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TOP-QUARK CHARGE ASYMMETRY
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in terms of rapidity differences:
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ASYMMETRY AT THE TEVATRON
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FIG. 12: (top) The differential cross section dσ/d(∆y) as
measured in the data after correction to the parton level
compared to the SM prediction. Uncertainties include both
statistical and systematic contributions and are correlated
between bins. (bottom) The difference between the data
and prediction divided by the prediction.

Applying the correction procedure to the data of

Fig. 8 yields the distribution shown in Fig. 12, where

the measured result is compared to the SM powheg
prediction. Both the prediction and the observed data

distributions are scaled to a total cross section of 7.4 pb,

so that Fig. 12 shows the differential cross section for

tt̄ production as a function of ∆y. We measure an in-

clusive parton-level asymmetry of 0.164± 0.039(stat)±
0.023(syst) = 0.164 ± 0.045. At the parton level, the

observed inclusive asymmetry is non-zero with a sig-

nificance of 3.6σ and exceeds the NLO prediction of

powheg by 2.0σ, where we have included a 30% uncer-

tainty on the prediction.

VI. THE DEPENDENCE OF THE
ASYMMETRY ON |∆y|

The dependence of AFB on the rapidity difference
|∆y| was studied in the 5 fb

−1
analyses [2, 4], but with

only two bins of |∆y|. The CDF and D0 results were

consistent and showed a rise of AFB with increasing

|∆y|. We perform a more detailed study of the rapidity

dependence of AFB using the full data set and improved

analysis techniques.

The forward-backward asymmetry as a function of

|∆y| at the reconstruction level can be derived from the

data shown in Fig. 7 according to

AFB(|∆y|) = NF (|∆y|)−NB(|∆y|)
NF (|∆y|) +NB(|∆y|) , (6)

where NF (|∆y|) is the number of events in a given |∆y|
bin with ∆y > 0 and NB(|∆y|) is the number of events
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FIG. 13: The reconstruction-level forward-backward asym-
metry as a function of |∆y| with a best-fit line superimposed.
The errors on the data are statistical, and the shaded region
represents the uncertainty on the slope of the prediction.

in the corresponding |∆y| bin with ∆y < 0. Figure 13

shows AFB(|∆y|) in four bins of |∆y|, with the mea-

sured values and their uncertainties listed in Table VI.

To quantify the behavior in a simple way, we assume

a linear relationship, which provides a good approxi-

mation of both the data and the powheg prediction

(see also Ref. [33]). Additionally, the effect of interest -
the dependence of AFB on |∆y| - can be described en-

tirely by the slope of the resulting line. The intercept

yields no information about the dependence AFB(|∆y|),
and in fact, we expect the intercept to be consistent

with zero within the statistical sensitivity. Any theory

that predicts a continuous and differentiable ∆y dis-

tribution must have AFB(|∆y| = 0) = 0 regardless of

the size of the inclusive asymmetry. The slope α∆y of

the line does not correspond to a specific parameter of

any particular theory, but provides a quantitative com-

parison of the |∆y| behavior of the asymmetry in the

data and prediction. The measurements of AFB(|∆y|)
in data at the reconstruction level are well-fit by a line

with a χ2 per degree of freedom of 1.1/2 and a slope

α∆y = (14.3± 4.3)× 10−2, a rapidity dependence that

is non-zero with significance in excess of 3σ. The pre-

dicted slope from powheg and the background model

is (5.6± 1.4)× 10−2.

The behavior of the asymmetry as a function of

|∆y| is also measured after the removal of the back-

ground contribution as described previously. Figure 14

shows the distribution AFB(|∆y|) for the background-

subtracted tt̄ signal, with the measured values sum-

marized in Table VII. Systematic uncertainties on the

background-subtraction procedure are included in the

error bars. The data measurements and the predictions

are well-fitted by the linear assumption, with an ob-

served slope of α∆y = (18.2± 5.7)× 10−2 that exceeds

the prediction of (6.6±1.6)×10−2 by approximately 2σ.
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TABLE XII: The asymmetry at the parton level as measured in the data, compared to the SM tt̄ expectation, as a function
of Mtt̄.

