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The top-quark asymmetry	

at hadron colliders

• Definition:	
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• gg→t t ̄does not give any asymmetry	

• NLO QCD predicts At

FB>0	
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• QCD asymmetry can be tested at hadron colliders	

• 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 (beginning 2014):	

• CDF: At=16.4±4.7 %	

• D0: At=19.6±6.5 %	


• 2σ tension 	

• A manna for model builders!
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the Tevatron
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D0: At=10.6±3 %     

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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Several factors make it (much) more difficult to observe 	

the top asymmetry at the LHC
• Initial state is symmetric (but quarks are harder than antiquarks): 	

• No more forward/backward, but central/peripheral asymmetry	

!
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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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Enhancing the asymmetry	

at the LHC

• What makes the top asymmetry small at the LHC is the 
large gluon luminosity	

• How to reduce/kill gg?

7

Look for t t ̄production in association with	

“something” that prefers coupling to quarks
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Enhancing the asymmetry	

at the LHC

• What makes the top asymmetry small at the LHC is the 
large gluon luminosity	

• How to reduce/kill gg?

7

Look for t t ̄production in association with	

“something” that prefers coupling to quarks
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t tV̄ at the LHC

• 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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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

• 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

NLO(+PS) numbers computed with MadGraph5_aMC@NLO	

J. Alwall, R. Frederix, S. Frixione, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, V. Hirschi, MZ arXiv:1405.0301	
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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

NLO(+PS) numbers computed with MadGraph5_aMC@NLO	

J. Alwall, R. Frederix, S. Frixione, F. Maltoni, O. Mattelaer, H. S. Shao, T. Stelzer, P. Torrielli, V. Hirschi, MZ arXiv:1405.0301	




LHCPhenoNetMarco Zaro, 11-08-2014

Polarisation effects

• Initial quarks are polarised by the W 
boson	

• qq➝̄t tW̄ is totally analogous to 

qLqR̄➝t t	̄

• 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
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Polarisation effects

• Initial quarks are polarised by the W 
boson	

• qq➝̄t tW̄ is totally analogous to 

qLqR̄➝t t	̄

• 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
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symmetric but 
polarised at LO 	

(mostly t t=̄⇅)

asymmetric 
already at LO!
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*b-jets, kT-algo, R=0.5, pT>20 GeV, |y|<4.5, MC-Truth
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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

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

*
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Plans for the future…
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8 TeV 13 TeV 14 TeV 33 TeV 100 TeV

tt̄
�(pb) 198+15%

�14% 661+15%
�13% 786+14%

�13% 4630+12%
�11% 30700+13%

�13%

At
C(%) 0.72+0.14

�0.09 0.45+0.09
�0.06 0.43+0.08

�0.05 0.26+0.04
�0.03 0.12+0.03

�0.02

tt̄W±

�(fb) 210+11%
�11% 587+13%

�12% 678+14%
�12% 3220+17%

�13% 19000+20%
�17%

At
C(%) 2.37+0.56

�0.38 2.24+0.43
�0.32 2.23+0.43

�0.33 1.95+0.28
�0.23 1.85+0.21

�0.17

Ab
C(%) 8.50+0.15

�0.10 7.54+0.19
�0.17 7.50+0.24

�0.22 5.37+0.22
�0.30 3.36+0.15

�0.19

Ae
C(%) �14.83�0.65

+0.95 �13.16�0.81
+1.12 �12.84�0.81

+1.11 �9.21�0.87
+1.05 �4.94�0.63

+0.72

Table 6: NLO+PS cross sections for t¯t and t¯tW± and corresponding asymmetries at several cms energies. The quoted uncertainties are
estimated with scale variations.

8 TeV 13 TeV 14 TeV 33 TeV 100 TeV

tt̄W+, (qg, q̄g) (%) 7.5 15 17 33 51

Table 7: Contribution of the qg parton subprocess at NLO for the t¯tW+ process for µf = µr = 2mt.

where �relA = �A/A is the relative precision on the asym-
metries. While a realistic experimental analysis will cer-
tainly degrade this optimal precision, these numbers show
the great potential of this observable.

We remark that the larger sensitivity of Ab,`
C compared

to A

t
C follows from the larger value of the former com-

pared to the latter. The sensitivity to the purely QCD
component of Ab,`

C , however, is comparable to the sensitiv-
ity of At

C . For example, at 100 TeV �relA
`
c = 1% implies

�A

`
c ⇠ 0.0005, which is about 3% of its QCD component,

a precision consistent with what we quote for A

t
c.

In conclusion, the main motivation of our work has
been the observation that the top quark charge asymme-
try in pp ! t

¯

tW

± at the LHC is larger than that of in-
clusive t

¯

t, being of a few percents. In addition, the lep-
ton and b asymmetries are very large and already present
at the leading order due to the polarization of the initial
fermionic line by the W

± emission. As a simple applica-
tion, we have shown how the existence of an axigluon that
could describe the Tevatron measurements of the forward-
backward asymmetry would impact pp ! t

¯

tW

± and dis-
cussed the prospects in LHC Run II, HL-LHC and at fu-
ture colliders.

