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Net effect: A>0	
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From charge to colour	


(more details in J.H.Kuhn, G.Rodrigo. arXiv:hep-ph/9807420)



LHCPhenoNetMarco Zaro, 18-09-2014

• QCD asymmetry has the same origin of the QED one
• Consider qq→̄t t ̄(gg initial state is symmetric)

6

From charge to colour	


(more details in J.H.Kuhn, G.Rodrigo. arXiv:hep-ph/9807420)



LHCPhenoNetMarco Zaro, 18-09-2014

• QCD asymmetry has the same origin of the QED one
• Consider qq→̄t t ̄(gg initial state is symmetric)
• At the NLO one has contributions from

6

From charge to colour	


(more details in J.H.Kuhn, G.Rodrigo. arXiv:hep-ph/9807420)



LHCPhenoNetMarco Zaro, 18-09-2014

• QCD asymmetry has the same origin of the QED one
• Consider qq→̄t t ̄(gg initial state is symmetric)
• At the NLO one has contributions from

6

From charge to colour	


(more details in J.H.Kuhn, G.Rodrigo. arXiv:hep-ph/9807420)

no asymmetry



LHCPhenoNetMarco Zaro, 18-09-2014

• QCD asymmetry has the same origin of the QED one
• Consider qq→̄t t ̄(gg initial state is symmetric)
• At the NLO one has contributions from

6

From charge to colour	


(more details in J.H.Kuhn, G.Rodrigo. arXiv:hep-ph/9807420)

no asymmetry

asymmetry 	


from d2

abc



LHCPhenoNetMarco Zaro, 18-09-2014

• QCD asymmetry has the same origin of the QED one
• Consider qq→̄t t ̄(gg initial state is symmetric)
• At the NLO one has contributions from

• QCD asymmetry can be related to the QED one by replacing

6

From charge to colour	


(more details in J.H.Kuhn, G.Rodrigo. arXiv:hep-ph/9807420)

asymmetry 	


from d2

abc

↵eQqQQ ! d2abc
16NCTFCF

↵s =
5

12
↵s



LHCPhenoNetMarco Zaro, 18-09-2014 7

The top-quark asymmetry 	


at hadron colliders



LHCPhenoNetMarco Zaro, 18-09-2014 8

Top quark asymmetry at 	


the Tevatron



LHCPhenoNetMarco Zaro, 18-09-2014

• QCD asymmetry can be tested at hadron colliders by 
looking at top pair production

8

Top quark asymmetry at 	


the Tevatron



LHCPhenoNetMarco Zaro, 18-09-2014

• QCD asymmetry can be tested at hadron colliders by 
looking at top pair production

• Use pp ̄colliders (Tevatron):	


• p mostly contains quarks, p ̄mostly anti-quarks	


• gg (symmetric) contribution is small (10% of the x-sect)	


• SM prediction:  At= 8.8±0.6 %	


• Measured values:	


• CDF: At=16.4±4.7 %	


• D0: At=19.6±6.5 %	



• 2σ tension 	


• A manna for model builders!
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4 J. A. AGUILAR-SAAVEDRA

contributions to both asymmetries, superscripted as ‘new’. The solid vertical line corre-
sponds to the weighted average of the CDF and D0 measurements, AFB = 0.180± 0.049,
after subtracting the SM contribution. The 1σ experimental uncertainty is indicated by
the dashed lines. The solid horizontal line corresponds to the CMS measurement of the
charge asymmetry, AC = −0.013 ± 0.040 [26], minus the SM prediction ASM

C = 0.006,
the dashed line representing the 1σ experimental uncertainty. From this plot, it is seen
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Fig. 1. – Allowed regions for the new physics contributions to the inclusive FB asymmetry at
the Tevatron and the inclusive charge asymmetry at the LHC.

that Z ′ and W ′ models predict large charge asymmetries which are disfavoured by the
CMS measurement nearly at the 90% confidence level. The rest of models allow for
a new physics contribution of order 0.1 or more at the Tevatron (as preferred by the
CDF and D0 measurements), while being consistent with LHC data. In order to clarify
the experimental situation further and improve the constraints on new physics models,
a combination of ATLAS and CMS measurements of the charge asymmetry would be
welcome.

In the near future, LHC data will provide more stringent tests of new physics in
tt̄ production. In this direction, it is worth mentioning that a number of proposals to
enhance the charge asymmetry and its significance have been made [27, 28, 29] (for
additional references see [12]). The two kinematical parameters in qq̄ → tt̄ upon which
one can place selection cuts to enhance the asymmetry are: (i) the opening angle θ
entering the asymmetry; (ii) the velocity of the CM in the laboratory frame, β = |pzt +
pzt̄ |/(Et + Et̄). (A third parameter, the partonic CM energy ŝ = mtt̄, is not suitable to
increase the asymmetry; instead, mtt̄ is an excellent variable for model discrimination [7].)
In the so-called ‘forward’ asymmetry [27] a selection is effectively placed on the angle
θ (also depending on β), to obtain a charge asymmetry larger than the inclusive one.
Similar results are found [28] by kinematical cuts on the pseudo-rapidities of the top quark
and antiquark in the laboratory frame, which also involve both θ and β. The motivation
for kinematical cuts on θ is that the charge asymmetry is a forward phenomenon, so that
removing the central region θ ∼ π/2 increases it. Naturally, the enhancement is much
larger for models with light Z ′ or W ′ bosons exchanged in the t-channel. A different
approach [29] is to simply require high β, which also enhances the asymmetry since it

Aguilar-Saavedra,  arXiv:1202.2382
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• Top asymmetry mass dependence also deviates from SM 
predictions	


• Stronger deviations for larger t t ̄invariant masses
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Measurement Measured Value, %
Theoretical
Expectation [1], %

CDF `+jets 9.4 fb�1 9.4+3.2
�2.9 3.8± 0.6

D0 `+jets (|⌘| < 1.5) 9.7 fb�1 4.7± 2.3(stat.) +1.1
�1.4 (syst.)