Parton level Data SM tt̄
Mtt̄ (GeV/c2) AFB ± stat ± syst AFB

< 450 0.084 ± 0.046 ± 0.026 0.047 ± 0.014
450 - 550 0.255 ± 0.062 ± 0.028 0.090 ± 0.027
550 - 650 0.370 ± 0.084 ± 0.084 0.117 ± 0.035
≥ 650 0.493 ± 0.158 ± 0.077 0.143 ± 0.043
< 450 0.084 ± 0.046 ± 0.026 0.047 ± 0.014
≥ 450 0.295 ± 0.058 ± 0.031 0.100 ± 0.030
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FIG. 19: (a) The parton-level Mtt̄ distributions for events
with positive and negative ∆y and (b) the parton-level
forward-backward asymmetry as a function of Mtt̄ with a
best-fit line superimposed. The last bin contains overflow
events. Uncertainties are correlated and include both sta-
tistical and systematic contributions. The shaded region in
(b) represents the theoretical uncertainty on the slope of the
prediction.

the nominal background prediction with the normaliza-

tions of Table II is subtracted, and the slopes of the

remaining asymmetries as a function of |∆y| and Mtt̄

are fit. We find p-values of 14.7 × 10−3 for AFB(|∆y|)
and 7.4×10−3 for AFB(Mtt̄), corresponding to 2.2σ and

2.4σ discrepancies respectively (based on a one-sided in-

tegration of the normal probability distribution).

We also consider the intercepts associated with the

linear fits. As shown in the fits of Sections VI and VII,

AFB(|∆y|) and AFB(Mtt̄) vanish at |∆y| = 0 and Mtt̄ =

2mtop within good approximation, a behavior that is

expected. In the case of AFB(|∆y|) in particular, the

requirement that AFB = 0 at |∆y| = 0 follows directly

from the continuity and differentiability of the ∆y dis-

tribution. This a priori belief in the smoothness of ∆y
can be used to impose an additional constraint on the fit

of the observed AFB(|∆y|) distribution. With this con-

straint that AFB(|∆y| = 0) = 0, the observed slope after

background subtraction changes from (18.2±5.7)×10−2

in Fig. 14 to (15.5 ± 3.3) × 10−2, with the slope pre-

dicted by powheg changing from (6.6± 1.6)× 10−2 to

(5.3 ± 1.0) × 10−2. The p-value for the prediction to

fluctuate such that it produces a slope at least as large

as the data decreases from 14.7 × 10−3 to 2.2 × 10−3,

corresponding to an increase in significance from 2.2σ
to 2.8σ.

IX. DEPENDENCE OF THE ASYMMETRY
ON THE TRANSVERSE MOMENTUM OF THE

tt̄ SYSTEM

The QCD asymmetry at NLO arises from the sum of

two different effects [1]. The interference of the 2 → 2

LO tree-level diagrams (upper left of Fig. 20) and the

NLO box diagrams (upper right) produces a positive

asymmetry (“Born-box” interference), while the inter-

ference of 2 → 3 tree-level diagrams with initial-state

(lower left) and final-state radiation (lower right) pro-

duces a negative asymmetry (“ISR-FSR” interference).

In the latter final state, tt̄ plus an additional jet, the

tt̄ system acquires a transverse momentum ptt̄T , while in
the former case with an exclusive tt̄ final state, all events

2.0σ

2.3σ

Differential distributions

2.9σ

16.4± 4.5%

19.6± 6.5%

42.0± 15.0%

18.8± 3.6%
6.7± 2.0%
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15/11/2012 B.Klein – Top pair production at CMS 11

Charge Asymmetry in e/mu+jets

Ac = 0.004 ± 0.010 (stat.) ± 0.011 (syst.)
Inclusive Charge Asymm.:

! Inclusive measurement
! Differential measurement (|ytt|, pT

tt, mtt)

7 TeV arXiv:1207.0065 

SM prediction: Ac = 0.0115 ± 0.0006

Dominant Systematic Uncertainties:
model dependence (|ytt|, pT

tt, mtt), lepton eff.,
background pred., jet energy scale

Not sensitive to distinguish between 0 and SM prediction. 
Data disfavours large deviations from SM

[CMS, arXiv:1207.0065]

ACMS
C (�j) = 0.4± 1.0± 1.1%

ACMS
C (��) = 5.0± 4.3+1.0

−3.9 %
[CMS-PAS-TOP-12-010]

