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FIG. 1. Origin of the QCD charge asymmetry in hadroproduction of heavy quarks: interference of final-state (a) with
initial-state (b) gluon bremsstrahlung plus interference of the box (c) with the Born diagram (d). Only representative diagrams
are shown.
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FIG. 2. Origin of the QCD charge asymmetry in hadroproduction of heavy quarks through flavor excitation.

Let us briefly discuss a few important aspect of this calculation. The box amplitude for qq̄ → QQ̄ is ultraviolet
finite and the asymmetric contribution to the cross section of order α3

s is therefore not affected by renormalization, an
obvious consequence of the symmetry of the lowest order reaction. The same line of reasoning explains the absence
of initial state collinear singularities in the limit mq → 0 which would have to be absorbed into the (symmetric)
lowest order cross section. Infrared singularities require a more careful treatment. They are absent in the asymmetric
piece of the process in eq. (3). However, real and virtual radiation (Fig. 1), if considered separately, exhibit infrared
divergences, which compensate in the sum, corresponding to the inclusive production cross section.

The charge asymmetry in the partonic reactions (1) and (3) implies for example a forward-backward asymmetry
of heavy flavor production in proton-antiproton collisions. In particular, it leads to a sizeable forward-backward
asymmetry for top production which is dominated by reaction (1), and can, furthermore, be scrutinized by studying
tt̄ production at fixed longitudinal momenta and at various partonic energies ŝ. However, the charge asymmetry can
also be observed in proton-proton collisions at high energies. In this case one has to reconstruct the tt̄ restframe and
select kinematic regions, which are dominated by qq̄ annihilation or flavor excitation gq → tt̄X . Alternatively, one
may also study the difference in the one-particle inclusive rapidity distribution of top versus antitop, which again
integrates to zero.

The analysis of these effects allows to improve our understanding of the QCD production mechanism. At the same
time it is important for the analysis of single top production through Wb fusion. This reaction is charge asymmetric
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one charged particle (namely 7r, e,/a) were eliminated 
with the help of the lead glass and the muon filter, ex- 
cept for the case where both charged particles were 
muons. These events could not be distinguished from 
genuine muon pairs, and their contribution was calcu- 
lated to be 1.3% and subtracted statistically. The final 
event sample consisted of 778 muon pairs. The charge 
assignment was done using separate fits to the two tracks 
as well as a combined charge determination. The two 
methods gave compatible results and opposite charges 
were assigned to all pairs. The probability to assign the 
wrong charge combination is estimated to be less than 
0.5%. 

Radiative corrections, calculated using the programs 
of Berends and Kleiss [8], were applied to the data. They 
include graphs up to order c~ 3 and vacuum polarisation 
by leptons as well as hadrons. The correction varies with 
polar angle (0) and the asymmetry produced by radia- 
tive effects is + 1.3% in the angular range of this exper- 
iment. 

In order to determine the absolute cross section, two 
overall corrections were applied. The cuts described 
above were estimated to reject 3.6% of genuine muon 
pairs, and the loss due to trigger inefficiency was mea- 
sured to be 9.2%. The resulting total cross section is 
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Fig. 1. Total cross section for e÷e - -+ ta+/~ - as a function of s. 
The curve shows the QED prediction (-=86.9/s rib). 

s o u u  = 85.7 -+ 3.1 nb GeV 2 with a normalisation error 
estimated to be 6%. The s-dependence of Ouu is shown 
in fig. 1. It agrees well with the 1/s behaviour predicted 
by QED. 

The corre cte d angular distribution of the positive 
muon for the data above a cms energy of 25 GeV is 
shown in fig. 2. An asymmetry can be seen immediately. 
The forward-backward asymmetry is defined to be 

A = [I(0) - I(Tr - 0 ) ] / [ I ( 0 )  + I(Tr - 0)] , 

where I ( 0 )  = f~oso  do/d~2 d cos 0. From the corrected 
number of events in the forward and backward hemi- 
sphere, an asymmetry A = - ( 1 1 . 8  + 3.8)% was calcu- 
lated. This value extends to cos 0 = +0.8, the accep- 
tance limit of this experiment. In order to extrapo- 
late to cos 0 = + 1 a fit to the function y = p(1 + cos20) 
+ q cos 0 was performed, where p and q were free 
parameters. The values came out to be p = 5.06 + 0.19, 
q = 1.72 + 0.51. From this fit an overall asymmetry of 
A = - ( 1 2 . 8  + 3.8)% was obtained. (In the acceptance 
region the fit gave - ( 1 1 . 0  + 3.3)%, in agreement with 
the value computed from the data.) 

