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1 Introduction

For inclusive quark pair production, qq̄ → QQ̄, at hadron colliders, QCD predicts a charge

asymmetry arising at NLO from virtual and real gluon radiation [1]. This charge asym-

metry has been studied for top quarks at the Tevatron and LHC experiments in [2, 3]. At

the Tevatron the charge asymmetry has been measured as a forward-backward asymmetry

at the level of the top quarks [4, 5] and at the level of the decay products in the semi-

leptonic [6, 7] and double leptonic decay [8, 9]. While CDF found deviations from the NLO

Standard Model prediction [2, 3, 10–17] in particular in the region of high invariant mass

of the tt̄ pair, Mtt̄, and at large rapidity differences, ∆y, the most recent analyses from

D0 agree with the SM prediction if all analysis channels are combined. At the LHC, mea-

surements of the top-quark charge asymmetry in semi-leptonic [18–20] and double-leptonic

decays [21, 22] agree with the SM prediction; however, the errors are still very large [23].

For the case of tt̄ production in association with a jet at hadron colliders, a charge

asymmetry is already generated at the leading order (LO) [24] and can be measured as

an asymmetry in the rapidity difference of the top and antitop quark. Also for tt̄ + jet

production, the next-to-leading order (NLO) QCD corrections of the rapidity asymmetry

have been investigated [25–28]. Furthermore, the effects of the top-quark decay and of

parton showers have been discussed in [29–31]. In ref. [32] it was found that data for the

dependence of the charge asymmetry on the transverse momentum of the tt̄-system agree

with the SM predictions obtained from a combination of tt̄ and tt̄ + jet calculations at
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NLO, merged with parton showers. The rapidity and mass dependences, however, still

show some discrepancies.

To explain the discrepancies observed in the Tevatron measurements of the forward-

backward asymmetry in inclusive tt̄ production, a number of different models have been

suggested (current reviews include [33–37]). One of them is the axigluon model introduced

in [38] and first studied in [39]. It is based on the assumption that SM QCD emerges

after spontaneous symmetry breakdown from a gauge theory based on the chiral group

SU(3)L× SU(3)R. It predicts the existence of heavy partners of the SM gluons which have

axial-vector couplings to the SM quarks. These axigluons would lead to an enhancement

of the forward-backward asymmetry in tt̄ production.

Heavy axigluons with masses larger than ∼ 1 TeV are already strongly constrained

by collider measurements [40–43]. In ref. [44] it was shown that the deviation from the

SM prediction to the measured Tevatron top forward-backward asymmetry could also be

due to light axigluons. This idea has been discussed in different scenarios for axigluons

with masses in the range of 50−1000 GeV [45–49], and usually with a large axigluon decay

width to prevent strong bounds from measurements of tt̄ invariant mass spectra. Extensive

studies of the phenomenology of light axigluons have been performed, including [50–59].

In particular, in ref. [60] it could be demonstrated that a fit of top quark measurements

at the Tevatron and the LHC performed within the SM is improved considerably if a

light axigluon is included in the theory (compare also [61–65] for model constraints from

other measurements).

In the present paper we will therefore investigate the impact of such light axigluons

on the charge asymmetries in tt̄ + jet production for the LHC. We choose the parameter

space as suggested in [66] with axigluon masses in the range of 100−400 GeV. Recently, in

ref. [67] it was demonstrated, that the anti-symmetric part of the cross section of the LO

partonic tt̄+jet process can be separated into two independent terms, allowing for different

possibilities to define a charge asymmetry. We will base our investigations on the so-called

incline and energy asymmetries, as well as on the conventional rapidity asymmetry. We

will discuss specific features of the three possible definitions of the charge asymmetry and

demonstrate that they are very sensitive to light axigluons. We furthermore will discuss

a flipped (down-type non-universal) scenario [68], where the axigluon coupling to up-type

quarks is different from the axigluon coupling to down-type quarks.

This paper is organized as follows: In section 2 we define the energy and the incline

asymmetry [67] as well as the conventional rapidity asymmetry. Some properties of the

axigluon model and its parameter space are stated as far as they are important for our work.

We also discuss general features of the cross section and its separation into parts which are

symmetric and anti-symmetric with respect to the jet angle. Firstly, we recapitulate these

properties for the SM and then work out which features of the jet-angle dependence of the

asymmetries are distinctive of the axigluon model. Subsequently, in section 3 we describe

in detail numerical results for the asymmetries at the parton level for the qq̄ and the qg

initial state and then, in section 4, at the hadron level for the LHC with a center of mass

energy of 14 TeV. Based on these results we can determine the discovery potential at the

LHC and its dependence on the axigluon parameters and the available luminosity. We also
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consider tt̄+ jet production at the LHC with a center of mass energy of 8 TeV in section 5.

Finally, in section 6, we discuss whether and to what extent the flipped scenario, suggested

in ref. [68], can be revealed in data for the charge asymmetry in tt̄+ jet production. Our

conclusions are presented in section 7.

2 Theory

tt̄+ jet final states are created by partonic processes p1p2 → tt̄p3. We denote the momenta

of the (anti-)top-quarks by kt and kt̄, respectively, and the differential cross section by

dσ̂ tt̄j = dσ̂(p1p2 → t(kt) t̄(kt̄) p3). The differential charge asymmetry is obtained by sub-

tracting from dσ̂ tt̄j the amplitude where the top-quark is exchanged with its anti-particle.

We define the anti-symmetric part of the differential cross section, dσ̂A, by

dσ̂A = dσ̂ tt̄j − dσ̂ t̄tj (2.1)

where dσ̂ t̄tj = dσ̂(p1p2 → t̄(kt) t(kt̄) p3).

At LO, the phase space for tt̄+ jet production is determined by four variables. We use

the parameterization given in ref. [67]. Explicit expressions for the differential cross sections

can be found in the same reference [67]. With these definitions we can construct differential

asymmetries with fixed, suitably chosen kinematical variables. In the present paper we

will study three specific definitions of the charge asymmetry: the energy asymmetry, the

rapidity asymmetry and the incline asymmetry. They are based on the kinematic variables

(i) ∆E = Et−Et̄, the difference of the energies of the top- and anti-top-quark at the parton

level, (ii) ∆y = yt − yt̄, the difference of the rapidities of the top- and anti-top-quark1 and

(iii) cosϕ, the incline angle of the tt̄j-plane. We denote these variables collectively by C,

C ∈ {∆E, ∆y, cosϕ}. Then, using

dσ̂CA = dσ̂A(C > 0) = dσ̂ tt̄j(C > 0)− dσ̂ tt̄j(C < 0) , (2.2)

we define normalized partonic asymmetries by

ÂC(X) =
dσ̂CA/dX

dσ̂S/dX
(2.3)

where X is a suitably chosen kinematic variable and we have also introduced the sym-

metric differential cross section2 dσ̂S = dσ̂ tt̄j . Integrating over the full phase space and

defining the partonic anti-symmetric and symmetric cross sections, σ̂CA and σ̂S , we also

define integrated asymmetries

ÂCint =
σ̂CA
σ̂S

. (2.4)

Note that σ̂S , i.e. dσ̂S integrated over the full phase space, is equal to the total partonic

cross section for tt̄j production: σ̂S = σ̂tt̄j .