AATLAS
C (�j) = −1.9± 2.8± 2.4%

[ATLAS, Eur. Phys. J. C72 (2012) 2039]

AATLAS
C (��) = 5.7± 2.4± 1.5%

[ATLAS-CONF-2012-057]

Consistent with SM prediction                                : ALHC7

C = 1.15± 0.06%

A|y|
C

AATLAS
C (�j + ��) = 2.9± 1.8± 1.4%

Is Top Asymmetry Just SM Physics? Bryan Webber, ETH, Oct 2012

tt  AC at LHC
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• Much smaller than AFB

• Good SM agreement (so far)

• EAG = effective axigluon, fits CDF
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production in pp collisions at
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Abstract A measurement of the top-antitop produc-
tion charge asymmetry AC is presented using data cor-
responding to an integrated luminosity of 1.04 fb−1 of
pp collisions at

√
s = 7 TeV collected by the ATLAS

detector at the LHC. Events are selected with a single
lepton (electron or muon), missing transverse momen-
tum and at least four jets of which at least one jet is
identified as coming from a b-quark. A kinematic fit is
used to reconstruct the tt̄ event topology. After back-
ground subtraction, a Bayesian unfolding procedure is
performed to correct for acceptance and detector ef-
fects. The measured value of AC is AC = −0.018 ±
0.028 (stat.) ± 0.023 (syst.), consistent with the pre-
diction from the MC@NLO Monte Carlo generator of
AC = 0.006±0.002.Measurements of AC in two ranges
of invariant mass of the top-antitop pair is also shown.

Keywords Top physics · Charge asymmetry

PACS 14.65.Ha

1 Introduction

The top quark is the heaviest elementary particle so far
observed. With a mass close to the electroweak scale it
may play a special role in physics beyond the Standard
Model (SM). Its pair production at hadron colliders al-
lows a test of quantum chromodynamics (QCD) at high
energies.

This paper describes the measurement of the charge
asymmetry AC , defined as [1, 2]:

AC =
N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)
, (1)

where∆|y| ≡ |yt|−|yt̄| is the difference between the ab-
solute values of the top and antitop rapidities (|yt| and
ae-mail: atlas.publications@cern.ch

|yt̄|) and N is the number of events with ∆|y| positive
or negative.

Although tt̄ production at hadron colliders is pre-
dicted to be symmetric under the exchange of t and t̄ at
leading order, at next-to-leading order (NLO) the pro-
cess qq̄ → tt̄g exhibits an asymmetry in the differential
distributions of the top and antitop, due to interfer-
ence between initial and final state gluon emission. The
qq̄ → tt̄ process also possesses an asymmetry due to
the interference between the Born and box diagrams.
Similarly, the qg → tt̄q process is asymmetric due to
interference between amplitudes which have a relative
sign difference under the exchange of t and t̄. The pro-
duction of tt̄ pairs by gluon-gluon fusion, gg → tt̄, on
the other hand, is symmetric.

In pp̄ collisions at the Tevatron, where top pairs are
predominantly produced by quark-antiquark annihila-
tion, perturbative QCD predicts that the top quark will
be preferentially emitted in the direction of the incom-
ing quark and the antitop in the direction of the in-
coming antiquark [3]. Consequently, the charge asym-
metry is measured as a forward-backward asymmetry,
AFB. Recent measurements of AFB by the CDF and
D0 Collaborations [4–7] show a 2-3σ excess over the
SM expectations enhancing interest in scrutinising the
tt̄ asymmetry. For tt̄ invariant mass, mtt̄, greater than
450GeV, the CDF experiment measures an asymme-
try in the tt̄ rest frame which is 3.4σ above the SM
prediction [6]. Several new physics models have been
proposed to explain the excess observed at CDF and
D0 [1, 8–17]. Different models predict different asym-
metries as a function of mtt̄ [18].

In pp collisions at the LHC, the dominant mech-
anism for tt̄ production is expected to be the gluon-
gluon fusion process, while tt̄ production via qq̄ or qg is
small. Since the initial state is symmetric, the forward-
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try in the tt̄ rest frame which is 3.4σ above the SM
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proposed to explain the excess observed at CDF and
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Fig. 4 The unfolded ∆|y| distribution for the electron channel (left) and the muon channel (right) after b-tagging, compared
to the prediction from MC@NLO. The uncertainties on the measurement include both statistical and systematic contributions.
The error bands on the MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and
factorisation scales.

