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PRECISION FLAVOR PHYSICS OF THE HEAVY KIND
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Figure 7: Distribution of mAMWT
t for the collision and simulated data with mt = 172.5 GeV. The

vertical bars show the statistical uncertainty and the hatched bands show the statistical and
systematic uncertainties added in quadrature. The lower section of the plot shows the ratio of
the yields between the collision data and the simulation.

AMWT masses are computed for all events in both the data and the simulations. The mAMWT
t

distributions computed for each of the seven simulated tt mass samples are added to the distri-
butions from the background samples, and these are treated as templates in a binned likelihood
fit. To minimize the effects of any bias from the poorly populated tails of the distribution, we
only examine events with mAMWT

t between 100 and 400 GeV. For each of the seven mass tem-
plates, a maximum likelihood fit is performed to the data distribution. A parabola is fit to the
negative logarithms of the maximum likelihoods returned by the fits, and the minimum of the
parabola is taken as the measured mass value.

The fit is calibrated to correct for any biases induced by the reconstruction using pseudo-data.
The calibration is performed by means of a test using the simulated templates for the top quark
masses between 169.5 and 175.5 GeV. We randomly draw 1000 samples of events, each selected
such that the total number of events is the same as in the full data sample. For each template,
the 1000 measured masses are averaged together and subtracted from the input mass to obtain
a numerical value for the bias induced by the fit. The bias is then parametrized as a linear
dependence on the generated value of mt, and the resulting calibration curve is used to correct
for biases in the final result.

The likelihoods obtained from a fit of each of the seven simulated templates to data, as well as
a second-order polynomial fit to these values, are shown in Fig. 8. This yields an uncalibrated
measured mass of mt = 172.77 ± 0.19 (stat) GeV. After correcting for the fit bias, the result for
the top quark mass is found to be mt = 172.82 ± 0.19 (stat) GeV.

The analysis was optimized with the value of mt blinded. The optimization of the event se-

[CMS collaboration, 2015]



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

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

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

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

The analysis of these effects allows to improve our understanding of the QCD production mechanism. At the same
time it is important for the analysis of single top production through Wb fusion. This reaction is charge asymmetric
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WHAT QCD PREDICTS
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FIG. 1: The inclusive asymmetry in pure QCD (black) and
QCD+EW[26] (red). Capital letters (NLO, NNLO) corre-
spond to the unexpanded definition (2), while small letters
(nlo, nnlo) to the definition (3). The CDF/DØ (naive) av-
erage is from Ref. [27]. Error bands are from scale variation
only. Our final prediction corresponds to scenario 10.

eq. (3), is the expansion of the ratio eq. (2) in powers of
αS . 5

In the present letter, we present differential asymme-
tries with the unexpanded definition (2) and without EW
corrections (see figs. 2,3,4). The inclusive asymmetry, see
fig. 1, is computed with both definitions (2) and (3) in-
cluding EW corrections. 6 The numerator factor NEW is
taken 7 from Table 2 in Ref. [26]. Only for the inclusive
asymmetry we determine the scale variation by keeping
µR = µF

8 (since the scale dependence of NEW is pub-
lished [26] only for µR = µF ). We also note that the scale
variation of AFB is derived from the consistent scale vari-
ation of the ratio, i.e. both numerator and denominator
in eqs. (2) and (3) are computed for each scale value.

DISCUSSION AND CONCLUSIONS

In fig. 1 we observe that the central values of the ex-
panded (3) and unexpanded (2) definitions of inclusive

5 Such an expansion is not, strictly speaking, fully consistent since
the αS expansion is performed after convolution with pdf’s. Nev-
ertheless, following the existing literature, we consider it as an
indication of the sensitivity of AFB to missing higher order terms.

6 EW corrections to Di are neglected since EW effects to the total
cross-section are very small O(1%), see Refs. [55–59].

7 We have checked that the different pdf and mt used in Ref. [26]
have negligible impact on the QCD numerator N3 and so we
expect the same to hold for NEW.

8 We have checked that for the pure QCD corrections to the to-
tal asymmetry the difference with respect to scale uncertainty
derived with µR ̸= µF variation is negligible.
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FIG. 2: The |∆y| differential asymmetry in pure QCD at
NLO (blue) and NNLO (orange) versus CDF [2] and DØ [1,
60] data. Error bands are from scale variation only. For
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FIG. 3: As in fig. 2 but for the Mtt̄ differential asymmetry.
The highest bin contains overflow events and the lowest bin
includes all events down to the production threshold 2mt.

AFB differ significantly at NLO but less so at NNLO.
While the unexpanded definition (2) closely resembles
the experimental setup, the consistency of the two def-
initions within uncertainties renders the question about
the more appropriate choice largely irrelevant. We also
note the small scale error for the expanded AFB defini-
tion (3) in pure QCD at both NLO and NNLO, which
appears too small to be realistic. The inclusion of EW
corrections, however, breaks this pattern and brings the
scale dependence in line with the unexpanded definition
eq. (2). Therefore, following the previous literature, we
choose as our final prediction ASM

FB = 0.095± 0.007 (sce-
nario 10 in fig. 1) which is derived with the expanded
definition (3) and includes EW [26] corrections.