The errors quoted are statistical only. The follow- 
ing sources of systematic error were studied. The radi- 
ative corrections, being angle dependent, could intro- 
duce such an error. This is believed to be small since 
the corrections and their asymmetry are small. The 
overall efficiency corrections are independent of angle 
and cancel when computing the asymmetry. The 0 de- 
pendence of the efficiency was estimated to be small 
by examining the angular distribution of cosmic ray 
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Fig. 2. Angular distribution for e+e - ~ u+~- for ~ > 25 GeV. 
0 is the angle between the outgoing ~+ and the incoming e +. 
The curves show fits to the data: p(1 + cos20) + q cos 0 (full 
curve), p(1 + cos20) (dashed curve). 
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while all other terms are as predicted by the SM. The
LO SM prediction is strongly disfavored by the linear
term, with a significance of more than three standard
deviations. The benchmark t-channel model, “Z ⇥ 200”, is
also disfavored by a2 and a3. The benchmark s-channel
model, “Octet A”, is in good agreement with the data.
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FIG. 3. Absolute contributions of the Legendre moments
to the AFB, with theory predictions overlaid. The lines and
symbols are the same as in Fig. 2. The inset shows the 1-, 2-,
and 3-standard-deviation uncertainty ellipses.

We determine the contribution of each Legendre mo-
ment to the AFB from the inherent asymmetry of each
polynomial (Fig. 3). The observed AFB (19.9± 5.7)% is
completely dominated by the excess linear term, a1 cos �t,
which contributes (20.1± 6.1)%. The AFB contributed
by the non-linear asymmetric terms a3, a5, and a7 is
negligible (�0.2± 3.1)%, and is consistent with the SM
prediction (7.3% from the linear term, �0.3% from the
non-linear terms). The correlation between the measure-
ments of AFB from the linear and non-linear terms is
�29%.

A more traditional picture of the di�erential cross sec-
tion (Fig. 4) is obtained by integrating the Legendre
series over intervals (bins) in cos �t. This shows the frac-
tion of the total cross section that accrues in each bin.
The uncertainties are strongly correlated, and they are
dominated by the large uncertainties on the high-degree
Legendre moments.
Because the non-linear moments, a2–a8, are in good

agreement with the NLO SM prediction, we may obtain
a more precise, but model-dependent, estimate of the
linear term by explicitly assuming that the non-linear
moments are as predicted by the NLO SM calculation.
Using the covariance matrix and the fitting procedure
described in [30], we fit to the measured moments, taking
the NLO SM prediction for the non-linear moments with
their scale uncertainties as a prior assumption, obtaining
a1 = 0.39± 0.11 (including statistical and systematic un-
certainty). Through the correlations among the measured
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FIG. 4. Fraction of cross section accruing in 10 bins of cos �t,
obtained by integrating the series of Legendre polynomials
over the width of each bin.

moments, this reduces the uncertainty on a1 by about
10% while shifting the central value less than 3%. The
resulting curve is also shown in Fig. 4.

In conclusion, we have presented the first measurement
of the top-quark-pair production di�erential cross sec-
tion, d⇥/d(cos �t), in pp̄ collisions at

⇤
s = 1.96TeV as a

function of the production angle of the top quark. We
observe that the coe⇤cient of the cos �t term in the dif-
ferential cross section, a1 = 0.40± 0.12, is in excess of
the NLO SM prediction, 0.15+0.07

�0.03, while the remainder
of the di�erential cross section is in good agreement with
the NLO SM prediction. The AFB is dominated by this
excess linear term.
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Figure 2: Charge asymmetry distributions as a function of mtt̄ (top left), pT,tt̄ (top right) and |ytt̄ | (bottom
left) after unfolding, for the electron and muon channel combined. The AC distribution as a function

of mtt̄, after the βz,tt̄ > 0.6 requirement, is also shown (bottom right). The AC values after unfolding

(points) are compared with the SM predictions (hatched grey bands) and the predictions for a color octet

axigluon with a mass of 300 GeV (hatched red bands) and 7000 GeV (hatched blue bands) respectively.

The bands in the theoretical predictions include scale variation uncertainties. The error bars include both

the statistical and systematic uncertainties on the AC values. The bins are the same as the ones reported

in Table 4, 5, 6 and 14 respectively.

5 Conclusion

This note presented the top quark production charge asymmetry measurement in tt̄ events with a single

lepton (electron or muon), at least four jets, of which at least one is tagged as a b-jet, and large missing

transverse momentum, using an integrated luminosity of 4.7 fb−1 recorded by the ATLAS experiment in

pp collisions at a centre-of-mass energy of
√
s = 7 TeV at the LHC. The inclusive charge asymmetry

AC and its differential distributions, as a function of mtt̄, pT,tt̄ and |ytt̄ |, have been unfolded to parton

level. The measured inclusive charge asymmetry is AC = 0.006± 0.010 (stat. + syst.). All measurements

presented are statistically limited and are found to be compatible with the SM prediction within the

uncertainties.
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Fig. 1. Lowest order Feynman diagram for/a-pair production. 
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Fig. 3. Brcmsxtr,ddung di:lgralus producing muons in a C-odd state. 
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(fig. ! ) and tile two-photon graphs (fig. 2) cont r ibu te  to D to order or 3, as far as tile 
virtual radiative correct ions are concerned.  Similarly,  for tire bremsstrahlung contri- 
bu t ion ,  only the interference between tile C-odd n luon  graphs of  fig. 3 and the C- 
even muon  graphs of fig. 4 has to be computed ,  in sect. 2 we present the complete  
analytic calculation of  the interference of  the two box graphs with tire lowest order 
matrix element .  This evaluation is valid for all energies and scattering angles, in con- 
trast to some recent approxim:tte calculations [ 3 - 5 ] .  