Asymmetry reconstructed detector and acceptance unfolded

AC (electron) -0.034 ± 0.019 (stat.) ± 0.010 (syst.) -0.047 ± 0.045 (stat.) ± 0.028 (syst.)

AC (muon) -0.010 ± 0.015 (stat.) ± 0.008 (syst.) -0.002 ± 0.036 (stat.) ± 0.023 (syst.)

Combined -0.018 ± 0.028 (stat.) ± 0.023 (syst.)

Table 3 The measured inclusive charge asymmetry values for the electron and muon channels after background substraction,
before and after unfolding.
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Fig. 5 Unfolded asymmetries in two regions of mtt̄ compared to the prediction from MC@NLO. The error bands on the
MC@NLO prediction include uncertainties from parton distribution functions and renormalisation and factorisation scales.

considering masses between 100 GeV and 10 TeV and
the range of couplings for which the new physics con-
tribution to the tt̄ cross section at the Tevatron lies in
the interval [-0.8,1.7] pb. This is a conservative require-
ment which takes into account the different predictions

for the SM cross section as well as the experimental
measurement (see Ref. [17] for details).

In addition, a conservative upper limit on new physics
contributions to σtt̄ for mtt̄ > 1 TeV is imposed. Fur-
ther details can be found in Refs [17,55]. The coloured

qv q̄s

t̄

t

10 8 Summary

Table 4: The corrected asymmetry values in three bins of the kinematic variables |ytt̄|, pT,tt̄, and
mtt̄ with statistical and systematic uncertainties, along with the SM predictions (in case of ptt

T
we compare to the values obtained from POWHEG simulation).

Kinematic variable AC in bin 1 AC in bin 2 AC in bin 3
|ytt| 0.029 ± 0.021 ± 0.010 −0.016 ± 0.015 ± 0.010 0.001 ± 0.026 ± 0.022
|ytt|(SM pred.) 0.0030 ± 0.0002 0.0086 ± 0.0004 0.0235 ± 0.0010
ptt

T 0.037 ± 0.025 ± 0.022 0.014 ± 0.014 ± 0.012 −0.030 ± 0.021 ± 0.019
ptt

T (simulation) 0.0185 ± 0.0004 0.0022 ± 0.0004 0.0006 ± 0.0004
mtt −0.051 ± 0.027 ± 0.021 0.017 ± 0.017 ± 0.014 0.019 ± 0.017 ± 0.023
mtt (SM pred.) 0.0077 ± 0.0003 0.0112 ± 0.0004 0.0157 ± 0.0006
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Figure 4: Unfolded inclusive ∆|y| distribution (upper left), corrected asymmetry as a function
of |ytt| (upper right), ptt

T (lower left), and mtt (lower right). The measured values are compared
to NLO calculations for the SM — based on the calculations of Ref. [7] — and to the predictions
of a model featuring an effective axial-vector coupling of the gluon (EAG) [23]. The error bars
on the differential asymmetry values indicate the statistical and total uncertainties, determined
by adding statistical and systematic uncertainties in quadrature. The shaded areas indicate the
theoretical uncertainties on the NLO calculations.

8 Summary
An inclusive and three differential measurements of the charge asymmetry in tt production
at the LHC have been presented. Events with top-quark pairs decaying in the electron+jets
and muon+jets channels were selected and a full tt event reconstruction was performed to
determine the four-momenta of the top quarks and antiquarks. The observed distributions

A|y|
C
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CHARGE ASYMMETRY IN THE STANDARD MODEL

7

QCD:  charge asymmetry at NLO

[Ahrens et al., PRD 84 (2011) 074004]
[Hollik, Pagani, PRD 84 (2011) 093003]

At
C(Mtt̄ > 450GeV) = (10.8+1.7

−0.9)%NNLOappr · 1.23EW
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0 d cos θ σa(cos θ)
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Electroweak contributions: O(20%)
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Asymmetry in QCD at NLO from virtual and real gluons:

PERTURBATIVE QCD AND RESUMMATION

Results are stable with respect to soft gluon resummation.

σa > 0 σa < 0

+
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FIG. 2: Left: The asymmetric cross section d∆σtt̄
FB/dMtt̄ as a function of the invariant mass at NLO and NLO+NNLL order.