CHARGE ASYMMETRY IN THE STANDARD MODEL

7

QCD:  charge asymmetry at NLO
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WHAT WE OBSERVE
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Figure 2: Not to scale rapidity distributions of top and antitop quarks at the Tevatron (left) and the LHC (right).
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after convolution with the PDFs if one considers as a first approximation that the relative
importance of uū versus dd̄ annihilation at the Tevatron is 4 : 1. Thus, to an enhancement
of nearly twenty percent of the QCD asymmetry, in good agreement with the more detailed
numerical studies of 26,27. At the LHC, the relative importance of uū versus dd̄ annihilation
is approximately 2 : 1, thus reducing fQED down to 0.13. Similarly, weak contributions with
the photon replaced by the Z boson should be considered at the same footing. However, as a
consequence of the cancellation between up and down quark contributions, and the smallness
of the weak coupling, the weak corrections at the Tevatron are smaller by more than a factor
10 than the corresponding QED result. For proton-proton collisions the cancellation between
up and down quark contributions is even stronger and the total weak correction is completely
negligible.

3 SM predictions of the charge asymmetry at the Tevatron and the LHC

The charge asymmetry at the Tevatron is equivalent to a forward–backward asymmetry. In the
laboratory frame it is given by either of the following definitions

Alab =
N(yt > 0)−N(yt < 0)

N(yt > 0) +N(yt < 0)
=

N(yt > 0)−N(yt̄ > 0)

N(yt > 0) +N(yt̄ > 0)
, (3)

requiring to measure the rapidity of either the t or the t̄ for each event. The most recent
experimental analysis measure both rapidities simultaneously, and define the asymmetry in the
variable ∆y = yt−yt̄, which is invariant under boosts, and thus equivalent to measure the charge
asymmetry in the tt̄ rest-frame:

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
. (4)

The size of the charge asymmetry in the tt̄ rest-frame is about 50% larger than in the laboratory
frame2 because part of the asymmetry is washed out by the boost from the partonic rest-frame
to the laboratory.
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Figure 2: Not to scale rapidity distributions of top and antitop quarks at the Tevatron (left) and the LHC (right).
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ASYMMETRY MEASUREMENTS AT LHC
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COMPLEMENTARY OBSERVABLES
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axial-vector current

Figure 3: Measured AC values as a function of bin-averagedmtt̄, βz,tt̄ and pT,tt̄, compared with predictions for SM [1]
and for right-handed colour octets with masses below the tt̄ threshold and beyond the kinematic reach of current
LHC searches [93]. The BSM predictions are shown only for the two top plots. The bins are the same as the ones
reported in Table 3 and Table 4.
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RAPIDITY ASYMMETRY IN FORWARD REGION

�9
Observation relies on sensitivity in forward region.
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Figure 13: Integrated pair charge asymmetry and integrated cross-section as a function of Ycut at the
LHC with

√
s = 7 TeV and 14 TeV. Solid line: without extra cuts, dashed line: pmax

⊥ = 20 GeV, dotted
line: mtt̄ > 450 GeV.
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HOW ABOUT LHCB?
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FIG. 2. Di↵erential leptonic rate asymmetry as a function of
lepton pseudorapidity at 14 TeV. The choice of analysis cuts,
and PDFs used for the computation of the numerator and
denominator are highlighted.

asymmetry. This is mainly a consequence of the di↵er-
ence in the behaviour of the gluon PDF for values of x >

0.1 for LO and NLO PDFs. In this region, the considered
NLO gluon PDF is substantially softer in comparison to
both LO 119 and LO 130 gluon PDFs. When comput-
ing the symmetric NLO cross section, higher-order cor-
rections and the presence of the qg-initiated subprocess
compensate this e↵ect. The absence of these e↵ects in the
computation of the LO cross section results in an under-
estimation of the symmetric cross section �

s
s(0) — hence

an overestimation of the asymmetry. As a conservative
approach, the resultant asymmetry in all three cases is
provided. Recent work [25, 41] has shown that this un-
certainty is reduced with the inclusion of higher-order
terms.

The central di↵erential leptonic rate asymmetry is pre-
sented as function of lepton pseudorapidity in Fig. 2. The
dependence of the resultant asymmetry on the choice of
PDFs used for the computation of the denominator has
also been highlighted. The uncertainty due to scale vari-
ation is negligible and therefore not included.

The signal contribution to the asymmetry is signif-
icant, particularly at large ⌘l where the asymmetry
reaches (3-8)%. To experimentally extract this signal,
it is however necessary to precisely know the background
contribution to the asymmetry. This is demonstrated
in Fig. 3, where the contributions from both signal and
background processes to the numerator of the asymmetry
are shown.