D0 dileptons 9.7 fb�1 4.4± 3.7(stat.)± 1.1(syst.)

Table 4: A` measurements at the Tevatron [13, 14, 15]. CDF `+jets and D0 dileptons measure-
ments are extrapolated to the full phase space, but D0 `+jets measurement is limited to the
acceptance |⌘| < 1.5.
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Figure 3: AFB asymmetry distribution as a function of mtt̄ and |�y| as measured by the CDF
experiment in the `+jets final state [10].

Figure 4: A` vs A``
FB asymmetry as measured by the D0 experiment in the dilepton final

state [15, 16].
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• Much larger gg fraction (symmetric) than at the Tevatron	


• Asymmetry is a very small effect (<1% at 8TeV)
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• What makes the top asymmetry small at the LHC is the 
large gluon luminosity	


• How to reduce/kill gg?
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• Cross-section measurements of t tV̄ 
have been published by CMS for 7TeV	



• More data expected to come from 
the 8TeV and the next 13TeV run 
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Figure 3: Measurements of the ttZ and ttV production cross sections, in the same-sign dilep-
ton (left) and trilepton channel (right), respectively. The measurements are compared to the
NLO calculations (horizontal black lines) and their uncertainty (grey bands). Internal error
bars for the measurements represent the statistical component of the uncertainty.
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• Prefers coupling to light quarks	


• Has a fairly large asymmetry already at the LO (-4%)	


• NLO QCD corrections slightly reduce the asymmetry	


• Asymmetry is a mixed QED-QCD effect	


• For a recent LO-based study, see arXiv:1402.3598	


• σNLO=1.2pb at 13TeV (Frixione isolation, R=0.7 pT>20 GeV, |η|<2)
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The best gluon-killer:

• Does not enhance the coupling to light quarks, nor the 
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15

The best gluon-killer:

• Does not enhance the coupling to light quarks, nor the 
asymmetry	



• Small (<1%) asymmetry at the NLO	


• σNLO

• It only couples to light quarks, no gg up to NNLO	


• Has a fairly large asymmetry at the NLO (2-3%)	


• It polarises the initial quark line, with some (very nice) 

surprises	


• σNLO=0.55pb at 13TeV
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Order tt̄W± tt̄W+ tt̄W�

�(fb) NLO 210+11%
�11% 146+11%

�11% 63.6+11%
�11%

At
C (%)

LO 0.01± 0.05 �0.02± 0.05 0.00± 0.05

LO+PS 0.02± 0.03 0.05± 0.03 0.05± 0.03

NLO 2.5+0.7
�0.3 2.7+0.8

�0.4 2.0+0.8
�0.2

NLO+PS 2.3+0.6
�0.4 2.4+0.6

�0.2 1.9+0.4
�0.4

TABLE II: Total cross sections and the asymmetry At
C , cal-

culated at LO, NLO fixed order and LO+PS, NLO+PS, for
pp ! tt̄W± at 8 TeV. At the LO there is no top-quark
charge asymmetry, while including the parton shower gener-
ates a small asymmetry. The uncertainties for the total cross
sections refer respectively to scales and PDFs. For the asym-
metries, at LO(+PS) we quote the MC uncertainties and at
NLO(+PS) those coming from scale variation. For the asym-
metries PDF uncertainties are negligible and MC uncertain-
ties are less than 0.1 (%).
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FIG. 3: At
C asymmetry at fixed NLO.

dū ! tt̄W

�, respectively. The longitudinal momenta of
the initial partons are on average pu > pd > pū ⇡ pd̄. In
both cases the momentum of the t (t̄) quark is connected
to the momentum of the q (q̄). The large longitudinal
momentum transferred to the t quark from the initial u
quark (tt̄W+) increases the corresponding |⌘t| value. As
a result the asymmetry (�t

⌘ = |⌘t| � |⌘t̄|) is enhanced
compared to the tt̄W

� final state.
As a next step, we consider results in the case of a

NLO+PS simulation, using Herwig6 [37] for showering
and hadronization. We show the results in the third
line of Tab. II. The asymmetry at LO+PS (not shown
in the table) remains zero within uncertainties. At the
NLO+PS level a small decrease compared to fixed order
NLO is found.

Finally, we analyze the results obtained including the
decays of the top quarks and the W -boson. In order to
keep spin correlations intact for the final lepton and b,
b̄ distributions, Madspin [38] is employed. In so doing

parton-level events are decayed using the full tree-level
matrix element 2 ! 8 for the Born-like contributions and
2 ! 9 for those involving extra radiation, before they are
passed to Herwig6.

Order tt̄W± tt̄W+ tt̄W�

Ab
C (%)

LO+PS 7.32+0.08
�0.28 7.90+0.14

�0.16 5.60+0.14
�0.08

NLO+PS 8.39+0.09
+0.04 9.32+0.01

�0.20 6.76+0.05
�0.11

Ae
C (%)

LO+PS �17.30�0.07
+0.27 �18.65�0.18

+0.07 �13.51�0.02
+0.05

NLO+PS �15.1�1.2
+0.4 �16.1�0.8

+0.8 �12.1�0.9
+0.5

TABLE III: Asymmetries Ab,e
C , calculated at LO+PS and

NLO+PS level, for pp ! tt̄W± at 8 TeV. Figures in the
table have around 0.1% of statistical uncertainty.

At this exploratory stage, we use the MC truth in
order to correctly identify leptons and b-jets coming from
the top and anti-top quark decays, without considering
issues related with the top quark reconstruction. Fur-
thermore we ask that the leptons coming from top (anti)
quark decays are positrons (electrons), while the extra
W bosons decay into muons, requiring the following
decay chains:

• t ! bW

+ ! be

+
⌫e • t̄ ! b̄W

� ! b̄e

�
⌫̄e

• W

� ! µ

�
⌫̄µ • W

+ ! µ

+
⌫µ .