Right: The asymmetry Att̄
FB(Mtt̄). The bands show the uncertainties related to scale variation as explained in the text.
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NLO
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FIG. 3: The asymmetry in the high and low invariant-mass region as measured in [5], compared to our predictions at
NLO+NNLL order. The bands in the NLO+NNLL results are related to uncertainties from scale variation, while the NLO
result in the higher bin is evaluated at µf = mt.

evaluate the binned asymmetry

Att̄
FB(m1,m2) =

∫ m2

m1

dMtt̄

(

d∆σtt̄
FB/dMtt̄

)

∫ m2

m1

dMtt̄ (dσ/dMtt̄)
, (12)

for Mtt̄ ≤ 450 GeV and for Mtt̄ ≥ 450 GeV. Our findings are given in Table III, along with their visual representation
in Figure 3, which shows the NLO+NNLL calculation with an error band from scale variations along with the default
NLO number in the high invariant-mass bin. In both bins, the NLO+NNLL predictions for the asymmetric cross
sections have considerably smaller scale uncertainties than the NLO ones, but the results for the FB asymmetries are
essentially unchanged. As with all other results obtained in the tt̄ frame, the scale uncertainties in the FB asymmetries
are larger in the NLO+NNLL calculation that at NLO. However, if we had not expanded the ratio, the predicted FB
asymmetry in the high invariant-mass bin would be 9.0% at NLO and 10.6% at NLO+NNLL order3, showing the

3 Using MSTW2008 PDFs as an example.

ATEV
C = (7.16+1.05

−0.68 %) · 1.22EW

ALHC7

C = 1.15± 0.06%

[Ahrens et al., PRD 84 (2011) 074004]
[Hollik, Pagani, PRD 84 (2011) 093003]

[Kühn, Rodrigo, JHEP 1201 (2012) 063]

NLO QCD + NNLL + EW:

NLO QCD + EW:

[Ahrens et al., PRD 84 (2011) 074004]

σa“ = “



QCD PREDICTION FROM EVENT GENERATORS
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Is Top Asymmetry Just SM Physics? Bryan Webber, ETH, Oct 2012

What’s going on?

• QCD radiation controlled by colour flow

• Backward top       more radiation

• More radiation       bigger recoils

32

(b)
_

__

_
qq

(a)

q

t

t t

qqqq q

ttt t

q q

bigger pT(tt)

θ̂

Asymmetry arises from QCD coherence:

More radiation for backward tops      large recoil of the    pair. tt̄

grows with

[Skands, Webber, Winter, JHEP 1207 (2012) 151]

AC

mtt̄

yt

grows withAC

Minimal radiation for large     and  

∆y = yt − yt̄

mtt̄ ≈ ŝ

(but less than 
observed in the data)



COMPARISON WITH DATA
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Reconstruction and modelling
of      dependence is robust.ptt̄T

Low     :
virtual contributions dominant.

High     :
real radiation dominant.

ptt̄T

ptt̄T

Used by CDF & D0:
Monte Carlos matched to NLO QCD + EW corrections

AC > 0

AC < 0

20
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FIG. 22: The background-subtracted forward-backward

asymmetry in the data as a function of the transverse mo-

mentum of the tt̄ system, compared to both powheg and

pythia. Error bars include both statistical and background-

related systematic uncertainties. The last bin contains over-

flow events.
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FIG. 23: The forward-backward asymmetry as a function of

the transverse momentum of the tt̄ system for three models

at the background-subtracted level: Octet A, SM pythia,
and SM pythia normalized by the addition of ∆AOct. The

last bin contains overflow events.

background subtraction compared to predictions from

powheg (hadronized with pythia) and from pythia.
The bin size is equal to one-half of the detector reso-

lution in ptt̄T . The trends of the parton-level curves in

Fig. 21 are reproduced: the LO prediction has a steady

drop, while the NLO prediction tends to zero or slightly

below. The data show a clear decrease with ptt̄T , but lie
above the models. We investigate this using the ansatz

that the data contain an additional source of asymme-

try that is independent of ptt̄T . In this case, because

independent asymmetries are additive, it should be pos-

sible to normalize the model predictions to the data by

adding a constant offset ∆A that is equal to the excess

observed inclusive asymmetry in the data.
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FIG. 24: The background-subtracted forward-backward

asymmetry in the data as a function of the transverse mo-

mentum of the tt̄ system, compared to both powheg and

pythia. The model predictions have been normalized by

the addition of ∆ANLO to powheg and ∆ALO to pythia
as described in the text. Error bars include both statistical

and background-related systematic uncertainties. The last

bin contains overflow events.