1Below, when we discuss asymmetries at the hadron level, we will use ∆|y| = |yt| − |yt̄| instead of ∆y.
2This is the symmetric expression dσ̂S = dσ̂ tt̄j(C > 0)+dσ̂ tt̄j(C < 0), defined in analogy with eq. (2.2),

which is independent of C and simply equal to dσ̂ tt̄j .
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The charge asymmetry at the hadron level is calculated from the parton-level cross

sections after a convolution with the parton distribution functions (PDFs) fpi/Ni(xi, µf ) at

the factorization scale µf :

AC(X) =
dσCA/dX

dσS/dX
,

dσCA =
∑
p1p2

∫
dx1dx2 fp1/N1

(x1, µf ) fp2/N2
(x2, µf ) dσ̂C,p1p2

A (ŝ, µf ) ,

dσS =
∑
p1p2

∫
dx1dx2 fp1/N1

(x1, µf ) fp2/N2
(x2, µf ) dσ̂p1p2

S (ŝ, µf ) (2.5)

and similar equations for integrated cross sections and asymmetries. Here, xi are the

momentum fractions of the partons pi inside the nucleons Ni, ŝ is the squared partonic

center-of-mass (CM) energy related to the CM energy of the colliding nucleons, S, by

ŝ = x1x2S. A non-zero asymmetry is generated in the channels p1p2 = qq̄, q̄q, qg, gq, q̄g,

gq̄, but not in the gg-channel.

At the Tevatron, the top-quark pair production is dominated by the qq̄ channel, while

at the LHC, the quark-gluon initial state will also be important. The boost of the partonic

CM frame with respect to the laboratory frame will be expressed in terms of the rapidity

of the top-anti-top-jet system in the laboratory frame,3 ytt̄j = ln(x1/x2)/2.

Apart from section 6 we will consider models which contain light axigluons with cou-

plings to the SM quarks of purely axial-vector type. The part of the Lagrangian relevant

for top-anti-top production is

Laxi = giA q̄i γ
µγ5T

aqiG
a
µ − gs fabc

[
(∂µG

a
ν − ∂νGaµ)Gbµgcν +GaµGbν(∂µg

c
ν)
]
. (2.6)

Here gaµ denotes the SM gluon field, Gaµ the massive axigluon field and qi the SM quark

fields. T a are the generators and fabc the structure constants of the SU(3) gauge group. gs
is the strong coupling constant of the SM and giA the axial-vector couplings of the massive

gluon to quarks with flavor i in their weak eigenstates. In the absence of vector couplings of

the axigluons, only the product of gqA and gtA (where q = {u, d, c, s, b}) appears in the cross

section for tt̄+ jet production [69]. For convenience we also define the coupling factor [66]

αA =
gqAg

t
A

4π
. (2.7)

In accordance with ref. [66], the mass mA of the axigluons is chosen to vary in the range

100 ≤ mA ≤ 400 GeV and the width of the axigluon should be large: ΓA = 0.1 ·mA. As we

will discuss below at the end of section 3, larger values of the axigluon width would only have

little effect on the charge asymmetry. In our numerical calculations we will highlight two

coupling scenarios: A small-coupling scenario, defined by mA = 300 GeV, αA = 0.005 and

ΓA = 0.1 ·mA, resulting in the smallest deviations of the charge asymmetries with respect

to the SM prediction; and, secondly, a large-coupling scenario defined by mA = 400 GeV,

αA = 0.032 and ΓA = 0.1 · mA. The large-coupling scenario was found to lead to the

3This relation is valid at leading order.
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(a) (b) (c)

Figure 1. Feynman diagrams contributing to the partonic process qq̄ → tt̄g. Thin curly lines

denote SM gluons while thick curly lines denote either a SM gluon (g) or an axigluon (G). Axial-

vector couplings of quarks to axigluons are indicated by gqA and axial-vector couplings of top quarks

to axigluons by gtA. Two more Feynman diagrams with the gluon attached to t instead of t̄ (q

instead of q̄ in (b)) are not shown.

σ̂gS σ̂gGS σ̂GS σ̂gA σ̂gGA σ̂GA
M∗aMa, M

∗
bMb, M

∗
cMc 1 − (gqAg

t
A)2 − gqAg

t
A −

M∗aMb : f2
abc 1 − (gqAg

t
A)2 − gqAg

t
A −

M∗aMb : d2
abc − gqAg

t
A − 1 − (gqV,A)2(gtV,A)2

M∗aMc, M
∗
bMc 1 − (gqAg

t
A)2 − gqAg

t
A −

Table 1. Contributions to the tt̄+ j cross section originating from SM Feynman diagrams (σ̂g
S/A,

columns 2 and 5), from SM gluon-axigluon interference (σ̂gG
S/A, columns 3 and 6), and from diagrams

containing no virtual SM gluons (σ̂G
S/A, columns 4 and 7). Each entry contains the product of

coupling constants to axigluons contained in the product of matrix elements shown in column 1.

The labels a, b, and c correspond to the diagrams shown in figure 1.

largest possible deviations of the total charge asymmetry from its SM predictions within

the considered axigluon parameter space.

The Feynman diagrams for the leading contributions in the partonic sub-process qq̄ →
tt̄g are shown in figure 1. The thin curly outgoing lines represent the QCD gluon while

the thick curly lines can stand for either a QCD gluon or an axigluon. In order to analyze

the structure of the various contributions to the cross section it will be helpful to separate

the modulus squared of the sum of the Feynman diagrams into the sum of products M∗iMj

where Mi denotes one of the Feynman diagrams in figure 1, i, j = a, b, c. Each product

can be further split into a pure SM contribution, denoted σ̂gS/A; a term without any virtual

SM gluon, denoted σ̂GS/A; and a rest, i.e. interference terms of a SM-like diagram with a

diagram containing one or two axigluons, denoted σ̂gGS/A. In table 1 we have collected the

various terms and show how each contribution depends on the coupling constants.

We discuss the various contributions listed in table 1 in turn. The anti-symmetric

part of the pure SM contribution, σ̂gA, receives a contribution only from the interference of

diagrams (a) and (b) and this part is proportional to d 2
abc, the symmetric structure constants

of SU(3) [3]. This can be seen as follows. Firstly, one observes that the Lorentz structure of

this interference term is anti-symmetric with respect to charge conjugation.4 On the other

4This can be seen by relating the interference term via the optical theorem to a loop diagram and using

the Furry theorem.
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Figure 2. Symmetric part of the differential partonic cross section of the qq̄ and qg channels as

a function of the jet scattering angle θj for
√
s = 1 TeV and Ej ≥ 20 GeV.

hand, the color coefficient is 1/(16N2
c ) · (d2

abc + f2
abc) for tt̄j and 1/(16N2

c ) · (d2
abc − f2

abc) if

t and t̄ are interchanged. Therefore, the term proportional to d2
abc contributes to σ̂gA while

the term proportional to f2
abc contributes to σ̂gS . With similar arguments one can show that

all other contributions in the first column of table 1 contribute only to σ̂gS .