The t

¯

tW

± final state will not replace the use of the
t

¯

t asymmetry, particularly while the total integrated lu-
minosity of the LHC is still below the O(100 fb�1). In
the long term, however, it will provide a powerful probe,
complementary to the t

¯

t asymmetry, and uniquely sensi-
tive to the chiral nature of possible new physics that were
to manifest itself in these measurements.
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Appendix A. qLq̄R ! tt̄ vs qq̄ ! tt̄W±

We first review the main features of polarized qLq̄R !
t

¯

t scattering, on the same lines as e

�
Le

+
R ! t

¯

t is discussed
in Ref. [51]. In the beam line basis, i.e., when the polar-
ization axis of the top is the light antiquark direction in
the top rest frame, the polarized differential cross sections
d�tpol,t̄pol for an initial state qL q̄R pair read
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• Measuring asymmetry in t t ̄production at a FC will be 
even more challenging	


• t tW̄ remains competitive
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A look BSM

• 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

15

Frampton, Shu, Wang 	

arXiv:0911.2955
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A look BSM

• 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

15

Frampton, Shu, Wang 	

arXiv:0911.2955
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Benchmark scenarios:

16

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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Conclusions

• The top quark asymmetry is a very intriguing observable 
which can provide us with some hints on new physics	


• Its 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	


• What happens beyond MC-truth?

18
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Thanks for your attention!
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Extra material
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Possible top polarisation states in qLq̄R➝t t ̄(beam axis basis):

Polarised top pair production

• Initial quarks are polarised by the W boson	

• qq➝̄t tW̄ is totally analogous to qLqR̄➝t t ̄
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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 #↑↓=#↓↑

more in Parke, Shadmi, hep-ph:9606419
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Expected sensitivity

• Neglect acceptance and reconstruction efficiencies	

• Tops decay into leptons

22
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FIG. 7: Comparison between asymmetries predicted by ax-
igluon (NLO+BSM, I � IV ) scenarios and the NLO SM pre-
diction, including scale uncertainties for the region mtt̄ > 450
GeV.

Sec. A, the b and e asymmetries are maximal at thresh-
old. While the PDF’s always tend to set the bulk of
the production close to it, higher cms energies open up
an increasingly large phase space at high

p
ŝ, and there-

fore lead to a reduction of the asymmetry. The QCD
induced asymmetries, on the other hand, increase with
the available

p
ŝ. In addition, due to the increase in the

cms energy, the process moves to smaller values of x and
PDF e↵ects also enter in the final determination of the

asymmetries. All in all, for ttW

± the QCD asymmetry
decreases by a small amount. On the other hand, the
asymmetries for tt̄ at increasing energy su↵er from two
e↵ects which tend to reduce it, coming both come from
the small x behavior of the PDF’s: first the gg channel,
which is symmetric and therefore enters only in the de-
nominator of Eq. (1) becomes more and more dominant,
second the q and q̄ asymmetry at large rapidities is less
and less pronounced.
In order to have an upper bound on the available statis-

tics, we assume leptonic (` = e, µ) decays for the top
quarks

� = �(tt̄W±) · BR(t ! bl

+
⌫l)

2 = 0.0484 · �(tt̄W±) ,

and neglect acceptance and reconstruction e�ciencies.
Using the results collected in Tab. V we find

• 8 TeV (L = 40 fb�1):

�relA
t
C = 216%, �relA

b
C = 59%, �relA

e
C = 33%

• 14 TeV (L = 300 fb�1):

�relA
t
C = 45%, �relA

b
C = 13%, �relA

e
C = 8%

• 100 TeV (L = 3000 fb�1):

�relA
t
C = 3%, �relA

b
C = 2%, �relA

e
C = 1%

In conclusion, the main motivation of our work has
been the observation that the top quark charge asym-
metry in pp ! tt̄W

± at the LHC is larger than that of
inclusive tt̄, being of a few percents. In addition, the lep-
ton and b asymmetries are very large and already present
at the leading order due to the polarization of the initial
fermionic line by the W

± emission. As a simple appli-
cation, we have shown how the existence of an axigluon
that could describe the Tevatron measurements of the
forward-backward asymmetry would impact pp ! tt̄W

±

and discussed the prospects in LHC Run II and at future
colliders.
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Appendix A: qLq̄R ! tt̄ vs qq̄ ! tt̄W±

We first review the main features of polarized qLq̄R !
tt̄ scattering, on the same lines as e�Le

+
R ! tt̄ is discussed
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NLO: how to?

• Warning! Real emission ME is divergent!	

• Divergences cancel with those from virtuals (in D=4-2eps)	

• Need to cancel them before numerical integration (in D=4)
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NLO: how to?

• Warning! Real emission ME is divergent!	