We test this ansatz using the color-octet model

Octet A (implemented in madgraph with hadroniza-

tion performed by pythia) described at the end of

Sec. II. In this LO model, the octet physics induces

a ptt̄T -independent inclusive tt̄ asymmetry 0.106 at the

background-subtracted level (we neglect very small sta-

tistical uncertainties in these large Monte Carlo sam-

ples). We wish to compare the ptt̄T dependence of

this asymmetry to the LO pythia model, which has

a background-subtracted asymmetry of −0.021. The

inclusive difference is ∆AOct = 0.127. If the excess

asymmetry in Octet A is independent of ptt̄T , we ex-

pect that Apythia
FB

(ptt̄T )+∆AOct reproduces satisfactorily

AOctet A

FB
(ptt̄T ). Figure 23 shows this test in the simulated

samples, with the ptt̄T -dependent behavior of Octet A

being described well by the addition of the constant

normalization factor ∆AOct to Apythia
FB

(ptt̄T ).

We use this procedure to normalize the AFB(ptt̄T )
models of powheg and pythia to the total inclusive

asymmetry observed in the data. Since this artificial

procedure adjusts the mean values such that they are

exactly equal, we do not assign uncertainties to the off-
sets. The asymmetry after background subtraction is

0.087 in the data, 0.033 in NLO powheg (Table III),

and −0.021 in LO pythia, resulting in offset terms

∆ANLO = 0.054 and ∆ALO = 0.108.

The normalized AFB(ptt̄T ) models are compared to the

data in Fig. 24. Within the experimental uncertainties,

the AFB(ptt̄T ) behavior of the data is described well by

both models. We conclude that the reconstruction and

modeling of the ptt̄T dependence of the asymmetry is

robust, and that the excess asymmetry in the data is

[CDF, arXiv:1211.1003]

AMC

C =
σMC@NLO
a

σMC@NLO
s

· σ
NLO
s

σLO
s

·REW

Normalize to LO
or NLO QCD?



S-CHANNEL NEW PHYSICS: AXIGLUONS
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q

q̄

t

t̄

q

q̄

gq
A gt

A

G

αs

Chiral color breaking SU(3)L × SU(3)R
�Φ�−→ SU(3)C

MG > 2mt : gqA · gtA < 0

MG < 2mt : gqA · gtA > 0

Constructive interference for

Towards UV completion:

Anomaly cancellation and coupling textures: new fermions.

Axigluon constraints:

- Dijet and top pair production       , dijet pair production
- LHC charge asymmetry
- Precision electroweak observables (PEW)



  CONSTRAINTS ON HEAVY AXIGLUONS
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AFBt ! 20" ! 15"

! 10"

tt & dijet res.
CDF 68" CL

0.5 1.0 1.5 2.0 2.5 3.0
0.0
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3.0

MG !TeV"

#
g Aq
$g
At preferred

gqA � 0.3 gs

gqA � 0.7 gs

Dijet resonances at LHC 

Top pair production

- Top-antitop resonance searches
  are insensitive to     for              . 
- Spectrum                probes
  axigluons with                             .         

(MG � 2TeV, ΓG/MG � 15%)

Dijet angular distributions 

LHC charge asymmetry

gtA gqA � gtA
dσtt̄/dMtt̄

MG ≈ Mtt̄ � 1.6TeV

An axigluon with

and strong couplings to
top quarks can explain
the excess in        .

MG ≈ 2TeV

At
FBA|y|

C � 2% o.k. with At
FB

largely width-independent)(MG � 2TeV,



  CONSTRAINTS ON LIGHT AXIGLUONS

10

preferred

Dijet pair resonance searches rule out narrow axigluons with
                              .                                         [CDF, ATLAS, CMS 2012]100 � MG � 500GeV

Counter-acting constraints
PEW (mainly              ) and LHC asymmetry      .A|y|

CΓZ , σhad

- Increase     :
Relax PEW, but trouble
with top observables. 