The SM-axigluon interference terms σ̂gGA and σ̂gGS contain an axial coupling γµγ5 from

the quark-anti-quark-axigluon vertex (see eq. (2.6)) which leads to a different Lorentz struc-

ture. Therefore, interference terms which were anti-symmetric under charge conjugation

for a pure QCD diagram are now symmetric and vice versa. For σ̂GA and σ̂GS , due to the

presence of two γµγ5 couplings in the top-quark lines, the products of Feynman diagrams

listed in the first column of table 1 contribute in the same way to the symmetric and

anti-symmetric parts of the cross section as the pure SM contributions.

The above considerations are also helpful for an understanding of the singular behavior

of dσ̂A/dθj and dσ̂S/dθj in the collinear limit where a gluon is emitted at an angle5 θj →
0, π. In SM QCD, the symmetric part of the differential cross section, dσ̂gS/dθj , shown in

figure 2, is divergent for θj → 0, π, while the anti-symmetric cross section must be finite

in this limit.6 Therefore the asymmetry ÂSM (θj) = (dσ̂gA/dθj)/(dσ̂
g
S/dθj) vanishes at LO

in tt̄g production for θj → 0, π [67]. Since a large part of the total cross section comes

from the collinear region, the normalized asymmetry is suppressed, but can be enhanced

considerably by appropriate phase space cuts.

If axigluons are present, the different interference terms from σ̂gGA and σ̂gGS contribute

in the opposite way to the symmetric and anti-symmetric parts of the cross section as for

the SM interference terms. Therefore, dσ̂gGA /dθj is divergent for θj → 0, π while dσ̂gGS /dθj
is finite in this limit. As will be shown in the next section, the resulting asymmetry ÂC(θj)

5We collectively denote the scattering angle of the parton which will give rise to a jet by θj .
6The charge asymmetry for the inclusive tt̄ production is generated at NLO. Collinear singularities

appearing in the NLO calculation have to be factorized and can be absorbed into PDFs only if they have

the same symmetry properties as the LO cross section. Since the LO qq̄ → tt̄ diagrams are symmetric under

charge conjugation, collinear divergences can only contribute to the symmetric part of the cross section [3].
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is not suppressed for θj → 0, π if axigluons are present and one finds large differences of

the charge asymmetry compared with the SM. Then also the total integrated asymmetry

ÂCint is not suppressed in the collinear region and no phase space cuts are needed to search

for deviations from the SM prediction.

3 Parton level results

In this section we investigate the impact of light axigluons on the energy, rapidity and

incline asymmetries at the parton level. This study will help us to identify suitable cuts for

observables at the hadron level which we will describe in the next section. In order to be

able to compare with previous results [67], we choose7
√
ŝ = 1 TeV and we always apply a

cut on the energy of the parton (quark or gluon) leading to a jet, Ej ≥ 20 GeV. We separate

the SM prediction σ̂C,SMA = σ̂C,gA from the anti-symmetric part of the cross sections and

the SM prediction ÂC,SMint from the charge asymmetry. We will display numerical results

for the differences ∆σ̂CA and ∆ÂCint due to the presence of axigluons:

∆ÂCint = ÂCint − Â
C,SM
int with ÂCint =

σ̂C,gA + σ̂C,gGA + σ̂C,GA

σ̂gS + σ̂gGS + σ̂GS
and ÂC,SMint =

σ̂C,gA

σ̂gS
,

∆σ̂CA = σ̂CA − σ̂
C,SM
A .

Differential cross sections and asymmetries are separated into their different contributions

in an analogous way. To simplify the notation, we use from now on the short labels C = E,

y and ϕ to indicate the energy, rapidity and incline asymmetries. The anti-symmetric

cross sections and asymmetries are, however, defined as explained above (see eq. (2.2)) by

imposing the conditions ∆E > 0, ∆y > 0 and cosϕ > 0, respectively.

Figure 3 shows ∆dσ̂CA/dθj (left panel) and ∆ÂC(θj) (right panel) as a function of

the jet scattering angle θj for the qq̄ → tt̄g channel. The dotted lines correspond to the

energy asymmetry, the dashed lines to the rapidity asymmetry and the solid lines to the

incline asymmetry. Here we have chosen the large-coupling scenario with mA =400 GeV,

αA = 0.032 and ΓA = 0.1 · mA. For these parameter values, the interference term σ̂gGA
dominates the axigluon contributions; therefore the dependence on αA is linear to a good

approximation and predictions for ∆dσ̂CA/dθj and ∆ÂC(θj) for smaller values of the ax-

igluon coupling can be inferred from these figures by scaling down the results by an appro-

priate factor.

The dotted line in figure 3 shows the dependence of the energy asymmetry on the

jet scattering angle. The anti-symmetric part of the cross section dσ̂EA/dθj exhibits a

collinear divergence if axigluons are taken into account (see section 2). This is an important

and outstanding difference to the SM prediction where the anti-symmetric cross section

vanishes for collinear jets. As in the case of the SM prediction, dσ̂EA/dθj has opposite

signs for θj <
π
2 and θj >

π
2 and is zero for θj = π

2 . In order to construct a non-vanishing

integrated asymmetry, one therefore needs to split the integration region for the qq̄-channel

7The qualitative behavior of the asymmetries depends only mildly on
√
ŝ.
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Figure 3. Partonic energy asymmetry (dotted lines), rapidity asymmetry (dashed lines) and incline

asymmetry (solid lines) for the qq̄ channel as a function of the jet scattering angle θj for
√
ŝ = 1 TeV

and Ej ≥ 20 GeV. Only the difference of the charge asymmetry with and without axigluons in the

large-coupling scenario is shown. Left panel: ∆dσ̂C
A/dθj , right panel: ∆ÂC(θj).

as it was suggested for the integrated SM qq̄-asymmetry in ref. [67]. The normalized

energy asymmetry, shown in figure 3 (right panel), has a non-zero value for collinear jet

emission with ∆ÂE(θj) reaching approximately ∓40% for θj → 0, π. For an integrated

asymmetry, one therefore is not forced to apply cuts on θj to suppress the collinear region

as in the case of the SM [67]. It is also important to note that the shape of the energy

asymmetry as a function of θj is quite different from the SM prediction. This might be

helpful in distinguishing an axigluon scenario from other models, provided the event rate

is large enough.

The θj-dependence of the rapidity asymmetry difference for the partonic qq̄ → tt̄g

channel is shown by the dashed lines in figure 3. As in the case of the energy asymmetry,

the rapidity asymmetry exhibits a collinear divergence for θj → 0, π which is absent for the

SM prediction. The asymmetry difference is always positive. The normalized asymmetry

difference ∆Ây(θj) is therefore finite and also positive for all jet scattering angles and varies

only very little with θj . For the large-coupling scenario it amounts to ∆Ây(θj) ≈ 40%.

Also here, there is no need to cut out collinear jet emission and the full event sample can

be used for the search for axigluons.