We present the asymmetries Ab
C and A

e
C in Tab. III. The

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 im-
plemented in FastJet [39], with R = 0.7, pT > 20 GeV
and |⌘| < 4.5. Using smaller values of the R parameter
does not alter significantly the results. Events which do
not feature two b-jets are discarded for the computation
of Ab

C .
Two observations on the e↵ects of NLO corrections

can be made: the first is that for both A

e
C and A

b
C NLO

corrections tend to shift the asymmetries towards posi-
tive values, an e↵ect which is consistent with A

t
C being

positive at the NLO. The second observation is that the
scale dependence of these asymmetries is very small at
the LO, while it becomes larger at the NLO, as it can be
seen in Fig. 4. This is due to the fact that being the LO
asymmetry a result of spin correlations, it has therefore
a di↵erent origin from the NLO A

t
C asymmetry.

III. BSM : THE AXIGLUON MODEL

The Tevatron experiments (CDF, D;) have measured
the forward-backward asymmetry, which is defined in a

• The W boson kills the symmetric 
gg contribution, leaving only qq	̄



• The resulting asymmetry is much 
larger than in the t t ̄inclusive case 

2

tt̄ LO LO+PS NLO NLO+PS

�(pb) 128.8+35%
�24%

+2%
�3% 198+15%

�14%
+2%
�3%

At
C (%) 0.01± 0.04 0.07± 0.03 0.61+0.1

�0.08 0.72+0.14
�0.09

TABLE I: Total cross sections and the asymmetry At
C , cal-

culated at LO, NLO fixed order and LO+PS, NLO+PS, for
pp ! tt̄ at 8 TeV. The uncertainties for the total cross sec-
tions refer respectively to scales and PDFs. For the asym-
metries at LO(+PS) we quote the MC uncertainties while at
NLO(+PS) we quote those coming from scale variation. For
the asymmetries PDF uncertainties are negligible and MC
uncertainties are less than 0.1 (%).

30] yet no special attention has been given to asymme-
tries. The e↵ect on the asymmetry due to the emission
of a photon has been recently studied in [31]. Mea-
surements of total rates are also available from the LHC
experiments [32].

The plan of this article is as follows. We start pre-
senting the NLO predictions (with and without includ-
ing parton shower and hadronization e↵ects) for A

t
C in

both tt̄ and tt̄W

± production, and for the decay prod-
ucts asymmetries A

b
C , A

e
C in the latter case. Finally,

we compare the SM predictions to a simple benchmark
model featuring an axigluon compatible with the Teva-
tron measurements, on the very same lines of what done
in Ref. [33] to illustrate the peculiar discriminating power
of tt̄W±. We leave a short discussion on the prospects
at present and future colliders and our conclusions to the
final section. In Appendix A, we review the main fea-
tures of the polarized qq̄ scattering to tt̄ by showing that
exactly the same e↵ects characterize qq̄ ! tt̄W

±.

II. tt̄ AND tt̄W± AT NLO AND NLO+PS

In order to study the top charge asymmetry at
NLO for both tt̄ and tt̄W

±, we employ the Mad-
Graph aMC@NLO framework [34] which allows to au-
tomatically 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 [35] with five massless flavors. The pole mass
of the top quark is set to 173 GeV and the W -boson
mass to 80.41 GeV. The renormalization and factoriza-
tion scales are kept fixed and set to µf = µr = 2mt, and
the corresponding uncertainty is obtained by varying the
two scales independently in the interval [mt, 4mt]. PDF
uncertainties are calculated following the Hessian recipe
given in [35].

We first show in Tab. I the cross section and asymme-
try A

t
C for pp ! tt̄, computed at the LHC with a center

of mass energy
p
s = 8 TeV. At the LO there is no

top-quark charge asymmetry, while including the parton

shower generates a small asymmetry. At NLO a small
asymmetry appears (less than 1%) both in the fixed or-
der as well as in the NLO+PS computation, the latter be-
ing slightly larger [36]. Not surprisingly, a rather strong
scale dependence a↵ects the asymmetry predictions, be-
ing them de facto LO quantities.
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FIG. 2: Comparison of the ⌘ distributions of the t, t̄ quarks
at the (N)LO+PS level for the pp ! tt̄W± channel.

We now turn to the corresponding results for tt̄W

±,
which are shown in Tab. II. As in the previous case at
the LO (not shown in the table) A

t
C vanishes, but at

NLO we obtain A

t
C ⇡ 2�3%, a considerably larger value

than in the tt̄ inclusive production. The e↵ect of the
asymmetry can be visualized by superimposing the pseu-
dorapidity of the t and t̄ quarks, as shown in Fig. 2. At
LO the two distributions are not distinguishable, while
at NLO the asymmetry is manifest: the anti-top quark
tends to be more central, whereas the top quark prefers
the peripheral region from the collision point around the
beam axis. Again, the scale dependence of the asymme-
try is quite large, consistently with the fact that NLO
corrections actually provide its first non-zero contribu-
tion. The scale dependence of the asymmetry is shown
in Fig. 3, varying the renormalization and factorization
scales together.
It is also worth to briefly comment on the fact that the

asymmetry is larger for tt̄W+ than for tt̄W�. This can be
understood using an argument based on PDFs: the main
subprocesses in these two channels are ud̄ ! tt̄W

+ and

8TeV
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Order tt̄W± tt̄W+ tt̄W�

�(fb) NLO 210+11%
�11% 146+11%

�11% 63.6+11%
�11%

At
C (%)