382 F.A. Berends et  aL, Angular asymmetry  in e+e - --. u+/a- 

Fig. 1. Lowest order Feynman diagram for/a-pair production. 

(a) (b) 
Fig. 2. Feynman diagrams which interfere with the lowest order one to pr~duce an angular asym- 
merry. 

Fig. 3. Brcmsxtr,ddung di:lgralus producing muons in a C-odd state. 

Fig. 4. Bremsstrahlung diagranls producing nlu()ns in a C-even state. 

(fig. ! ) and tile two-photon graphs (fig. 2) cont r ibu te  to D to order or 3, as far as tile 
virtual radiative correct ions are concerned.  Similarly,  for tire bremsstrahlung contri- 
bu t ion ,  only the interference between tile C-odd n luon  graphs of  fig. 3 and the C- 
even muon  graphs of fig. 4 has to be computed ,  in sect. 2 we present the complete  
analytic calculation of  the interference of  the two box graphs with tire lowest order 
matrix element .  This evaluation is valid for all energies and scattering angles, in con- 
trast to some recent approxim:tte calculations [ 3 - 5 ] .  

q

q̄

t

t̄

q

q̄

gq
A gt

A

G

αs

[Berends et al., Nucl.Phys. B63 (1973) 381]

[Kühn, Rodrigo, PRD59 (1999) 054017]

[Antunano et al., PRD77 (2008) 014003]

QCD New PhysicsQED
1980 2000 20101990

���4

2014



CHARGE ASYMMETRY DEFINITIONS
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Aexp

C

=
�(�y > 0)� �(�y < 0)

�(�y > 0) + �(�y < 0)

Aexp

C

= A|y|
C

⌧ A
C

Aexp

C

= Ay = A
C

Measure asymmetry in terms of top rapidity differences:

(�y = yt � yt̄) (�y = |yt|� |yt̄|)

Tevatron: forward-backward LHC: beamwards-central



CHARGE ASYMMETRY IN QCD
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Asymmetry at NLO from virtual and real gluon emission:

CHARGE ASYMMETRY IN THE STANDARD MODEL
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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

At
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R 1
0 d cos � ⇥a(cos �)

⇥s
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virtual: real: �a < 0�a > 0

Electroweak contributions: O(20%)
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�a > 0 �a < 0

+�a“ = “

[Kühn, Rodrigo, PRD59 (1999) 054017]

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

QCD prediction at NLO+NNLL resummed:

[Hollik, Pagani, PRD 84 (2011) 093003]

electroweak ⇠ 25%

QCD NNLO calculations are technically feasible.

[Kühn, Rodrigo, JHEP 1201 (2012) 063]A|y| = 1.15± 0.06% (QCD NLO, incl. EW)

Ay = 7.16+1.05
�0.68%Tevatron:

LHC7:
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Differential asymmetry measurements
ATLAS JHEP02(2014)107

CMS  JHEP 04 (2014) 191

Combination CMS PAS TOP-14-006

D0 arXiv:1403.1294

Ay

Mtt̄ [GeV][T. Carli, ICHEP 2014]
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exactly two opposite sign leptons with E
T

> 20 GeV and
combined invariant mass m

``

> 10 GeV, 6E
T

> 25 GeV,
two or more jets with E

T

> 15 GeV and |⌘| < 2.5,
and H

T

> 200 GeV. A total of 569 events are found.
The shape and normalization of the non-t¯t component
is estimated with a combination of Monte Carlo and
data driven techniques, giving an expected background
of 160 ± 21 events. The measurement of A`

FB

uses both
leptons in each event, doubling the statistics. The results
are A`

FB

= 0.072 ± 0.060 and A``

FB

= 0.076 ± 0.081. The
single lepton result here can be combined with the `+jets
channel to give an overall A`

FB

= 0.090

+0.028

�0.026

. The ra-
tio A`

FB

/A
FB

= 0.55 ± 0.24 is consistent with the NLO
prediction.

Appealing, again, to the near independence of the CDF
and D0 measurements, a simple error-weighted average of
the two gives a combined Tevatron A`

FB

= 0.069 ± 0.019

compared to the NLO prediction of 0.038 ± 0.003 (Bern-
reuther and Si, 2012).

D. Tevatron summary

A compendium of the Tevatron measurements is shown
in Fig. 9. With the final results from Run 2 at the Teva-
tron, the significance of both the A

FB

and A`

FB

discrep-
ancies are around 1.5�, with a spread between the two
experiments of roughly 1�. One of the most interesting
experimental issues is the evolution of the D0 measure-
ments toward smaller A

FB

, reducing the tension with
the SM suggested by the earlier results. An important
part of that evolution was the addition of the 3-jet decay
mode, which adds a statistically-independent sample, but
also mixes in a different pt¯t

T

spectrum, raising the issue of
the pt¯t

T

modeling for both experiments. The time devel-
opment of the D0 measurements is discussed in further
detail in Abazov et al. (2014a,b).