The solid line in the left part of figure 3 shows ∆dσ̂ϕA/dθj for the incline asymmetry

in the large-coupling scenario. The difference is always positive and reaches its maximum

for central jet emission. However, as in the SM case, the dependence on the jet scattering

angle is small. For the asymmetry difference of the incline asymmetry, ∆Âϕ(θj), in figure 3,

right part, one observes a suppression in the collinear regime. The reason is that the

symmetric SM cross section in the denominator of the definition of Â is divergent for

θj → 0, π [67]. The asymmetry difference is largest for central jet emission and, for the

large-coupling scenario, amounts to about ∆Âϕ(θj) ≈ 40%. As the SM prediction is roughly

Âϕ,SM (θj) ≈ −40% for central jet emission, the total asymmetry Âϕ(θj) for the large-

coupling scenario would be between 0 and −4% over the entire range of the jet scattering

angle. For smaller coupling parameters αA the total asymmetry would lie between this

– 8 –
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value and the SM prediction of Âϕ,SM (θj) ≈ −40% for central jets. Therefore, measuring

a zero incline asymmetry would be indicative of the existence of axigluons and, provided

the precision is good enough, be in disagreement with the SM prediction.

In figure 3 one can see that the anti-symmetric parts of the cross section entering the

energy and rapidity asymmetries are divergent for θj → 0, π, but the anti-symmetric part

∆dσ̂ϕA/dθj for the incline asymmetry is finite in these limits. This absence of a collinear

pole in the anti-symmetric tt̄+jet cross section is again related to the symmetry properties

of the corresponding inclusive tt̄ production cross section (see section 2 and footnote 6 at

the end of section 2) and a divergent behaviour in the leading order tt̄+ jet cross section

is connected with a collinear pole proportional to 1/ε in the NLO cross section for the tt̄

cross section (see, e.g., eq. (3.15) in [70]). Since the 2 → 2 Born cross section is invariant

under rotations about the beam axis, there is no collinear pole in the ϕ-anti-symmetric

part of the NLO tt̄ cross section and correspondingly the incline asymmetry of the tt̄+ jet

final state stays finite in the collinear limits. On the other hand, the qq̄ → tt̄ Born cross

section is anti-symmetric with respect to ∆y if axigluons are present, and collinear poles

contribute to its NLO corrections. Correspondingly, dσ̂yA/dθj is divergent for θj → 0, π

when axigluons are present. The anti-symmetry in the rapidity is also reflected in the

energy asymmetry since the rapidities of the top and anti-top quark are correlated by

kinematics with ∆E.

Now we will discuss the contribution of the qg → tt̄q channel to the various charge

asymmetries. Figure 4 shows ∆dσ̂A/dθj (left panel) and ∆Â(θj) (right panel) for this

case. Again, the dotted lines denote the energy asymmetry, the dashed lines the rapidity

asymmetry and the solid lines the incline asymmetry.

The Feynman diagrams for the qg sub-process are shown in figure 5. In the SM, the

symmetric part of the cross section for the qg → tt̄q channel exhibits a t-channel singularity

for θj → 0 coming from the Feynman diagrams in figure 5a, b and e. There is also a less

strong u-channel singularity from the diagram in figure 5d generating a peak at θj → π

(see figure 2). The behaviour of the anti-symmetric parts of the qg cross section in the

collinear limits can be understood with similar arguments as above. The incline asymmetry

stays finite for θj → 0, π since the 2 → 2 Born cross section is invariant under rotations

about the beam axis and collinear poles cancel in the anti-symmetric part ∆dσ̂A/dθj . The

t-channel pole at θj → 0 cancels also in the rapidity and the energy asymmetry since it

can be factorized into the gg-channel Born cross section which is symmetric with respect

to ∆y. In contrast, the u-channel pole survives since it is factorized into the qq̄-channel

Born cross section which is anti-symmetric with respect to ∆y if axigluons are present.

From the difference of the energy asymmetry ∆dσ̂EA(θj)/dθj shown in figure 4 we

conclude again that the presence of axigluons leads to a quite different θj dependence

compared with the SM prediction. ∆dσ̂EA(θj)/dθj is negative for θj <∼ 2π/5 and positive

for θj >∼ 2π/5. Furthermore, ∆dσ̂EA(θj)/dθj shows the same u-channel divergence as the

symmetric part of the cross section for θj → π. However, contrary to the symmetric part of

the SM cross section, there is no divergence for θj → 0. The normalized energy asymmetry

difference ∆ÂE(θj) is therefore zero for θj → 0, but finite and large for θj → π with

∆ÂE(θj = π) ≈ 35%. In the large-coupling scenario, the total asymmetry ÂE(θj) (not
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Figure 4. Partonic energy asymmetry (dotted lines), rapidity asymmetry (dashed lines) and

incline asymmetry (solid lines) for the qg channel as a function of the jet scattering angle θj for√
ŝ = 1 TeV and Ej ≥ 20 GeV. We show the difference of the charge asymmetry with and without

axigluons for the large-coupling scenario. Left panel: ∆dσ̂A/dθj , right panel: ∆ÂC(θj).

(a) (b) (c)

(d) (e)

Figure 5. Feynman diagrams contributing to the partonic process qg → tt̄q. Thin curly lines

denote SM gluons while thick curly lines can represent either a SM gluon (g) or an axigluon (G).

shown in figure 4) changes sign at around θj ≈ π/2. A non-vanishing integrated energy

asymmetry in the qg-channel can therefore only be obtained if the integration region is

separated into regions with a definite sign, e.g. with θj < π/2 and θj > π/2.

The SM predictions for dσ̂y,SMA /dθj and Ây,SM (θj) in the qg-channel are tiny and

the corresponding differences ∆dσ̂yA/dθj and ∆Ây(θj) shown in figure 4 are therefore al-

most identical with the predictions in the axigluon model. In the large-coupling scenario,

∆dσ̂yA/dθj is large and positive in the entire θj range and has a u-channel singularity for

θj → π, but approaches zero for θj → 0. Therefore, the normalized rapidity asymmetry

shown in the right panel of figure 4 is zero for θj = 0 and increases monotonically towards

larger θj with a maximum of ∆Ây(θj = π) ≈ 40%. The rapidity asymmetry in the qg-

channel is another example where the θj dependence shows a behavior which is markedly

different from the SM prediction.

For the incline asymmetry, the difference ∆dσ̂ϕA/dθj is positive except for very small

angles. ∆Âϕ(θj) is maximal for central jets and amounts to ∆Âϕ(θj ≈ π/2) ≈ 18%.
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The presence of collinear divergences in the symmetric cross section causes the normalized

asymmetry ∆Âϕ(θj) to vanish for θj → 0, π.

We have also investigated how the asymmetries depend on other kinematic variables.

In general, the absolute values of the normalized asymmetries increase for larger values of

cosϕ, ∆E, or ∆y. We will not go into further detail here, but describe additional cuts in

the next section for the analysis at the hadron level.