LO 0.01± 0.05 �0.02± 0.05 0.00± 0.05

LO+PS 0.02± 0.03 0.05± 0.03 0.05± 0.03

NLO 2.5+0.7
�0.3 2.7+0.8

�0.4 2.0+0.8
�0.2

NLO+PS 2.3+0.6
�0.4 2.4+0.6

�0.2 1.9+0.4
�0.4

TABLE II: Total cross sections and the asymmetry At
C , cal-

culated at LO, NLO fixed order and LO+PS, NLO+PS, for
pp ! tt̄W± at 8 TeV. At the LO there is no top-quark
charge asymmetry, while including the parton shower gener-
ates a small asymmetry. The uncertainties for the total cross
sections refer respectively to scales and PDFs. For the asym-
metries, at LO(+PS) we quote the MC uncertainties and at
NLO(+PS) those coming from scale variation. For the asym-
metries PDF uncertainties are negligible and MC uncertain-
ties are less than 0.1 (%).
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FIG. 3: At
C asymmetry at fixed NLO.

dū ! tt̄W

�, respectively. The longitudinal momenta of
the initial partons are on average pu > pd > pū ⇡ pd̄. In
both cases the momentum of the t (t̄) quark is connected
to the momentum of the q (q̄). The large longitudinal
momentum transferred to the t quark from the initial u
quark (tt̄W+) increases the corresponding |⌘t| value. As
a result the asymmetry (�t

⌘ = |⌘t| � |⌘t̄|) is enhanced
compared to the tt̄W

� final state.
As a next step, we consider results in the case of a

NLO+PS simulation, using Herwig6 [37] for showering
and hadronization. We show the results in the third
line of Tab. II. The asymmetry at LO+PS (not shown
in the table) remains zero within uncertainties. At the
NLO+PS level a small decrease compared to fixed order
NLO is found.

Finally, we analyze the results obtained including the
decays of the top quarks and the W -boson. In order to
keep spin correlations intact for the final lepton and b,
b̄ distributions, Madspin [38] is employed. In so doing

parton-level events are decayed using the full tree-level
matrix element 2 ! 8 for the Born-like contributions and
2 ! 9 for those involving extra radiation, before they are
passed to Herwig6.

Order tt̄W± tt̄W+ tt̄W�

Ab
C (%)

LO+PS 7.32+0.08
�0.28 7.90+0.14

�0.16 5.60+0.14
�0.08

NLO+PS 8.39+0.09
+0.04 9.32+0.01

�0.20 6.76+0.05
�0.11

Ae
C (%)

LO+PS �17.30�0.07
+0.27 �18.65�0.18

+0.07 �13.51�0.02
+0.05

NLO+PS �15.1�1.2
+0.4 �16.1�0.8

+0.8 �12.1�0.9
+0.5

TABLE III: Asymmetries Ab,e
C , calculated at LO+PS and

NLO+PS level, for pp ! tt̄W± at 8 TeV. Figures in the
table have around 0.1% of statistical uncertainty.

At this exploratory stage, we use the MC truth in
order to correctly identify leptons and b-jets coming from
the top and anti-top quark decays, without considering
issues related with the top quark reconstruction. Fur-
thermore we ask that the leptons coming from top (anti)
quark decays are positrons (electrons), while the extra
W bosons decay into muons, requiring the following
decay chains:

• t ! bW

+ ! be

+
⌫e • t̄ ! b̄W

� ! b̄e

�
⌫̄e

• W

� ! µ

�
⌫̄µ • W

+ ! µ

+
⌫µ .

We present the asymmetries Ab
C and A

e
C in Tab. III. The

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 im-
plemented in FastJet [39], with R = 0.7, pT > 20 GeV
and |⌘| < 4.5. Using smaller values of the R parameter
does not alter significantly the results. Events which do
not feature two b-jets are discarded for the computation
of Ab

C .
Two observations on the e↵ects of NLO corrections

can be made: the first is that for both A

e
C and A

b
C NLO

corrections tend to shift the asymmetries towards posi-
tive values, an e↵ect which is consistent with A

t
C being

positive at the NLO. The second observation is that the
scale dependence of these asymmetries is very small at
the LO, while it becomes larger at the NLO, as it can be
seen in Fig. 4. This is due to the fact that being the LO
asymmetry a result of spin correlations, it has therefore
a di↵erent origin from the NLO A

t
C asymmetry.

III. BSM : THE AXIGLUON MODEL

The Tevatron experiments (CDF, D;) have measured
the forward-backward asymmetry, which is defined in a

• The W boson kills the symmetric 
gg contribution, leaving only qq	̄



• The resulting asymmetry is much 
larger than in the t t ̄inclusive case 

2

tt̄ LO LO+PS NLO NLO+PS

�(pb) 128.8+35%
�24%

+2%
�3% 198+15%

�14%
+2%
�3%

At
C (%) 0.01± 0.04 0.07± 0.03 0.61+0.1

�0.08 0.72+0.14
�0.09

TABLE I: Total cross sections and the asymmetry At
C , cal-

culated at LO, NLO fixed order and LO+PS, NLO+PS, for
pp ! tt̄ at 8 TeV. The uncertainties for the total cross sec-
tions refer respectively to scales and PDFs. For the asym-
metries at LO(+PS) we quote the MC uncertainties while at
NLO(+PS) we quote those coming from scale variation. For
the asymmetries PDF uncertainties are negligible and MC
uncertainties are less than 0.1 (%).

30] yet no special attention has been given to asymme-
tries. The e↵ect on the asymmetry due to the emission
of a photon has been recently studied in [31]. Mea-
surements of total rates are also available from the LHC
experiments [32].

The plan of this article is as follows. We start pre-
senting the NLO predictions (with and without includ-
ing parton shower and hadronization e↵ects) for A

t
C in

both tt̄ and tt̄W

± production, and for the decay prod-
ucts asymmetries A

b
C , A

e
C in the latter case. Finally,

we compare the SM predictions to a simple benchmark
model featuring an axigluon compatible with the Teva-
tron measurements, on the very same lines of what done
in Ref. [33] to illustrate the peculiar discriminating power
of tt̄W±. We leave a short discussion on the prospects
at present and future colliders and our conclusions to the
final section. In Appendix A, we review the main fea-
tures of the polarized qq̄ scattering to tt̄ by showing that
exactly the same e↵ects characterize qq̄ ! tt̄W

±.