IV. EXPERIMENTAL MEASUREMENTS AT THE LHC

Following the end of operations of the Tevatron col-
lider, measurements at the LHC are being carried out in
an attempt to further clarify the experimental picture,
which would otherwise remain inconclusive based on the
measurements by the CDF and D0 collaborations using
the full dataset, discussed in the previous section. De-
spite the small t¯t asymmetries expected in pp collisions,
the very high statistics t¯t samples available at the LHC
can be exploited in the context of selections that are op-
timized to increase the fraction of qq̄ events. This fact,
together with the higher kinematic reach at the LHC,
makes differential measurements of the charge asymme-
try particularly interesting. Indeed, beyond confirming
or ruling out the Tevatron anomaly, a new kinematic
regime is being explored at the LHC that may unveil
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FIG. 9 Summary of AFB and A`
FB measurements at the Teva-

tron, compared to the respective SM predictions. Also shown
are simple error-weighted averages of CDF and D0 measure-
ments.

signs of new physics the Tevatron could not be sensitive
to. Here we review the most recent results from the LHC
Run 1 (2011-2012).

A. Charge asymmetry measurements

Measurements of the charge asymmetry have been per-
formed by the ATLAS and CMS collaborations using the
full datasets collected at CM energies of 7 TeV and 8 TeV.
These measurements have been carried out in the `+jets
channel at 7 TeV and 8 TeV, and in the dilepton channel,
so far only at 7 TeV.

The measurement of the charge asymmetry involves
the reconstruction of the event kinematics under the t¯t
hypothesis in order to determine the rapidities of the top
quark and antiquark, c.f. Eq. (1.3). This is possible,
not only in the `+jets channel, where the presence of
a single neutrino still leaves sufficient measurements for
kinematic reconstruction, but also in the dilepton chan-
nel, where the a-priori under-constrained kinematics from
the presence of two neutrinos can be overcome through
the application of additional assumptions. The ability to
reconstruct the event kinematics is exploited to measure
the charge asymmetry differentially, as a function of m

t

¯

t

,
pt¯t
T

and the rapidity of the t¯t system, y
t

¯

t

, in addition to in-
clusively. The reconstructed distributions used for these
measurements, �|y|, as well as the above kinematic vari-

Ay
[Aguilar-Saavedra et al., arXiv:1406.1798]

Inclusive charge asymmetry: Invariant mass distribution:
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Inclusive asymmetry in l+jets channel:

CA
-0.05 0 0.05-2

4

ATLAS+CMS  0.006± 0.007 ±0.005 

ATLAS  0.005± 0.010 ±0.006 

CMS  0.011± 0.010 ±0.004 
[PLB 717 (2012) 129]

[JHEP 1402 (2014) 107]

 0.0006  ±0.0115 Theory (NLO+EW)
[JHEP 1201 (2012) 063]

(stat)               (syst)

 = 7 TeVsATLAS+CMS Preliminary 
TOPLHCWG         March 2014

[CMS-PAS-TOP-14-006] A|y|
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NEW PHYSICS IN S-CHANNEL: AXIGLUONS

q

q̄

t

t̄

q

q̄

gq
A gt

A

G

αs

Chiral color breaking SU(3)L ⇥ SU(3)R
h�i�! SU(3)C

Constructive interference for

Towards UV completion:

Kaluza-Klein excitations of gluon in extra dimension.

Axigluon constraints:
- Dijet and top pair production       , dijet pair production	

- LHC charge asymmetry	

- Electroweak precision observables (EWP)

MG < 2mt : gqA · gtA > 0

MG > 2mt : gqA · gtA < 0

[Frampton, Glashow, PLB190 (1987) 157] 

[Frampton, Shu, Wang, PLB683 (2010) 294] 

[Tavares, Schmaltz, PRD84 (2011) 054008]

[Bai et al., JHEP1103 (2011) 003]
  [Haisch, Westhoff, JHEP1108 (2011) 088]

[Gresham, Shelton, Zurek, JHEP1303 (2013) 008]

[Bauer et al., JHEP 1011 (2010) 039] 
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AXIGLUON SURVIVORS (?)

[Gresham, Shelton, Zurek, JHEP1303 (2013) 008]

Light, broad, flavor-universal:
200 . MG . 450GeV

gqA = gtA ⇠ 0.3 gs

Heavy, flavor-sensitive:
MG ⇡ 2TeV

gqA = �gtA ⇠ 1.0 gs

Model-independent bound	

on NP in boosted tt regime:

(@ 95% CL; credible interval S < 1.1-2.0 @ 68% CL)

S =
�SM+NP
tt̄ (Mtt̄ > 1TeV)

�SM
tt̄ (Mtt̄ > 1TeV)

< 1.2

AyFeatures needed to accommodate Tevatron     :

Heavy axigluons challenged by                 at LHC:d�tt̄/dMtt̄

6
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Figure 1: Comparison between data and SM prediction for reconstructed Mtt distributions for
the boosted semi-leptonic analysis with 0 b-tagged jets (a) and �1 b-tagged jets (b), as well
as for the all-hadronic analysis (c). For the semi-leptonic analyses, “others” refers to all non-
top backgrounds, while for the all-hadronic analysis, “NTMJ” refers to the “non-top multijet”
background. The shaded band corresponds to the SM background uncertainty. The likelihood
fit projection on data for the semi-leptonic resolved analysis is shown in (d). A cross section of
1.0 pb is used for the normalization of the Z⇥ samples.