We end this section with a few remarks about the influence of the axigluon model

parameters on the charge asymmetries. A variation of the width ΓA in the interval

[0.1 ·mA, 0.3 ·mA] was found to lead to only very small changes in general. The largest

differences, not more than a few percent, are found in a small range of values of θj for

the incline asymmetry in the qg channel. We therefore fix ΓA = 0.1 · mA for all sub-

sequent calculations. The impact of different axigluon mass values is much larger. The

difference with respect to the SM prediction increases with larger axigluon masses because

the resonance in the axigluon propagator is shifted towards the top quark pair production

threshold. For example, the anti-symmetric part of the qq̄ cross section responsible for

the incline asymmetry, dσ̂ϕA/dθj , at θj = π/2 changes from −0.12 pb for mA = 100 GeV

to −0.02 pb for mA = 400 GeV (with αA = 0.032). On the other hand, axigluons also

contribute to the symmetric part of the cross section. This contribution is small for larger

mass values in the range of 200 − 400 GeV, but changes dramatically for light masses of

mA ≈ 100 GeV, where the symmetric qq̄ cross section, dσ̂S/dθj(θj = π/2), is enhanced

by a factor of up to 5 for large αA. This leads to a large suppression of the normalized

asymmetries for mA ≈ 100 GeV and therefore to large differences with respect to the SM

predictions. We find that ∆Âϕint at mA = 100 GeV can be as large as for mA = 400 GeV,

while it is much smaller for masses in the intermediate mass range. Due to the large in-

crease of the symmetric part of the cross section for axigluon masses mA ≈ 100 GeV, it is

worth to investigate prospects to search for axigluons in measurements of the total tt̄+ jet

cross section, but we do not follow this possibility here.

4 Hadron level results

Based on the results of the previous section we will now describe predictions for charge

asymmetries at the hadron level, suitable for experiments at the LHC. In our numer-

ical analysis, the factorization scale is set equal to the top-quark mass, µf = mt =

173.5 GeV [71]. All calculations are performed at LO QCD, using CTEQ6L1 PDFs [72] and

the corresponding value of the strong coupling constant, αLO
s (mt) = 0.1180. While we are

not in a position to perform a full detector simulation, we nevertheless apply a minimal set

of “detector cuts” suitable for experiments at the LHC: for the jet’s transverse momentum

in the laboratory frame, we require pjT ≥ 25 GeV and for its rapidity |yj | ≤ 2.5. The jet

scattering angle in the parton CM frame can be accessed by measuring the difference of

the rapidities yj and ytt̄j in the laboratory frame. Cuts on the jet scattering angle θj will
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then be expressed in terms of the partonic jet rapidity,8

ŷj =
1

2
log

(
1 + cos θj
1− cos θj

)
= yj − ytt̄j . (4.1)

As discussed above, most suitable for a search for axigluons are the differential charge

asymmetries as a function of the jet scattering angle θj . Such analyses will however require

large event rates. As long as not enough data are available one can try to search in

measurements of integrated asymmetries. In the following we will discuss how precisely a

particular asymmetry has to be defined and which cuts can be used in order to optimize

various search scenarios.

4.1 Energy asymmetry at the hadron level

As discussed in section 3, the energy asymmetry ÂE(θj) exhibits a change of sign as a

function of the jet scattering angle with a zero at θj ∼ π/2. A naive definition of an

asymmetry at the hadron level would then reduce the asymmetry since for each positive

contribution σEA at a given angle θj from the qq̄ initial state there is a negative contribution

at the same angle from the q̄q initial state. At the parton level one could avoid this

cancellation since the direction of the incoming quark was known. At the hadron level it

is impossible to determine on an event-by-event basis from which of the incoming beams

the quark and from which the anti-quark originated; however, one can enhance the event

sample for one or the other case by taking into account that the valence quark distributions

of the u and d quarks in the proton are dominating the sea-quark distributions for large

momentum fractions x. The ratio of the momentum fractions of the two partons is related

to the rapidity of the tt̄j-system by ytt̄j = ln(x1/x2)/2, where x1 is the momentum fraction

of beam 1 moving in positive z direction and x2 the momentum fraction of beam 2. Events

with positive (negative) ytt̄j have a higher probability to originate from a quark in beam

1 (beam 2) as opposed to an anti-quark in beam 1 (beam 2). We therefore define a θj-

dependent energy asymmetry by

AE(θj) =
dσEA/dθj(θj , ytt̄j > 0) + dσEA/dθj(π − θj , ytt̄j < 0)

dσS/dθj
. (4.2)

Similarly, an integrated asymmetry can be defined by separating jet scattering angles in

the forward hemisphere from the backward hemisphere according to the sign of the rapidity

of the tt̄j system:

AEint =

∫ π
π/2 dθj dσEA/dθj(ytt̄j > 0) +

∫ π/2
0 dθj dσEA/dθj(ytt̄j < 0)

σS
. (4.3)

Different choices for the range of integration over the jet angle are possible, but we

found that the separation into forward and backward hemispheres as in eq. (4.3) leads

to largest deviations from the SM prediction, thus to smallest luminosities required to

observe these deviations.

8This relation is valid at leading order.

– 12 –



J
H
E
P
0
9
(
2
0
1
4
)
0
8
4

Figure 6. Energy asymmetry AE at the LHC with
√
S = 14 TeV, mA = 400 GeV, αA = 0.032,

ΓA = 40 GeV. Left panel: AE(θj) (in percent) as a function of θj with |ytt̄j | ≥ 1 and |∆E| ≥ 25 GeV.

The dotted line shows the SM prediction, the solid line includes the effect due to axigluons and the

dashed line is the difference of both. Right panel: Contour plot of ∆AE
int in percent as a function of

lower cuts on |ytt̄j | and |∆E|. Superimposed are dashed lines of constant integrated luminosity L
required to observe ∆AE

int at the 5σ confidence level. The black point indicates the optimal choice

of cut values which lead to the minimally required luminosity.

The results for AE(θj), A
E,SM (θj) and ∆AE(θj) in the large-coupling scenario are

shown in the left panel of figure 6 by the solid, dotted and dashed lines, respectively. Since

we have applied the “detector cut” |yj | ≤ 2.5, the asymmetries and the cross section are zero

for θj <∼ π
8 . The SM asymmetry is always negative and almost identical to the results based

on the definition given in [67] which ignored the condition on the sign of ytt̄j to enhance

contributions related to a given direction of the incoming quark. The pronounced effect

from the presence of an axigluon which was observed at the parton level (see section 3),

remains clearly visible also at the hadron level, as can be seen from the solid and dashed

lines in figure 6 (left panel). For θj <
π
2 the asymmetry AE(θj) is negative and its absolute

value (5.5%) somewhat larger than the SM prediction, however, positive with values up to

6% for θj ≥ π
2 . In this range, for θj ≥ π

2 , the difference between the axigluon model and

the SM is particularly large. Obviously, it remains true at the hadron level that the θj
dependence of AE(θj) will be an interesting observable to search for deviations from the

SM prediction caused by the presence of axigluons.

We have also studied the integrated asymmetry defined in eq. (4.3). The SM result is

negative and small,9 about −0.4 % without kinematical cuts and −2.5% for the strong cuts

|ytt̄j | ≥ 2, |∆E| ≥ 250 GeV. A contour plot for the asymmetry difference ∆AEint in the large-

coupling scenario is shown in figure 6 (right panel). The difference ∆AEint is always positive

and about 2 % without cuts on |ytt̄j | and |∆E|, but can reach values of up to 20% for strong

cuts. ∆AEint has a strong dependence on |∆E|min for values up to |∆E|min ' 75 GeV.10

The dependence on |ytt̄j |min is strong for all considered values of |∆E|min.