II. tt̄ AND tt̄W± AT NLO AND NLO+PS

In order to study the top charge asymmetry at
NLO for both tt̄ and tt̄W

±, we employ the Mad-
Graph aMC@NLO framework [34] which allows to au-
tomatically 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 [35] with five massless flavors. The pole mass
of the top quark is set to 173 GeV and the W -boson
mass to 80.41 GeV. The renormalization and factoriza-
tion scales are kept fixed and set to µf = µr = 2mt, and
the corresponding uncertainty is obtained by varying the
two scales independently in the interval [mt, 4mt]. PDF
uncertainties are calculated following the Hessian recipe
given in [35].

We first show in Tab. I the cross section and asymme-
try A

t
C for pp ! tt̄, computed at the LHC with a center

of mass energy
p
s = 8 TeV. At the LO there is no

top-quark charge asymmetry, while including the parton

shower generates a small asymmetry. At NLO a small
asymmetry appears (less than 1%) both in the fixed or-
der as well as in the NLO+PS computation, the latter be-
ing slightly larger [36]. Not surprisingly, a rather strong
scale dependence a↵ects the asymmetry predictions, be-
ing them de facto LO quantities.
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FIG. 2: Comparison of the ⌘ distributions of the t, t̄ quarks
at the (N)LO+PS level for the pp ! tt̄W± channel.

We now turn to the corresponding results for tt̄W

±,
which are shown in Tab. II. As in the previous case at
the LO (not shown in the table) A

t
C vanishes, but at

NLO we obtain A

t
C ⇡ 2�3%, a considerably larger value

than in the tt̄ inclusive production. The e↵ect of the
asymmetry can be visualized by superimposing the pseu-
dorapidity of the t and t̄ quarks, as shown in Fig. 2. At
LO the two distributions are not distinguishable, while
at NLO the asymmetry is manifest: the anti-top quark
tends to be more central, whereas the top quark prefers
the peripheral region from the collision point around the
beam axis. Again, the scale dependence of the asymme-
try is quite large, consistently with the fact that NLO
corrections actually provide its first non-zero contribu-
tion. The scale dependence of the asymmetry is shown
in Fig. 3, varying the renormalization and factorization
scales together.
It is also worth to briefly comment on the fact that the

asymmetry is larger for tt̄W+ than for tt̄W�. This can be
understood using an argument based on PDFs: the main
subprocesses in these two channels are ud̄ ! tt̄W

+ and

8TeV
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• Initial quarks are polarised by the W boson	


• qq➝̄t tW̄ is totally analogous to qLqR̄➝t t ̄

18

Polarised top pair production
more in Parke, Shadmi, hep-ph:9606419
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• At threshold (leading contribution to the cross-section) only 
one polarisation survives: tops are fully polarised	



• At high energies top polarisations are opposite, and #↑↓=#↓↑
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one polarisation survives: tops are fully polarised	
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• The produced tops are highly 
polarised, leading to asymmetric 
decay products already at LO 	


• Leptons from tops are strongly 

correlated with top polarisation	


• Need to include spin-correlations 

to see this effect	


• Decay products asymmetries are 

much larger than the top one

19
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Polarisation effects
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Polarisation effects: 	


results

3

Order tt̄W± tt̄W+ tt̄W�

�(fb) NLO 210+11%
�11% 146+11%

�11% 63.6+11%
�11%

At
C (%)

LO 0.01± 0.05 �0.02± 0.05 0.00± 0.05

LO+PS 0.02± 0.03 0.05± 0.03 0.05± 0.03

NLO 2.5+0.7
�0.3 2.7+0.8

�0.4 2.0+0.8
�0.2

NLO+PS 2.3+0.6
�0.4 2.4+0.6

�0.2 1.9+0.4
�0.4

TABLE II: Total cross sections and the asymmetry At
C , cal-

culated at LO, NLO fixed order and LO+PS, NLO+PS, for
pp ! tt̄W± at 8 TeV. At the LO there is no top-quark
charge asymmetry, while including the parton shower gener-
ates a small asymmetry. The uncertainties for the total cross
sections refer respectively to scales and PDFs. For the asym-
metries, at LO(+PS) we quote the MC uncertainties and at
NLO(+PS) those coming from scale variation. For the asym-
metries PDF uncertainties are negligible and MC uncertain-
ties are less than 0.1 (%).
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FIG. 3: At
C asymmetry at fixed NLO.

dū ! tt̄W

�, respectively. The longitudinal momenta of
the initial partons are on average pu > pd > pū ⇡ pd̄. In
both cases the momentum of the t (t̄) quark is connected
to the momentum of the q (q̄). The large longitudinal
momentum transferred to the t quark from the initial u
quark (tt̄W+) increases the corresponding |⌘t| value. As
a result the asymmetry (�t

⌘ = |⌘t| � |⌘t̄|) is enhanced
compared to the tt̄W

� final state.
As a next step, we consider results in the case of a

NLO+PS simulation, using Herwig6 [37] for showering
and hadronization. We show the results in the third
line of Tab. II. The asymmetry at LO+PS (not shown
in the table) remains zero within uncertainties. At the
NLO+PS level a small decrease compared to fixed order
NLO is found.

Finally, we analyze the results obtained including the
decays of the top quarks and the W -boson. In order to
keep spin correlations intact for the final lepton and b,
b̄ distributions, Madspin [38] is employed. In so doing

parton-level events are decayed using the full tree-level
matrix element 2 ! 8 for the Born-like contributions and
2 ! 9 for those involving extra radiation, before they are
passed to Herwig6.