[CMS, arXiv:1309.2030]
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NEW PHYSICS IN T-CHANNEL: Z´

u

ū

t

t̄

u

ū

gut

gut

αs
Z ′

Flavor constraints	

u-c and c-t couplings induce FCNCs

! gut Z
0
µūR�

µtR

[Jung et al., PRD81 (2010) 015004]

[Grinstein et al., PRL107 (2011) 012002]Flavor symmetries

No u-c FCNCs:	

Avoid flavor constr.

No tt production:	

avoid LHC constr.

Imply u-u cplgs.:	

dijet constraints

u

ū

t

t̄

W ′

u

ū

Z ′ t

t̄

u

u

t

t

W ′Z´ Z´
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LHC CONSTRAINTS ON T-CHANNEL BOSONS
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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 ⇥ [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 ⇥. 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 e�ect 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 e⇤ciency 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 di�er-
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 di�erent couplings to the u and d quarks can
lead to partial cancelations between the uū and dd̄ contributions,
thus su⇥ciently 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 e�ect 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 �(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: ⇤2 analysis for µ = mt/2, Br(Z
� � ut̄) = 1, 1/3, 1/4

giving 1⇥ and 2⇥ 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 �⇥SM. For µ = 4mt, the �⇥SM’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 ⇤2 and the corresponding values of (mZ� , gut)
are indicated. In the plots, the 1⇥ (2⇥) region of coverage
probability satisfies ⇤2�⇤2

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 0 ! t̄u) . 30%

[Alvarez, Coluccio, PRD86 (2012)114034] [Drobnak et al., PRD86 (2012)094040]

At
FB A|y|

C

Jet multiplicities in     prod. 	

Rule out u-channel scalars.	

!
No conclusion about            .  

tt̄

Z 0 ! jj
  [Jung et al., PRD81 (2010) 015004][J. Shelton, private communication]

o.k. with tj resonances

 [Drobnak et al., PRD86 (2012)094040]

Fit to inclusive    production tt̄
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Significance at LHC14 strongly depends on systematic errors.

Inclusive charge asymmetry in terms of invariant mass cut:  

stat error

QCD + EW
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A F
C

Figure 5: SM asymmetry compared to projected uncertainty on the measurement in the
lepton+jet channel at LHC 14, as a function of minimum mtt̄, with three di�erent scenarios
for the improvement of systematic uncertainties with luminosity. The dotted line shows the
SM (QCD and EW combined) predictions of Ref. [25], and the dashed line shows 0.5 �
the asymmetry to indicate 95% CL sensitivity. Top left: statistical error only. Top right:
statistical error combined in quadrature with systematic error given by Eq. 1 at 5 fb�1, with
0.8 of the systematic uncertainty scaling as 1/

⇤
L. Bottom left: statistical error combined

in quadrature with systematic error given by Eq. 1 at 5 fb�1, 0.5 of which scales as 1/
⇤
L.

Bottom right: statistical error combined in quadrature with systematic error given by Eq. 1
at 5 fb�1, 0.3 of which scales as 1/

⇤
L.

8

Mmin
tt̄

[Jung, Schulze, Shelton, arXiv:1309.2889]
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pp ! tt̄+XExplore                    :

Cross sections at LHC14:

P P̄

q̄q

t

t̄ B F

θ̂✓t 

✓jP P

j,W, �, . . .

tt̄+ � : O(100) fb

tt̄+W : O(700) fb

tt̄+ jet(s) : O(500) pb
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CHARGE ASYMMETRY WITH TOPS+JET

qq

q̄ q̄

t

t̄

q q q

t
t

t̄g g

t

q g

t̄ q

 

✓(tt̄)q

Et < Et̄ $ cos ✓(tt̄)q > 0

, Et

, Et̄

New observable: energy asymmetry

~kt + ~kt̄ + ~kj = 0

Et + Et̄ + Ej =
p
s

[Berge, Westhoff, JHEP 1307 (2013) 179]

[Alioli, Moch, Uwer, JHEP 1201 (2012) 137,  pTj > 50 GeV]

A|y|
NLO = 0.51± 0.09%Rapidity asymmetry in         at LHC7:tt̄+ j

= forward-backward asymmetry	

   of quark-jet in tt frame



���16

ENERGY ASYMMETRY AT THE LHC14

!2" !4"

!6"

!8"

!10"

!12"
AE#

S#5,
L#30!fb

50!fb 100!fb
300!fb

0 50 100 150 200
0.0
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2.0

"$E#min
"y ttj# m

in

x
x

|ŷj |  0.5

x „50/fb“
AE = �6.5%
�S = 2.4 pb

S(50/fb) = 5

x„300/fb“
AE = �11%
�S = 0.14 pb
S(300/fb) = 5

- No need to identify	

  the quark direction!

AE =
�E
A

�S
=

�(�E > 0)� �(�E < 0)

�(�E > 0) + �(�E < 0)

- Take advantage of high	

  qg parton luminosity.