9The SM predictions in ref. [67] are larger due to the additional upper cut |ŷj | ≤ 1 that has been applied

there to suppress the collinear regions.
10At LO, a lower cut on |∆E| implies a lower cut on the transverse momentum of the jet. Therefore, a

large value for |∆E|min is expected to be advantageous also in view of a suppression of background processes

or higher order corrections.
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The dashed lines in figure 6 (right panel) show the luminosity needed to measure the

asymmetry difference ∆AEint at the 5σ level. Here we take into account only the statistical

error δAϕ = 1/
√
N . The number of events N is calculated from the total hadronic cross

section, N = σ · L · ε, assuming an experimental efficiency11 of ε = 5%. Then, using

the statistical significance S = |∆Aϕ|/δAϕ = |∆Aϕ|
√
σ · L · ε, we determine contours of

constant L from the condition S = 5. We find that there is an optimal choice of cut values,

represented by the black dot in this figure, where the luminosity required for a measurement

at the 5σ level has the smallest possible value, Lmin = 3.4 fb−1. This value can be realized

by imposing the cuts |ytt̄j |min ' 1.1, |∆E|min ' 30 GeV. A 5σ deviation of the energy

asymmetry can be measured for the small-coupling scenario with Lmin = 165 fb−1.

4.2 Rapidity asymmetry at the hadron level

In section 3 we have seen that the rapidity asymmetry at the parton level is not suppressed

in the collinear regions and the whole event sample can be used. We therefore use the

standard definition

A
∆|y|
int =

σ
∆|y|
A

σS
with ∆ |y| = |yt| − |yt̄| (4.4)

for the integrated rapidity asymmetry at the hadron level. It is defined in terms of the

absolute values of the top and anti-top rapidities. With this definition, an experimental

determination of the quark direction based on the boost of the tt̄j-system is avoided.

We have also seen in section 3 that at the parton level ∆Ây(θj) has only a weak

dependence on the jet scattering angle θj for the qq̄ channel, while it increases monotonically

with θj for the qg channel. Therefore, with the definition

A∆|y|(θj) =
dσ

∆|y|
A /dθj(θj , ytt̄j > 0) + dσ

∆|y|
A /dθj(π − θj , ytt̄j < 0)

dσS/dθj
, (4.5)

one can enhance the contribution from the qg-channel.

The resulting distributions for A∆|y|(θj), A
∆|y|,SM (θj) and ∆A∆|y|(θj) are shown in

figure 7 (left panel) by the solid, dotted and dashed lines. The additional cuts |ytt̄j | > 1

and |∆ |y| | > 0.75 have been applied here. The SM prediction is negative for all values

of θj with a minimum of −2.5 % at θj ' 5
9π and tends to zero in the collinear region

because the symmetric part of the cross section, i.e. the denominator in the definition of

the rapidity asymmetry, increases for θj → 0, π. The cross section is zero for θj <∼ 1
8π

since we have applied the laboratory jet cut |yj | ≤ 2.5. The total asymmetry A∆|y|(θj) is

large and positive for θj >∼ 1
8π. The asymmetry difference ∆A∆|y|(θj) is positive for all

11In ref. [73] an efficiency of 3.5 % was estimated for the measurement of top-anti-top final states at√
S = 7 TeV. We deliberately assume a slightly larger value for our analysis for which there is not yet a

detailed simulation of the experimental conditions. In the present section we do not include any background

contributions. The required luminosity including background can be obtained (assuming that the asym-

metric part of the cross section σA is not altered) by rescaling the efficiency ε. Except for the case of very

small axigluon masses, the symmetric part of the cross section σS is very little affected by the presence of

axigluons. Then the required luminosity can be approximated by L ≈ S2·σSM
S

(σA−σSM
A

)2·ε .
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Figure 7. Rapidity asymmetry A∆|y| at the LHC with
√
S = 14 TeV, mA = 400 GeV, αA = 0.032,

ΓA = 40 GeV. Left panel: A∆|y|(θj) (in percent) as a function of θj with |ytt̄j | > 1 and |∆ |y| | > 0.75.

The dotted line shows the SM prediction, the solid line includes the effect due to axigluons and the

dashed line is the difference of both. Right panel: Contour plot of ∆A
∆|y|
int in percent as a function

of lower cuts on |ytt̄j | and |∆|y||. Superimposed are dashed lines of constant integrated luminosity

L required to observe ∆A
∆|y|
int at the 5σ confidence level. The black point indicates the optimal

choice of cut values which lead to the minimally required luminosity.

couplings αA. The most striking difference of the axigluon prediction with respect to the

SM result is a non-vanishing asymmetry for collinear jets with θj → π. As before, the

results shown in figure 7 have been obtained for the large-coupling scenario; for smaller

couplings the results will scale down towards the SM prediction.

In the right panel of figure 7 we display a contour plot of the integrated rapidity

asymmetry in the large-coupling scenario as a function of lower cuts on |ytt̄j | and the

rapidity difference |∆ |y| |. The solid contour lines represent constant values of ∆A
∆|y|
int (in

percent). If no additional cuts are applied, ∆A
∆|y|
int = 1.8%. This value can be enhanced by

applying cuts on |ytt̄j | and |∆ |y| | to values up to ∆A
∆|y|
int ≈ 20%. The SM result is negative

and small, about −0.3% without kinematical cuts and −4.8% for very strong kinematical

cuts of |ytt̄j |min = 2, |∆|y||min = 3. The dashed lines show again the luminosity needed to

measure this asymmetry difference at 5σ and the black dot indicates the smallest possible

value, Lmin = 1.3 fb−1. A 5σ deviation of the rapidity asymmetry can be measured for the

small-coupling scenario with Lmin = 65 fb−1.

4.3 Incline asymmetry at the hadron level

In section 3 we have shown that the incline asymmetry Âϕ(θj) is most strongly affected

by axigluons, in both the qq̄ and the qg channel, if the jet is emitted perpendicular to

the beam axis. In addition, ∆Âϕ(θj) and Âϕ,SM (θj) is zero for collinear jets, i.e. in the

region where the symmetric part of the cross section gets large. Therefore, contrary to the

cases of the energy and rapidity asymmetries, an upper cut on |ŷj | is applied to enhance

the integrated asymmetry. Furthermore, the sign of the incline asymmetry depends on the

direction of the incoming quark. As above, we count events at the reflected angle π − θj
instead of θj , depending on the sign of the rapidity of the tt̄j-system, i.e., we define the
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integrated asymmetry by

Aϕint =
σϕA(ytt̄j > 0)− σϕA(ytt̄j < 0)

σS
(4.6)

and the θj dependent asymmetry

Aϕ(θj) =
dσϕA/dθj(θj , ytt̄j > 0)− dσϕA/dθj(π − θj , ytt̄j < 0)

dσS/dθj
. (4.7)

This definition implies that contributions from the phase space region around

ytt̄j ≈ 0 cancel in the numerator of eq. (4.6), but fully contribute to the denomina-

tor. Therefore a minimum cut on the boost of the tt̄j-system can strongly enhance the

normalized asymmetry.