- Non-universal               :
Relax      , strengthen PEW.A|y|

C

- New fermions strengthen
bounds from PEW.

200 � MG � 450GeV gqA = gtA ∼ 0.3− 0.4 gsPreferred:                                and                                 .

[Gresham, Shelton, Zurek, arXiv:1212.1718]

gdR < −guR

gtR



   T- AND U-CHANNEL: Z´, W´, SCALARS
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u

ū

t

t̄

u

ū

gut

gut

αs
Z ′

Scalars in u-channel are disfavored by
and atomic parity violation.

dσtt̄/dMtt̄

Flavor symmetries
- protect Z´ model from large FCNCs
- avoid same-sign top production (                   )
- imply flavor-diagonal couplings 
           dijet constraints are important

Flavor constraints
u-c and c-t couplings induce FCNCs

→ gut Z
�
µūRγ

µtR

uu → Z � → tt
gu Z

�
µŪRγ

µUR



ASSOCIATED T+Z´ PRODUCTION

12

Top-jet resonances

Need other Z´ decay modes.

Negative contribution of Z´ to  
reconciles large         with SM-like      .  

A|y|
C

2

large AFB measurements and the SM-like AC measure-

ments, as the underlying candidate NP processes often

yield correlated positive contributions to both [12–14].
1

The main purpose of this paper is to point out that

there is a class of models in which positive contributions

to AFB and AC are correlated with an additional nega-

tive contribution to AC . Therefore, the latter tends to

be small, in agreement with current data. A state with

[t̄u] or [t̄d] flavor quantum numbers is required. The pos-

sible examples are the [t̄u] flavored Z �
[17] (see also [18])

or [t̄d] W �
[19] vector mediators, and the [t̄u] flavored

SU(2)L doublet scalar mediator φ [20]. In this paper

we focus on the Z �
color- and weak-singlet, with a cou-

pling to the right-handed up and top quarks. Exchange

of the Z �
in the t-channel, see Fig. 1a, would lead to an

increase in AFB vs. mtt̄, and a positive contribution to

AC in excess of the measurements [12, 14], due to for-

ward peaking. However, associated production of the Z �

with a top-quark would produce an additional negative

contribution to AC . Presumably, this would also be the

case for the W �
and φ. However, we leave the question

of the overall viability of these models for future studies.

The leading order ug → Z �t → ut̄t Feynman diagrams

are shown in Figs. 1b and 1c. The effect we are interested
in is due to the top quark exchange diagram in Fig. 1b.

The Z �
decay yields a t̄ quark which tends to be boosted

in the same direction as the incoming u quark. Taking

into account the harder u quark vs. gluon PDF’s in the

proton, one concludes that on average the t̄ is produced
with a larger rapidity than the t, thus yielding a negative

contribution to AC . The efficiency of this mechanism is

illustrated in Fig. 2 for one of the Z �
benchmark points

(p3) listed in Table II. The pp → (Z �t, Z �†t̄) → t̄tX differ-
ential cross section plots in Fig. 2a and Fig. 2b, respec-

tively, exhibit the dominance of t̄ (t) production at larger

(smaller) rapidities and the dominance of tt̄ production
for |yt| − |yt̄| < 0. According to Fig. 2b, the charge

asymmetry from associated vector mediator production

alone can be large and negative, e.g., AC = −18% for the

example shown.

At the LHC, the cross section for the CP conjugate

process, ūg → Z �†t̄ → ūtt̄, is typically an order of mag-

nitude smaller, due to the ū-quark PDF in the initial

state. This asymmetry has been studied previously in

[21]. A corollary is that the negative contribution to AC

does not depend on whether the Z �
is self conjugate or

not. However, bounds on same sign top production can

rule out a self conjugate Z �
. In fact, flavor symmetric

realizations of the vector t-channel models [22, 24, 26]

proposed to trivially evade the bounds on same sign top

or single top production and FCNC’s, e.g., D − D̄ mix-

1
However, in the case of a light s-channel axigluon, it has recently
been shown that different couplings to the u and d quarks can

lead to partial cancelations between the uū and dd̄ contributions,

thus sufficiently suppressing AC , with only a small impact on

AFB , which can be sizable and positive [15, 16].

u t

t̄ū

Z �

g t

t̄u

u
Z �t

g t

t̄

u
uZ �

u

Figure 1: Feynman diagrams for (a) t-channel Z� exchange
contribution to uū → tt̄, and associated single Z� production
in the t channel (b) and s channel (c).

ing, would contain a CP conjugate pair of [t̄u] and [tū]
flavored Z �

’s. At the Tevatron, associated production of

the vector mediators produces a negative contribution to

AFB . However, this effect is suppressed relative to the

positive AFB contribution from Fig. 1a by the smaller

gluon vs. u-quark PDF’s inside the proton.

