + c2)

(ŝ − m2
A)2 + m2

AΓ2
A

)

, (10)

whereθ̂ is the polar angle of the top quark with respect to the incoming quark in the center of mass
rest frame,̂s is the squared partonic invariant mass,TF = 1/2, NC = 3 andCF = 4/3 are the color
factors,β =

√
1 − 4m2 is the velocity of the top quark, withm = mt/

√
ŝ, andc = β cos θ̂. Our result

in Eq. (10) agrees with the expression of Ref. [12], and therefore confirms the disagreement with respect
to Eq.(2) of Ref. [13]. The term odd inc in Eq. (10) is due to the interference between the gluon and the
axigluon amplitudes. The decay width of the axigluon is given by [11, 12]:

ΓA ≡
∑

q

Γ(A → qq) ≈ αs mA TF

3



5 +

(

1 − 4m2
t

m2
A

)3/2


 . (11)

Because of parity there are no gluon-axigluon vertices withan odd number of axigluons [11], and there-
fore the Born gluon-gluon fusion cross-section is the same as in the SM [2]:

dσgg→tt̄

d cos θ̂
= α2

s

πβ

2ŝ

(

1

NC(1 − c2)
− TF

2CF

)(

1 + c2 + 8m2 − 32m4

1 − c2

)

. (12)
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