Order tt̄W± tt̄W+ tt̄W�

Ab
C (%)

LO+PS 7.32+0.08
�0.28 7.90+0.14

�0.16 5.60+0.14
�0.08

NLO+PS 8.39+0.09
+0.04 9.32+0.01

�0.20 6.76+0.05
�0.11

Ae
C (%)

LO+PS �17.30�0.07
+0.27 �18.65�0.18

+0.07 �13.51�0.02
+0.05

NLO+PS �15.1�1.2
+0.4 �16.1�0.8

+0.8 �12.1�0.9
+0.5

TABLE III: Asymmetries Ab,e
C , calculated at LO+PS and

NLO+PS level, for pp ! tt̄W± at 8 TeV. Figures in the
table have around 0.1% of statistical uncertainty.

At this exploratory stage, we use the MC truth in
order to correctly identify leptons and b-jets coming from
the top and anti-top quark decays, without considering
issues related with the top quark reconstruction. Fur-
thermore we ask that the leptons coming from top (anti)
quark decays are positrons (electrons), while the extra
W bosons decay into muons, requiring the following
decay chains:

• t ! bW

+ ! be

+
⌫e • t̄ ! b̄W

� ! b̄e

�
⌫̄e

• W

� ! µ

�
⌫̄µ • W

+ ! µ

+
⌫µ .

We present the asymmetries Ab
C and A

e
C in Tab. III. The

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 im-
plemented in FastJet [39], with R = 0.7, pT > 20 GeV
and |⌘| < 4.5. Using smaller values of the R parameter
does not alter significantly the results. Events which do
not feature two b-jets are discarded for the computation
of Ab

C .
Two observations on the e↵ects of NLO corrections

can be made: the first is that for both A

e
C and A

b
C NLO

corrections tend to shift the asymmetries towards posi-
tive values, an e↵ect which is consistent with A

t
C being

positive at the NLO. The second observation is that the
scale dependence of these asymmetries is very small at
the LO, while it becomes larger at the NLO, as it can be
seen in Fig. 4. This is due to the fact that being the LO
asymmetry a result of spin correlations, it has therefore
a di↵erent origin from the NLO A

t
C asymmetry.

III. BSM : THE AXIGLUON MODEL

The Tevatron experiments (CDF, D;) have measured
the forward-backward asymmetry, which is defined in a

• Asymmetries are large!	


• NLO corrections shift all numbers up	


• Spin correlations included at NLO via MadSpin

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460

*b-jets, kT-algo, R=0.5, pT>20 GeV, |y|<4.5, MCTruth

*
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metries, at LO(+PS) we quote the MC uncertainties and at
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FIG. 3: At
C asymmetry at fixed NLO.

dū ! tt̄W

�, respectively. The longitudinal momenta of
the initial partons are on average pu > pd > pū ⇡ pd̄. In
both cases the momentum of the t (t̄) quark is connected
to the momentum of the q (q̄). The large longitudinal
momentum transferred to the t quark from the initial u
quark (tt̄W+) increases the corresponding |⌘t| value. As
a result the asymmetry (�t

⌘ = |⌘t| � |⌘t̄|) is enhanced
compared to the tt̄W

� final state.
As a next step, we consider results in the case of a

NLO+PS simulation, using Herwig6 [37] for showering
and hadronization. We show the results in the third
line of Tab. II. The asymmetry at LO+PS (not shown
in the table) remains zero within uncertainties. At the
NLO+PS level a small decrease compared to fixed order
NLO is found.

Finally, we analyze the results obtained including the
decays of the top quarks and the W -boson. In order to
keep spin correlations intact for the final lepton and b,
b̄ distributions, Madspin [38] is employed. In so doing

parton-level events are decayed using the full tree-level
matrix element 2 ! 8 for the Born-like contributions and
2 ! 9 for those involving extra radiation, before they are
passed to Herwig6.
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TABLE III: Asymmetries Ab,e
C , calculated at LO+PS and

NLO+PS level, for pp ! tt̄W± at 8 TeV. Figures in the
table have around 0.1% of statistical uncertainty.

At this exploratory stage, we use the MC truth in
order to correctly identify leptons and b-jets coming from
the top and anti-top quark decays, without considering
issues related with the top quark reconstruction. Fur-
thermore we ask that the leptons coming from top (anti)
quark decays are positrons (electrons), while the extra
W bosons decay into muons, requiring the following
decay chains:

• t ! bW

+ ! be
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We present the asymmetries Ab
C and A

e
C in Tab. III. The

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 im-
plemented in FastJet [39], with R = 0.7, pT > 20 GeV
and |⌘| < 4.5. Using smaller values of the R parameter
does not alter significantly the results. Events which do
not feature two b-jets are discarded for the computation
of Ab

C .
Two observations on the e↵ects of NLO corrections

can be made: the first is that for both A

e
C and A

b
C NLO

corrections tend to shift the asymmetries towards posi-
tive values, an e↵ect which is consistent with A

t
C being

positive at the NLO. The second observation is that the
scale dependence of these asymmetries is very small at
the LO, while it becomes larger at the NLO, as it can be
seen in Fig. 4. This is due to the fact that being the LO
asymmetry a result of spin correlations, it has therefore
a di↵erent origin from the NLO A

t
C asymmetry.
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The Tevatron experiments (CDF, D;) have measured
the forward-backward asymmetry, which is defined in a

• Asymmetries are large!	