[Berge, Westhoff, JHEP 1307 (2013) 179]
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Light axigluons in tt+jet (1&2 for tt+photon):
q

q̄

t

t̄

g
gqA gtA

g,G
q

q̄

t

g

t̄gtAgqA

q

q̄

t

g

t̄
gqA

gtA

(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 g

q

A

and axial-vector couplings of top quarks to

axigluons by g

t

A

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

q̄ in (b)) are not shown.
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Table I: Contributions to the tt̄ + j cross section originating from SM Feynman diagrams (ŝg

S/A

,

columns 2 and 5), from SM gluon-axigluon interference (ŝgG

S/A

, columns 3 and 6), and from diagrams

containing no virtual SM gluons (ŝG

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 Fig. 1.

We discuss the various contributions listed in Tab. I in turn. The anti-symmetric part of the
pure SM contribution, ŝg

A

, 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 conjugation7. On the other hand,
the color coefficient is 1/(16N

2
c

) · (d2
abc

+ f

2
abc

) for tt̄ j and 1/(16N

2
c

) · (d2
abc

� f

2
abc

) if t and t̄

are interchanged. Therefore, the term proportional to d

2
abc

contributes to ŝg

A

while the term
proportional to f

2
abc

contributes to ŝg

S

. With similar arguments one can show that all other
contributions in the first column of Tab. I contribute only to ŝg

S

.
The SM-axigluon interference terms ŝgG

A

and ŝgG

S

contain an axial coupling gµg5 from the
quark-anti-quark-axigluon vertex (see Eq. (6)) which leads to a different Lorentz structure.
Therefore, interference terms which were anti-symmetric under charge conjugation for a

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

6

[Berge, Westhoff, PRD86 (2012) 094036]

LHC potential to test CDF excess (here for light axigluon):

tt̄+ � :

comprise high as well as low values of AFB, that might —or not— explain the Tevatron
anomaly. Analogously, the resulting values of AC span a ±2σ range above and below the
SM predictions for 7 and 8 TeV. For these points, we present in Fig. 4 the asymmetry
AC at 8 TeV versus Att̄γ

C at 8 TeV (left) and 14 TeV (right). The shaded horizontal area
corresponds to the CMS measurement AC = 0.005 ± 0.009 [7] and its 1σ uncertainty.
The vertical lines represent the SM value of Att̄γ

C and its expected uncertainty, estimated
in section 2. The points are coloured according to the value of the Tevatron asymmetry
AFB. From left to right: red points have AFB below −2σ of the naive Tevatron average
Aexp

FB = 0.187± 0.036; orange points have AFB between −2σ and −1σ; green points have
AFB between −1σ and 1σ; blue points have asymmetries above 2σ. In all cases the SM
contribution to the asymmetries [11] is summed to the ones resulting from new physics.
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Figure 4: Charge asymmetry Att̄γ
C (at 8 and 14 TeV) versus AC for a colour octet.

The difference found between 8 TeV and 14 TeV is given by the much better statistics
at the latter CM energy, which by far compensates the slightly smaller Att̄γ

C due to the
increased gg cross section. (As pointed out before, the ratio Fd/Fu is nearly the same at
these two energies.) Interestingly, for the parameter space points (in green) that predict
an asymmetry AFB within ±1σ of the Tevatron average, the asymmetry in tt̄γ departs 1σ
or more above the SM value. This happens irrespectively of the value of the asymmetry
in tt̄ production AC, that may even have the SM value. We also note that for all points
the increase in Att̄γ

C with respect to the SM value is positive. This is expected from the
behaviour shown in Fig. 1 (left), and is clearly because the increase in AFB with respect
to the SM value is also positive, as preferred by the fit to the Tevatron measurements.
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Figure 10: Difference of the rapidity asymmetry, DA

D|y|
int , at the LHC with

p
S = 8 TeV as a function

of the coupling a
A

and the axigluon mass m

A

. The lower cuts |D|y||> 0.35 and |y
tt̄ j

|> 0.7 have been

applied. Solid grey lines show constant values of DA

D|y|
int . The superimposed black dashed lines show

which integrated luminosity L is needed to exclude axigluons at the 3s confidence level. In the

area to the right of the dashed red line, axigluons can be discovered in a measurement of DA

D|y|
int with

L = 25 fb�1 at the 5s confidence level.

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

D|y| as a most
promising observable. We find that moderate cuts |D|y|| > 0.35 and |y

tt̄ j

| > 0.7 lead to
the smallest integrated luminosity needed for an axigluon search based on DA

D|y|
int in the mass

range of 100� 300 GeV. In Fig. 10 we show DA

D|y|
int as a function of the axigluon coupling

a
A

and mass m

A

. For definiteness, we have chosen
p

S = 8 TeV and the axigluon width was
fixed at G

A

= 0.1 ·m
A

. The solid grey lines show constant values of DA

D|y|
int . Asymmetries of

about 1.5% for very small couplings a
A

= 0.005 are found and values of up to DA

D|y|
int = 9%

can be reached for large couplings a
A

= 0.032.
If the data for A

D|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 3s level. Without a detailed experimental study we can
base such a calculation only on the statistical uncertainty. We use the same cuts on |D|y||
and |y

tt̄ j

| as given above and assume that tt̄ j events can be observed with an efficiency of
e = 0.035 [67]. Moreover, we assume that background processes may increase the observed
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Using the NLO total cross section, which is ⇠ 50% larger
than the LO one, the calculated asymmetries would be re-
duced to ⇠ 2/3 of the above values. We believe that, in
absence of a complete NLO calculation of At

c, the differ-
ence between the use of LO and NLO cross sections in the
denominator of Eq. (1) should be included in the estimate
of the overall theoretical uncertainty. Should the true SM
value of At

c end up being closer to the smaller values ob-
tained using the NLO cross sections (e.g. A

t
C ⇠ 0.004 atp

s = 14 TeV), a robust and accurate measurement will be
a hard experimental challenge.