It is worth pointing out that in models for enhanced

AFB in which a mediator is exchanged in the u-channel
rather than the t-channel, e.g., a color triplet or sextet

scalar S [24, 26–29] with couplings S tR uR (where the

color indices have been suppressed), single mediator pro-

duction via the analog of Fig. 1b would lead to a positive

contribution to AC [30]. This is easily understood, as in

this case the mediator would decay to a top quark rather

than an anti-top quark.

Associated Z �
production is subject to several con-

straints which need to be checked in order to estab-

lish the viability of our mechanism for reducing AC .

The most relevant ones are: i) the LHC tt̄ cross sec-

tion measurement, which constrains the product σ(pp →
Z �t)× Br(Z � → tū) [31]; ii) the CDF, CMS and ATLAS

collaborations Z � → t + jet resonance searches [32–34],

that yield direct bounds on the above product [35]; iii)
the CMS measurement of the jet multiplicity distribu-

tion in semileptonic tt̄ events, which is consistent with

SM Monte Carlo studies [36], thus potentially constrain-

ing NP models which produce extra jets [37].

Constraints ii) and iii) become weaker as the Z �
mass

approaches mt from above. Because the u quark be-

comes softer, the resonance searches lose sensitivity and

the jet multiplicities become more SM like. Furthermore,

a reduction of Br(Z � → tū) trivially reduces the impact

of searches i)-iii). In fact, we will see that the ranges

5

Figure 3: χ2 analysis for µ = mt/2, Br(Z
� → ut̄) = 1, 1/3, 1/4

giving 1σ and 2σ preferred regions (red), see text. The gray
area represents the region which is not excluded by ATLAS
searches for top+jet resonances [34]. The black dot denotes
the best fit point.

those cases where only an asymmetry is provided in [7],

we multiply by the corresponding LO SM cross section

to obtain ∆σSM. For µ = 4mt, the ∆σSM’s are given by

the sum of their NLO values, obtained using MCFM [62],

and estimates of their EW corrections, obtained by ex-

trapolating the ones given in [7].

We exhibit the results of our scans in the (mZ� , gut)
plane in Figs. 3–5, for three renormalization scales

Figure 4: Same as Fig. 3 for µ = mt, with the yellow cross
corresponding to the higher mZ� benchmark in Table II.

µ = mt/2,mt, 2mt. For each scale choice, results are

shown for three representative branching ratios, Br(Z � →
t̄u) = 1, 1/3, 1/4. For each scan (fixed µ and Br), the

minimum χ2 and the corresponding values of (mZ� , gut)
are indicated. In the plots, the 1σ (2σ) region of coverage

probability satisfies χ2−χ2
min < 2.3 (5.99), corresponding

to variation of 2 parameters, mZ� and gut. The plots also
show the regions which are compatible with the recent

ATLAS bounds on top+jet resonance production [34], to

be discussed in the next section.

B(Z � → t̄u) � 30%

[Alvarez, Coluccio, arXiv:1209.4354] [Drobnak et al., arXiv:1209.4872]

At
FB A|y|

C

Jet multiplicities in    prod. 
Rule out u-channel scalars.

No conclusion about            .  

tt̄

Z � → jj
  [Shelton 2012, unpublished]

o.k. with tj resonances

 [Drobnak et al., arXiv:1209.4872]

Fit to inclusive    production tt̄



OPEN QUESTIONS AND NEXT STEPS
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For theorists
- NNLO QCD contributions to charge asymmetry
- Normalization of        and scale uncertainties

For experimentalists
- Lepton and threshold asymmetries in top pair prod.
- Top-quark spin and polarization measurements

For both
- Dijet angular distributions for heavy and light axigluons
- Asymmetry and distributions in top pair plus hard jet
- Inclusive top + X observables for t-channel candidates

At
FB

?