• NLO corrections shift all numbers up	


• Spin correlations included at NLO via MadSpin

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460

*b-jets, kT-algo, R=0.5, pT>20 GeV, |y|<4.5, MCTruth

*

]-[ed] , +[ed
-6 -4 -2 0 2 4 6

]-
,e+

[edd
T

md
 × T

m1

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35 positron

electron



LHCPhenoNetMarco Zaro, 18-09-2014

]
t

 [m
f
µ = rµ

1 2 3 4

 (%
)

+ e CA

-20

-18

-16

-14

-12

-10

-8

-6
±Wtt
+Wtt
-Wtt

LHC 8 TeV
NLO+PS
LO+PS

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

]
t

 [m
f
µ = rµ

1 2 3 4

 (%
)

b CA

5

6

7

8

9

10

11

12
±Wtt
+Wtt
-Wtt

LHC 8 TeV
NLO+PS
LO+PS

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

21

Polarisation effects: 	


results

3

Order tt̄W± tt̄W+ tt̄W�

�(fb) NLO 210+11%
�11% 146+11%

�11% 63.6+11%
�11%

At
C (%)

LO 0.01± 0.05 �0.02± 0.05 0.00± 0.05

LO+PS 0.02± 0.03 0.05± 0.03 0.05± 0.03

NLO 2.5+0.7
�0.3 2.7+0.8

�0.4 2.0+0.8
�0.2

NLO+PS 2.3+0.6
�0.4 2.4+0.6

�0.2 1.9+0.4
�0.4

TABLE II: Total cross sections and the asymmetry At
C , cal-

culated at LO, NLO fixed order and LO+PS, NLO+PS, for
pp ! tt̄W± at 8 TeV. At the LO there is no top-quark
charge asymmetry, while including the parton shower gener-
ates a small asymmetry. The uncertainties for the total cross
sections refer respectively to scales and PDFs. For the asym-
metries, at LO(+PS) we quote the MC uncertainties and at
NLO(+PS) those coming from scale variation. For the asym-
metries PDF uncertainties are negligible and MC uncertain-
ties are less than 0.1 (%).

]
t

 [m
f

µ = 
r

µ
1 2 3 4

 (
%

)
t C

A

0

1

2

3

4

5
±Wtt
+Wtt
-

Wtt

LHC 8 TeV
NLO

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O

FIG. 3: At
C asymmetry at fixed NLO.

dū ! tt̄W

�, respectively. The longitudinal momenta of
the initial partons are on average pu > pd > pū ⇡ pd̄. In
both cases the momentum of the t (t̄) quark is connected
to the momentum of the q (q̄). The large longitudinal
momentum transferred to the t quark from the initial u
quark (tt̄W+) increases the corresponding |⌘t| value. As
a result the asymmetry (�t

⌘ = |⌘t| � |⌘t̄|) is enhanced
compared to the tt̄W

� final state.
As a next step, we consider results in the case of a

NLO+PS simulation, using Herwig6 [37] for showering
and hadronization. We show the results in the third
line of Tab. II. The asymmetry at LO+PS (not shown
in the table) remains zero within uncertainties. At the
NLO+PS level a small decrease compared to fixed order
NLO is found.

Finally, we analyze the results obtained including the
decays of the top quarks and the W -boson. In order to
keep spin correlations intact for the final lepton and b,
b̄ distributions, Madspin [38] is employed. In so doing

parton-level events are decayed using the full tree-level
matrix element 2 ! 8 for the Born-like contributions and
2 ! 9 for those involving extra radiation, before they are
passed to Herwig6.
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TABLE III: Asymmetries Ab,e
C , calculated at LO+PS and

NLO+PS level, for pp ! tt̄W± at 8 TeV. Figures in the
table have around 0.1% of statistical uncertainty.

At this exploratory stage, we use the MC truth in
order to correctly identify leptons and b-jets coming from
the top and anti-top quark decays, without considering
issues related with the top quark reconstruction. Fur-
thermore we ask that the leptons coming from top (anti)
quark decays are positrons (electrons), while the extra
W bosons decay into muons, requiring the following
decay chains:

• t ! bW

+ ! be

+
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� ! b̄e
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We present the asymmetries Ab
C and A

e
C in Tab. III. The

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 im-
plemented in FastJet [39], with R = 0.7, pT > 20 GeV
and |⌘| < 4.5. Using smaller values of the R parameter
does not alter significantly the results. Events which do
not feature two b-jets are discarded for the computation
of Ab

C .
Two observations on the e↵ects of NLO corrections

can be made: the first is that for both A

e
C and A

b
C NLO

corrections tend to shift the asymmetries towards posi-
tive values, an e↵ect which is consistent with A

t
C being

positive at the NLO. The second observation is that the
scale dependence of these asymmetries is very small at
the LO, while it becomes larger at the NLO, as it can be
seen in Fig. 4. This is due to the fact that being the LO
asymmetry a result of spin correlations, it has therefore
a di↵erent origin from the NLO A

t
C asymmetry.

III. BSM : THE AXIGLUON MODEL

The Tevatron experiments (CDF, D;) have measured
the forward-backward asymmetry, which is defined in a

• Asymmetries are large!	


• NLO corrections shift all numbers up	


• Spin correlations included at NLO via MadSpin

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460

*b-jets, kT-algo, R=0.5, pT>20 GeV, |y|<4.5, MCTruth

*

]-[ed] , +[ed
-6 -4 -2 0 2 4 6

]-
,e+

[edd
T

md
 × T

m1

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35 positron

electron

]t[d[t] , d
-6 -4 -2 0 2 4 6

ddmd  × 
m1

0

0.05

0.1

0.15

0.2

0.25
t quark

 quarkt

LHC 8 TeV
±WttApp

NLO+PS

M
a
d
G
r
a
p
h
5
_
a
M
C
@
N
L
O



LHCPhenoNetMarco Zaro, 18-09-2014 22

Polarisation effects:	


t tW̄ vs t tH̄
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Plot by I. Tsinikos
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Plans for the future…
7