Alternative observables are known to enhance the size
of the asymmetry. For example, Ref. [14] estimates that
the asymmetry can increase by a factor of 2-3 placing
proper cuts on the invariant mass of the t

¯

t system. The
smaller rates due to the extra cuts will be compensated
by the much larger statistics to become avialable at 13-
14 TeV. But the theoretical systematics will, by and large,
remain correlated with those of the predictions for the un-
derlying fully inclusive A

t
C .

In this work, we therefore consider an alternative pro-
duction mechanism for top quark pairs, which can pro-
vide a complementary handle for the determination of the
SM charge asymmetry, as well as an independent probe
of possible BSM sources of a deviation from the SM re-
sult. The mechanism we propose is the production of a t

¯

t

pair in association with a W boson (Fig. 1). This produc-
tion process is indeed quite peculiar. At the LO in QCD
it can only occur via a qq̄ annihilation, and no contribu-
tion from gluons in the initial states is possible. This is
at variance with respect to t

¯

tZ or t

¯

t�, where the vector
boson can also couple to the top quark in the subprocess
gg ! t

¯

t. As it can be seen from Fig. 1, t¯tW± can be sim-
ply thought of as the standard qq̄ ! t

¯

t LO diagram, with
the W± emitted from the initial state. At the NLO, the qg

channels can open up, yet the gluon-gluon fusion produc-
tion is not accessible until NNLO. As in qq̄ ! t

¯

t the top
and the anti-top are produced symmetrically at LO and
an asymmetry arises only starting at NLO due to interfer-
ence effects. As we will show in the following, the absence
of the symmetric gluon-gluon channel makes the resulting
asymmetry significantly larger than in t

¯

t production.

Figure 1: Feynman diagrams for the t¯tW± production at leading
order in QCD.

The second key feature of t

¯

tW

± is that the emission of
the W boson from the initial state acts as a polarizer for
quark and anti-quarks, effectively leading to the produc-
tion of polarized top and anti-top quarks. In other words,

tt̄ LO+PS NLO NLO+PS

�(pb) 128.8+35%
�24% 198+15%

�14%

At
C (%) 0.07± 0.03 0.61+0.10

�0.08 0.72+0.14
�0.09

Table 1: Total cross sections and the asymmetry At
C for pp ! t¯t,

calculated at NLO fixed order, LO+PS, and NLO+PS at 8 TeV. The
quoted uncertainties are estimated with scale variations, except for
LO+PS At

C where they are from MC statistics. For the NLO (+PS)
At

C MC uncertainties are less than 0.1 (absolute value in %).

the W -boson emission makes the production of a t

¯

t pair
similar to that in polarized e

+
e

� collisions [22, 23, 24, 25].
As a result, the decay products of the top and anti-top dis-
play very asymmetrical distributions in rapidity already at
the leading order. We shall call this the EW component of
the asymmetry. In new physics scenarios, the emission of a
W boson might also act as a discriminator of the chirality
structure of new interactions, such as that of an axigluon
with light quarks, as already advocated in different stud-
ies [26, 27, 28].

Results at the NLO and NLO+PS for the processes
t

¯

tV (V = W

±
, Z) have appeared in the literature [29, 30,

31, 32, 33, 34, 35] yet no special attention has been given
to asymmetries, whether EW or QCD. The effect on the
asymmetry due to the emission of a photon has been re-
cently studied in Ref. [36]. Measurements of total rates are
also becoming available from the LHC experiments [37].

The plan of this article is as follows. In Section 2 we
present the predictions, at NLO in QCD, (with and with-
out including parton shower and hadronization effects) for
A

t
C in both t

¯

t and t

¯

tW

± production, and, in the latter
case, for the asymmetries of the decay products A

b
C and

A

`
C . In Section 3, we compare the SM predictions to a

simple benchmark model featuring an axigluon compati-
ble with the Tevatron AFB measurements, along the lines
of what done in Ref. [38], to illustrate the peculiar discrim-
inating power of t¯tW±. In the final Section we discuss the
prospects at present and future colliders and present our
conclusions. In Appendix A, we review the main fea-
tures of the polarized qq̄ annihilation into t

¯

t, highlighting
the close similarity of angular distributions with those pre-
dicted in qq̄ ! t

¯

tW

±.

2. tt̄ and tt̄W± at NLO and NLO+PS

In order to study the top charge asymmetry at NLO for
both t

¯

t and t

¯

tW

±, we employ MadGraph_aMC@NLO,
a framework [39] which allows to automatically generate
the code needed to compute the cross-section and any
other observable for these (and any other SM) processes
at LO, NLO and NLO+PS. We present results computed
using the MSTW 2008 (N)LO PDF set [40] with five mass-
less flavors. The pole mass of the top quark is set to 173
GeV and the W -boson mass to 80.41 GeV. The renormal-
ization and factorization scales are kept fixed and set to

2

No gg background to dilute asymmetry:

Top charge asymmetry in           , QCD at NLO:

Also: Polarization of top 
quarks is sensitive to chiral 

new physics.