In the SM the incline asymmetry is dominated by the qq̄ channel and the contribution

from the qg channel is small [67]. If axigluons are present, both channels give positive

contributions of similar size. In the left part of figure 8 we show the resulting hadronic

asymmetry difference ∆Aϕ(θj) for the LHC with
√
S = 14 TeV in the large-coupling sce-

nario. Figure 8 (right panel) shows the contour plot of ∆Aϕint as a function of lower cuts on

|ytt̄j | and | cosϕ|. Additionally, an upper cut of |ŷj | ≤ 1 has been applied. The SM result

is negative and small, about −0.6% without kinematical cuts and −3.4% for very strong

kinematical cuts of |ytt̄j |min = 2, | cosϕ|min → 1. The solid black lines in figure 8 (right

panel) show contours of constant ∆Aϕint. We see that without cuts on |ytt̄j | and | cosϕ|,
asymmetry differences of ∆Aϕint ≈ 2 % are obtained while very strong cuts can bring this

difference up to values of ∆Aϕint ≈ 10 %. The dependence on | cosϕ|min is moderate, but a

lower cut on |ytt̄j | can lead to a strong enhancement.

The dashed lines in figure 8 (right panel) show which luminosity Lmin would be required

to measure the predicted difference at the 5σ confidence level. For the special choice of

parameters considered here, we find a minimal luminosity of Lmin = 2.7 fb−1 where the

corresponding asymmetry difference is ∆Aϕint = 4.8% for the cuts | cosϕ|min = 0.38 and

|ytt̄j |min = 0.95. In the small-coupling scenario, we find ∆Aϕint = 0.3 % without cuts on

| cosϕ| and |ytt̄j |, and ∆Aϕint ≈ 2 % for strong | cosϕ|min and |ytt̄j |min cuts. The minimum

luminosity required for the small-coupling scenario is Lmin = 110 fb−1.

4.4 Luminosity requirement for the measurement of charge asymmetries

The analysis described in the previous sections can be performed for each pair of coupling

strength αA and mass mA and an optimal choice of cut values can be determined. The

minimum required luminosity to measure the asymmetry difference ∆Aint at the 5σ level

found in this way is presented in figure 9 as a function of the coupling strength αA and the

considered mass values. The upper panel shows the results for the energy asymmetry, the

middle panel for the rapidity asymmetry and the bottom panel for the incline asymmetry.

The long-dashed (green) lines correspond to an axigluon mass of mA = 100 GeV, the dotted

(blue) lines are for mA = 200 GeV, the solid (red) lines for mA = 300 GeV and the dashed

(black) lines for mA = 400 GeV. The axigluon width is set to 0.1 ·mA. In each case we have

chosen the range of values for the coupling strength αA in accordance with ref. [66]. As
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Figure 8. Incline asymmetry Aϕ at the LHC with
√
S = 14 TeV, mA = 400 GeV, αA = 0.032,

ΓA = 40 GeV. Left panel: Aϕ(θj) (in percent) as a function of θj with |ytt̄j | ≥ 1 and | cosϕ| ≥ 0.4.

The dotted line shows the SM prediction, the solid line includes the effect due to axigluons and the

dashed line is the difference of both. Right panel: Contour plot of ∆Aϕ
int in percent as a function of

lower cuts on |ytt̄j | and | cosϕ| with |ŷj | ≤ 1. Superimposed are dashed lines of constant integrated

luminosity L required to observe ∆Aϕ
int at the 5σ confidence level. The black point indicates the

optimal choice of cut values which lead to the minimal required luminosity.

expected, smaller luminosities are required for larger coupling strengths. If one restricts the

coupling to αA ≥ 0.008, then for all axigluon masses, the minimum required luminosities

are Lmin = 44 fb−1 for the incline asymmetry, Lmin = 86 fb−1 for the energy asymmetry

and Lmin = 26 fb−1 for the rapidity asymmetry.

In general, the integrated rapidity asymmetry is the most promising observable for

which one obtains the smallest required luminosities. However, if the number of events

is large enough, the energy asymmetry differential with respect to θj shows the most

characteristic differences compared with the SM prediction as has been shown in figure 6

(left panel) above. A measurement of this quantity should therefore be used to search for

axigluon contributions.

5 LHC at 8 TeV

We have investigated the possibility to search for axigluons in the mass range of 100 −
400 GeV using the LHC data from 2011 at

√
S = 7 TeV and from 2012 at

√
S = 8 TeV.

The general features of cross sections and asymmetries do not depend strongly on the CM

energy. The most important difference at these lower energies is that the contribution of

the gluon-gluon initial state is smaller. Therefore the asymmetries are slightly larger and

one may expect that already with the available data it should be possible to exclude large

areas in the parameter space of the axigluon mass and coupling.

In the last section we have identified the integrated rapidity asymmetry A∆|y| as a

most promising observable. We find that moderate cuts |∆|y|| > 0.35 and |ytt̄j | > 0.7 lead

to the smallest integrated luminosity needed for an axigluon search based on ∆A
∆|y|
int in the

mass range of 100 − 300 GeV. In figure 10 we show ∆A
∆|y|
int as a function of the axigluon

coupling αA and mass mA. For definiteness, we have chosen
√
S = 8 TeV and the axigluon
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Figure 9. Minimal luminosity required to observe axigluons using the energy asymmetry, defined

in eq. (4.3), the rapidity asymmetry, eq. (4.4), and the incline asymmetry, eq. (4.6), at the 5σ level.

We show the dependence on the coupling parameter αA at the abscissa. Different values of the

axigluon mass mA = 100, 200, 300, 400 GeV correspond to the green long-dashed, blue dotted, red

solid, and black dashed lines. The axigluon width is set to 0.1 ·mA.

width was fixed at ΓA = 0.1 ·mA. The solid grey lines show constant values of ∆A
∆|y|
int .

Asymmetries of about 1.5 % for very small couplings αA = 0.005 are found and values of

up to ∆A
∆|y|
int = 9 % can be reached for large couplings αA = 0.032.

If the data forA
∆|y|
int agree with the SM prediction, one can determine exclusion limits on

the model parameters. For a rough estimate we calculate the minimal integrated luminosity

required for exclusion limits at the 3σ level. Without a detailed experimental study we can

base such a calculation only on the statistical uncertainty. We use the same cuts on |∆|y||
and |ytt̄j | as given above and assume that tt̄j events can be observed with an efficiency of

ε = 0.035 [73]. Moreover, we assume that background processes may increase the observed

cross section by 40 % without affecting the asymmetric part of the cross section σA.12

The result is shown in figure 10. From the superimposed black dashed lines of constant

integrated luminosity one can read off exclusion limits on the axigluon mass and coupling.

We conclude that a large part of the parameter range of the light axigluon model can be

excluded with 25 fb−1 of the LHC7+LHC8 data if only the statistical error is considered.