• Divergences cancel with those from virtuals (in D=4-2eps)	

• Need to cancel them before numerical integration (in D=4)

• Structure of divergences is universal:

23

d�n
NLO = d�n

LO + d�n
V +

Z
d�1 d�n+1

R

p

k
p+

k
(p+ k)2 = 2EpEk(1� cos ✓pk)

lim
p//k

|Mn+1|2 ' |Mn|2 PAP (z)

lim
k!0

|Mn+1|2 '
X

ij

|M ij
n |2 pipj

pik pjk



LHCPhenoNetMarco Zaro, 11-08-2014

NLO: how to?
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NLO: how to?

• Add local counterterms in the singular regions and subtract its 
integrated finite part (poles will cancels against the virtuals)	


• The n and n+1 body integral now are finite in 4 dimension	

• Can be integrated numerically
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NLO: how to?

• Add local counterterms in the singular regions and subtract its 
integrated finite part (poles will cancels against the virtuals)	


• The n and n+1 body integral now are finite in 4 dimension	

• Can be integrated numerically
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The FKS subtraction

• Soft/collinear singularities arise in many PS regions	

• Find parton pairs i, j that can give collinear singularities	

• Split the phase space into regions with one collinear sing	

• Soft singularities are split into the collinear ones	

!

!
!

• Integrate them independently	

• Parallelise integration	

• Choose ad-hoc phase space parameterisation	


• Advantages:	

• # of contributions ~ n^2	

• Exploit symmetries: 3 contributions for X Y > ng

25
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X
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X

ij

|M |2ij

Sij ! 1 if ki · kj ! 0 Sij ! 0 if km 6=i · kn 6=j ! 0

X
Sij = 1

Frixione, Kunszt, Signer, arXiv:hep-ph/9512328
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• Passarino & Veltman reduction:	

• Write the amplitude at the integral level as linear 

combination of 1-...-4-point scalar integrals	

!
!
!
!
!
!
!
!

• Do this at the integrand level

26
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Ossola, Papadopoulos, Pittau, arXiv:hep-ph/0609007 & arXiv:0711.3596
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Loops: the OPP Method
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Ossola, Papadopoulos, Pittau, arXiv:hep-ph/0609007 & arXiv:0711.3596

• Sample the numerator at complex values of the loop momenta in 
order to reconstruct the a,b,c,d coefficients and part of the rational 
terms (R1)	


• Use CutTools: fed with the loop numerator outputs the coefficients 
of the scalar integrals and CC rational terms (R1)	


• Add R2-rational terms/UV counterterms 	

• Model dependent but process-independent
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Loop ME evaluation: MadLoop

• Load the NLO UFO model	

• Generate Feynman diagrams to evaluate the loop ME	

• Add R2/UV renormalisation counter terms	

• Interface to CutTools or to tensor reduction programs 

(in progress)	

• Check PS point stability (and switch to QP if needed)	

• Improved with the OpenLoops method	

• And much more (can be used as standalone or external 

OLP via the BLHA, handle loop-induced processes, …)

28

Hirschi et al. arXiv:1103.0621

Cascioli, Maierhofer, Pozzorini 
arXiv:1111.5206
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• Use suitable counterterms to avoid double counting the emission 
from shower and ME, keeping the correct rate at order αs:	

!
!
!

• MC depends on the PSMC’s Sudakov:	

!
!

• Available for Herwig6, Pythia6 (virtuality-ordered), Herwig++, 
Pythia8 (in the new release)	


• MC acts as local counterterm	

• Some weights can be negative (unweighting up to sign)	

• Only affects statistics

Matching in 	

MC@NLO

d�MC@NLO
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=

✓
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Including spin-correlations at NLO:	

MadSpin

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
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Including spin-correlations at NLO:	

MadSpin

• Wish-list:	

• For a given event sample (LO or MC@NLO), include the decay of 

any final state particle	

• Keep spin correlations	

• Generate decayed unweighted events

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
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Including spin-correlations at NLO:	

MadSpin

• Wish-list:	

• For a given event sample (LO or MC@NLO), include the decay of 

any final state particle	

• Keep spin correlations	

• Generate decayed unweighted events

• Solution:	

• Read event	

• Generate decay kinematics	

• Reweight the event with ratio	

• Or do secondary unweighting	

• Generate many decay configurations until	


Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460
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Including spin-correlations at NLO:	

MadSpin

• Wish-list:	

• For a given event sample (LO or MC@NLO), include the decay of 

any final state particle	

• Keep spin correlations	

• Generate decayed unweighted events

• Solution:	

• Read event	

• Generate decay kinematics	

• Reweight the event with ratio	

• Or do secondary unweighting	

• Generate many decay configurations until	


• Method originally used for t t ̄and singletop 
Frixione, Leanen, Motylinski, Webber, arXiv:hep-ph/0702198

|MP+D|2 / |MP |2 > Rand() max

⇣
|MP+D|2 / |MP|2

⌘

Artoisenet, Frederix, Mattelaer, Rietkerk, arXiv:1212.3460