Order tt̄W± tt̄W+ tt̄W�

�(fb)
LO 140.5+27%

�20% 98.3+27%
�20% 42.2+27%

�20%

NLO 210+11%
�11% 146+11%

�11% 63.6+11%
�11%

At
C (%)

NLO 2.49+0.75
�0.34 2.73+0.74

�0.42 2.03+0.81
�0.19

NLO+PS 2.37+0.56
�0.38 2.51+0.62

�0.42 1.90+0.51
�0.35

Table 2: Total cross sections (LO and NLO) and the asymmetry At
C (NLO and NLO+PS) for pp ! t¯tW± at 8 TeV. The quoted uncertainties

are estimated with scale variations. For the asymmetries MC uncertainties are less than 0.1 (absolute value in %).

Order tt̄W± tt̄W+ tt̄W�

Ab
C (%)

LO+PS 7.46+0.04
�0.05 8.04+0.05

�0.06 5.67+0.01
�0.01

NLO+PS 8.50+0.15
�0.10 9.39+0.15

�0.10 6.85+0.14
�0.11

A`
C (%)

LO+PS �17.10�0.09
+0.11 �18.65�0.12

+0.14 �13.53�0.01
+0.03

NLO+PS �14.83�0.65
+0.95 �16.23�0.72

+1.04 �11.97�0.50
+0.75

Table 3: Asymmetries Ab,`
C , calculated at LO+PS and NLO+PS level, for pp ! t¯tW± at 8 TeV. The quoted uncertainties are estimated with

scale variations. Figures in the table have around 0.1% of statistical uncertainty.
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Figure 3: At
C asymmetry at fixed NLO.

former is computed by reconstructing the b-jets in the
event which come from the top and anti-top quark. We
cluster hadrons into jets using the kT algorithm as imple-
mented in FastJet [44], with R = 0.7, pT > 20 GeV

and |⌘| < 4.5. Smaller values of the R parameter have
been checked not to alter significantly the results. For the
computation of Ab

C , events that do not feature two b-jets
coming from the top quarks have been discarded.

Two observations on the effects of NLO corrections can
be made. The first is that for both A

`
C and A

b
C NLO cor-

rections tend to shift the EW asymmetries towards pos-
itive values, an effect which is consistent with A

t
C being

positive at the NLO. It is not possible to exactly factorize

the EW and QCD components of A

`
C and A

b
C , but one

can estimate the intrinsic QCD part by suppressing the
polarization correlations in the decays, thus removing the
EW contribution. In this case, we obtain A

`
C = 1.79 and

A

b
C = 2.0, comparable to A

t
C = 2.37.

The second observation is that the scale dependence
of these asymmetries is very small at the LO, while it be-
comes larger at the NLO, as it can be seen in Fig. 4. This
is due to the fact that the asymmetry at LO is purely EW
in origin, and it therefore rather stable against scale vari-
ations, while the asymmetry at NLO includes the QCD
effects, and is directly affected by the scale dependence.

3. BSM : the axigluon model

The Tevatron experiments (CDF, D;) have measured
the forward-backward asymmetry, which is defined in a
similar way to the peripheral-central asymmetry used for
the LHC, i.e.,

Att̄ =
N(�

tt̄
⌘ > 0)�N(�

tt̄
⌘ < 0)

N(�

tt̄
⌘ > 0) +N(�

tt̄
⌘ < 0)

, �

tt̄
⌘ = ⌘t � ⌘t̄ . (8)

The central values of the measurements from the two
collaborations [3, 6] are larger than the SM [14, 12],

CDF: Att̄ = 16.4± 4.7 % , D;: Att̄ = 19.6± 6.5 % ,

SM: Att̄ = 8.8± 0.6 % .

A simple toy model that is often used to describe the
enhancement of the forward-backward asymmetry at the

4

[Maltoni et al., arXiv:1406.3262]

tt̄+W
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-- Asymmetry in QCD at NNLO	

   total cross section complete  [Czakon, Fiedler, Mitov, PRL 110 (2013) 252004]	

!
-- Rule out new-physics explanations of CDF excess	

   axigluons: dijet angular distributions, asymmetry in tt+j and tt+photon	

    Z´: semi-inclusive top observables	

!
-- Measure charge asymmetry at LHC	

   need higher luminosity or/and new observables 	

          -- energy asymmetry in tt+jet	

	
 -- rapidity asymmetry in tt+W	

!
-- Asymmetries of leptons from top pair production	

   exp. clean and sensitive to new physics 	

!
-- Bottom-quark charge asymmetry	

   probe flavor structure of NP models  [Grinstein, Murphy, PRL111 (2013) 062003]	

!

[Falkowski et al., PRD87 (2013) 034039]
[Krohn et al., PRD84 (2011) 074034]

[Berge, Westhoff, JHEP1307 (2013) 179]

[Maltoni et al., arXiv:1406.3262]