8 TeV 13 TeV 14 TeV 33 TeV 100 TeV

tt̄
�(pb) 198+15%

�14%
+2%
�3% 661+15%

�13%
+2%
�3% 786+14%

�13%
+2%
�3% 4643+12%

�11%
+1%
�2% 30670+13%

�13%
+1%
�2%

At
C(%) 0.72+0.14

�0.09 0.45+0.09
�0.06 0.36�0.01

�0.02 0.11+0.07
+0.04 0.07+0.02

�0.04

tt̄W±

�(fb) 210+11%
�11%

+2%
�2% 587+13%

�12%
+2%
�1% 678+14%

�12%
+2%
�1% 3216+17%

�13%
+1%
�1% 18970+20%

�17%
+1%
�1%

At
C(%) 2.3+0.6

�0.40 2.24+0.56
�0.28 2.23+0.29

�0.19 2.01+0.02
�0.27 1.84�0.24

�0.08

Ab
C(%) 8.50+0.15

�0.10 7.56+0.09
�0.03 7.56+0.16

�0.10 5.51+0.26
�0.17 3.60�0.53

�0.16

Ae
C(%) �14.83�0.65

+0.95 �13.11�1.20
+0.95 �12.82�1.07

+0.86 �9.26�1.09
+0.79 �4.84�0.47

+0.84

TABLE V: NLO+PS cross sections for tt̄ and tt̄W± and corresponding asymmetries at several cms energies. The first uncertainty
is given by scale variation, the second by PDF’s.

in Ref. [45]. In the beam line basis, i.e., when the polar-
ization axis of the top is the light quark direction in the
top rest frame, the polarized di↵erential cross sections
d�tpol,t̄pol for an initial state qL q̄R pair read

d�""
d cos ✓⇤

=
d�##

d cos ✓⇤
= N (�)

�

2(1� �

2) sin2 ✓⇤

(1 + � cos ✓⇤)2
,

d�#"
d cos ✓⇤

= N (�)
�

4 sin4 ✓⇤

(1 + � cos ✓⇤)2
,

d�"#
d cos ✓⇤

= N (�)
[(1 + � cos ✓⇤)2 + (1� �

2)]2

(1 + � cos ✓⇤)2
, (A1)

where N (�) is a normalization factor

N (�) =
⇡↵

2
S

9s
� (A2)

and cos ✓⇤ is the polar angle of the top quarks in parton-
parton centre-of-mass frame. This basis is useful both
at threshold, (� ! 0), where it is clear that only one
amplitude, qLq̄R ! t"t̄# is non-zero, meaning that the
top quarks are completely polarized, and at high energy,
(� ! 1), where it is manifest that the top anti-top po-
larizations are opposite,

d�"#,#"
d cos ✓⇤

�!1
= N (1)(1± cos ✓⇤)2 , (A3)

a result which is also valid in the helicity basis [45].
Eq. (A3) predicts the total number of events with op-
posite top anti-top polarization to be the same far from
threshold. The polarization information is transferred to

the decay products angular distributions, and in partic-
ular to the leptons that are 100% correlated with the
top-quark spins.

One therefore expects the lepton polar distributions
with respect to the beam axis to show a linear depen-
dence in cos ✓e at threshold that flattens out at high en-
ergies.

We have explicitly checked the expressions Eq. (A1)
and the analytic computation of the tree-level qLq̄R !
tt̄ ! b`

+
⌫ b̄`

�
⌫ amplitude numerically to those obtained

via MadGraph5 aMC@NLO [34]. Apart from more
complicated analytic formulas the case of qq̄ ! tt̄W

± is
totally analogous, as the only non-trivial e↵ect of the W -
boson emission is that of selecting a qLq̄R in the initial
state.

This is clearly shown in Figs. 8 and 9. In the first
set of plots we show the lepton distributions from the
top-quarks decay for both qLq̄R ! tt̄ and qq̄ ! tt̄W

± in
the beam-axis frame at three values of

p
ŝ, one close to

threshold (400 GeV for tt̄ and 500 GeV for tt̄W

±) and
increasingly far from threshold (1 and 8 TeV). The two
processes lead to very similar distributions. We have then
considered the rapidity distributions in the tt̄ rest frame.
We find that the t and the t̄ rapidity distributions are
equal and symmetric at LO and we do not show them.
The lepton distributions, however, see Fig. 9, display an
opposite and equal forward-backward asymmetry whose
shapes in the centre-of-mass frame of the tt̄ pair are again
extremely similar in qLq̄R ! tt̄ and qq̄ ! tt̄W

±. The
fact that the asymmetry is larger at threshold is a direct
consequence of the fact that there the top quarks are fully
polarized.
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092002 (2013), 1211.1003.
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• Several BSM solutions have been proposed to cure the 
discrepancies observed at the Tevatron

• What is their effect at the LHC, in particular for t tW̄? 

25
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• Several BSM solutions have been proposed to cure the 
discrepancies observed at the Tevatron

• What is their effect at the LHC, in particular for t tW̄? 
• Choose one simple case: the axigluon model
• Extra color octet G which couples differently to quarks of 

different chiralities and to u/d and heavy quarks

25

A look BSM

Frampton, Shu, Wang 	
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• Several BSM solutions have been proposed to cure the 
discrepancies observed at the Tevatron

• What is their effect at the LHC, in particular for t tW̄? 
• Choose one simple case: the axigluon model
• Extra color octet G which couples differently to quarks of 

different chiralities and to u/d and heavy quarks
• The interference between the gluon and axigluon gives an 

asymmetry at LO

25

A look BSM
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Benchmark scenarios:

Light, universal G Heavy, non-universal G

I (left) II (axial) III (left) IV (axial)

m
ΓG

m

Γ Γ

g g g g

g g g gu

gt g g

W boson polarises light quarks: σ=0 in right-handed scenarios 
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Results
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• The top quark asymmetry is a very intriguing observable 
which can provide us with some hints on new physics	



• Measurement at the LHC is very tricky	


• symmetric initial state	


• large gg fraction	



• The associated production of a top pair and a W boson is a 
very interesting channel to look at	


• Larger asymmetry than t t	̄


• Tops are highly polarised ➝ asymmetric decay products at LO	


• Together with t t,̄ t t ̄W can provide useful informations on NP

28

Conclusions
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Thanks for your attention!