12See footnote 11 in section 4.1.
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Figure 10. Difference of the rapidity asymmetry, ∆A
∆|y|
int , at the LHC with

√
S = 8 TeV as

a function of the coupling αA and the axigluon mass mA. The lower cuts |∆|y|| > 0.35 and

|ytt̄j | > 0.7 have been applied. Solid grey lines show constant values of ∆A
∆|y|
int . The superimposed

black dashed lines show which integrated luminosity L is needed to exclude axigluons at the 3σ

confidence level. In the area to the right of the dashed red line, axigluons can be discovered in a

measurement of ∆A
∆|y|
int with L = 25 fb−1 at the 5σ confidence level.

The dashed red line in figure 10 shows the 5σ discovery potential for axigluons of this

measurement at the LHC8 and L = 25 fb−1.

Some of the asymmetries shown in this and the last sections are only 2% and one may

wonder whether uncertainties from experiment or the reconstruction of the tt̄ + jet final

state may wash them out. One should also mention that our current investigation has

been made at the top-quark production level without the subsequent decay and without

the inclusion of higher-order corrections. However, the effect of the light axigluons on the

asymmetries should be measureable at least for the rapidity asymmetry as discussed in this

section. A standard way to measure this asymmetry in inclusive tt̄ production is to measure

asymmetries of the final electrons in the leptonic decay channels, where no reconstruction

of the top four-momenta needs to be performed. This measurement should definitely be

possible in the tt̄+ jet final state as the cross section at the LHC is large and, depending

on the applied jet cut, can reach half the size of the tt̄ inclusive cross section.

6 Flipped scenario

The forward-backward asymmetry measured at the Tevatron seems to exceed the SM pre-

diction while the measured charge asymmetry at the LHC is consistent with it. New physics

scenarios like models including axigluons can explain the Tevatron forward-backward asym-

metry, however, in general they also lead to a substantial deviation of the SM prediction

for the charge asymmetry at the LHC.

It has been suggested [68] that this conflict can be solved in a “flipped“ axigluon model

where the couplings to up-type and down-type SM quarks is chosen differently from each

other. At the Tevatron, the partonic uū-channel largely dominates the cross section since
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Figure 11. Rapidity and energy asymmetries in a flipped axigluon scenario at the LHC with√
S = 14 TeV, pTj ≥ 25 GeV and |yj | ≤ 2.5. Dotted lines denote the SM prediction, dashed lines

the axigluon scenario with g̃U = g̃D and solid lines the flipped scenario with g̃U 6= g̃D. Left panel:

dependence of A∆|y|(θj) on the jet scattering angle with |ytt̄j | ≥ 1 and |∆|y|| ≥ 1; right panel:

A∆E(θj) with |ytt̄j | ≥ 1 and |∆E| ≥ 100 GeV.

both PDFs, fq/p(x1) and fq̄/p̄(x2) are of valence type. In contrast, at the LHC, only one

of the two PDFs is a valence distribution. Therefore, also the ratio of contributions from

the uū-channel to the dd̄-channel is much smaller at the LHC than at the Tevatron. The

average value of the partonic momentum fractions τ = x1x2 is smaller at the LHC. This

would reduce the enhancement by the valence component of the PDFs, but there is still

enough room to fit the guV,A and gdV,A couplings in such a way that both, the Tevatron and

LHC measurements, can be made compatible [68].

We have investigated the influence of axigluons in such a model on the tt̄+ jet charge

asymmetries and base our numerical results on the fitted values of ref. [68], g̃Q = 0.5,

g̃U = 0.32 and g̃D = −1.2 for mA = 350 GeV and ΓA = 0.2 ·mA. Our results are shown

in figure 11. In the left panel we show the rapidity asymmetry as a function of the jet

scattering angle θj and in the right panel the energy asymmetry. All results are for the

LHC at
√
S = 14 TeV, with “detector cuts” pTj ≥ 25 GeV and |yj | ≤ 2.5. The dotted lines

correspond to the SM prediction, the dashed lines include axigluons with g̃U = g̃D = 0.32,

while the solid lines show the results for the flipped axigluon scenario with g̃U = 0.32 and

g̃D = −1.2. For the rapidity asymmetry we have applied the additional cuts |ytt̄j | ≥ 1

and |∆|y|| ≥ 1 in order to enhance the observable asymmetry, as explained in the previous

sections. The curve for g̃U = g̃D = 0.32 is shifted to positive values leading to an asymmetry

difference with respect to the SM result of about 4 % for θj ' π/2. The θj dependence in

the flipped scenario is slightly distorted. This is a consequence of the fact that the hadron

level result is a superposition of the qq̄ and qg partonic channels which are affected by the

presence of axigluons in quite different ways. We note that after integration over the full

θj range, the asymmetry is very small, A
∆|y|
int = 0.32 %. Therefore, a measurement of the

dependence on the jet scattering angle will be very important to distinguish the flipped

scenario from the SM or from other model predictions.

Similarly, the energy asymmetry shown in the right panel of figure 11 can be helpful to

extract information about axigluon model parameters. While again the contribution from
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axigluons in a flipped scenario to the integrated rapidity asymmetry is almost zero, one

still can observe substantial deviations in the θj dependence at the level of 2 to 3 %.

7 Concluding remarks

In the present paper we have studied the impact of massive color-octet states on the charge

asymmetry in tt̄ + jet production at the LHC. We investigated the incline and energy

asymmetry [67] as well as the conventional rapidity asymmetry. The masses of the color

octet states have been chosen in the range of relatively small values between 100 GeV and

400 GeV motivated by [66].

In a scenario with purely axial-vector couplings we found that large differences with

respect to the SM prediction for all three asymmetries could be observed at the LHC

with a center of mass energy of 14 TeV. For each asymmetry the difference to the SM

prediction can be enhanced by appropriate kinematical cuts leading to absolute differences

of 10−20%. In particular we have shown that there are striking differences with respect to

the SM predictions in the θj-differential distributions. The SM asymmetries always tend

to zero for θj → 0, π, whereas the energy and rapidity asymmetry turn out to be finite

and large in the SM extension with axigluons. We have shown that the whole parameter

space of the axigluon scenario suggested in ref. [66] can be tested with a luminosity of

about 65 fb−1.

Also with data from LHC runs at the lower CM energy of 8 TeV one should be able to

derive meaningful exclusion limits on the axigluon coupling αA and mass mA. Large parts

of the parameter space of the model suggested in ref. [66] could be excluded with already

existing data.

We have also considered the so-called flipped scenario suggested in ref. [68] where

the massive color-octet states have both vector and axial-vector couplings to SM quarks.

The flipped scenario was suggested as an explanation for the large deviation of the tt̄

forward-backward asymmetry measured at the Tevatron while keeping the deviation of

observables which have already been measured at the LHC small. We have shown that

such a scenario would indeed lead to only small integrated charge asymmetries in tt̄+ jet

final state. However, the differential asymmetries would show substantial deviations with

respect to the SM prediction. Therefore, measuring the θj-dependent asymmetries in tt̄+jet

production at the LHC should be able to confirm or exclude such scenarios.

One should mention though, that our investigations have been made at the top-quark

production level at leading order QCD. A full simulation of the event characteristics in-

cluding the top-quark decay and next-to-leading order corrections requires further investi-

gations. A careful study of this and of experimental uncertainties was beyond the scope

of our present work, but we believe that our results have provided enough motivation for

dedicated investigations.
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