The background contributions depend on the b-tagging
mis-tag rate and associated e�ciency in a non-trivial way,
which will ultimately limit the precision of an asymme-
try measurement in this channel. In principle, an ex-
perimental background fit performed across several dif-
ferent final states — such as lj, lbj, lbb — should pro-
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FIG. 3. Stacked signal and background contributions to the
numerator of the total leptonic rate asymmetry at 14 TeV.

vide adequate knowledge of the backgrounds for the con-
sidered lb final state. Assuming these experimental un-
certainties are under control, the statistical feasibility of
such a measurement can be estimated by considering the
background-subtracted tt̄ sample. This is computed ac-
cording to �A =

p
(1�A

2)/N , where the number of
events N is found by applying a lepton e�ciency of 75%
(an approximate trigger e↵ect), a b-tagging e�ciency of
70%, and assuming an integrated luminosity of 50 fb�1

— the expected data collected by 2030 [42]. The statisti-
cal significance is large-xcomputed for the three scenarios
considered in Table II by computing the expected num-
ber of events for the scale choice µ = mt. Even in the
worst case scenario (the lower cross section), the expected
number of signal events is ⇠ 1e5. In all three cases, the
statistical significance (A/�A) of measuring a non-zero
asymmetry exceeds ⇠ 5�. It should be noted that this
analysis is rather naive, in that perfect background sub-
traction has been assumed. However, it indicates that
such an asymmetry measurement is statistically possible
with the expected data if backgrounds can be controlled.

DI-LEPTON ASYMMETRY

With the large amount of data expected by 2030, mea-
surements in the di-lepton channel at LHCb also be-
come feasible. As previously mentioned, by consider-
ing the partially reconstructed final state tt̄ ! µebX,
it becomes possible to measure the rapidity di↵erence of
reconstructed leptons on an event-by-event basis. A dif-
ferential asymmetry can then be inferred by measuring a
forward-backward asymmetry as

dA

ll
fb

d�y
=

�
d�

µeb(�y > 0)� d�

µeb(�y < 0)
�
/d�y

d�

µeb
/d�y

, (4)

[Gauld, 2014]

[Kagan, Kamenik, Perez, Stone, 2011]
dA`

d⌘`
=

d�`+b/d⌘` � d�`�b/d⌘`
d�`+b/d⌘` + d�`�b/d⌘`

Charge asymmetry of                 leptons in forward region:t ! b `+⌫`

Need to tame background from (mistagged) Wj, Zj, single top.

Top-pair cross section	
just measured with	

4.9 sigma significance.
[LHCb collaboration, 2016]
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Et < Et̄ $ cos ✓(tt̄)q > 0
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Top-antitop energy difference in top-pair + jet production: 

�E = Et � Et̄

(parton frame)

[Berge, SW, 2013] 

AE =
�tt̄j(�E > 0)� �tt̄j(�E < 0)

�tt̄j(�E > 0) + �tt̄j(�E < 0)

energy asymmetry in qg frame = angular asymmetry in tt frame
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Figure 1: Feynman diagrams contributing to the charge asymmetry in the quark-gluon
channel at NLO, a) and b), and at LO, c).

an observed jet, however, Ay is drastically changed by QCD corrections at NLO [6–8]. This
fact raises the question, if a similar e↵ect occurs for the energy asymmetry. In what follows,
we will discuss the NLO corrections to the energy asymmetry in detail and show that and
why their impact is moderate.

3 Energy asymmetry at NLO QCD

The features of the energy asymmetry at NLO can be understood qualitatively by analyzing
its properties in the soft and collinear regime. The jet angular distribution of the cross
section, d�S/d✓j, is displayed in Figure 2, left. A cut on the jet transverse momentum,
pT (j) > 100GeV, has been applied. The two maxima are due to a double-logarithmic
enhancement in the soft-collinear limit, �S ⇠ log2(mt/pT (j)) for pT (j) ! 0. In turn, the
LO contribution to the asymmetric cross section, �LO

A , is finite in this limit. The energy
asymmetry at LO thus depends on the jet transverse momentum as

ALO
E =

�LO
A

�S
⇠ log�2

✓
mt

pT (j)

◆
. (4)

At the NLO, AE receives two types of contributions, as shown by the representative diagrams
in Figs. 1 a) and b). In Fig. 1 a, the asymmetry is generated by the same LO process from
Fig. 1 c), with an additional gluon emission shown as a thick curly line. Assuming that
the jet stems from the quark, the NLO contribution to the asymmetry has the same pT (j)
dependence as at LO,

ANLO,a
E =

�NLO,a
A

�S
⇠ ↵s log

�2

✓
mt

pT (j)

◆
. (5)

In the second type of NLO contributions, the asymmetry is not generated by the quark-jet,
but either by the interference of initial- and final-state real radiation, as shown in Fig. 1 b),
or by the exchange of a virtual gluon. This contribution is logarithmically enhanced in
the collinear limit of the quark-jet, �NLO,b

A ⇠ ↵s log(mt/pT (j)). The normalized asymmetry
therefore depends on the jet momentum as

ANLO,b
E =

�NLO,b
A

�S
⇠ ↵s log

�1

✓
mt

pT (j)

◆
. (6)
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Figure 1: Feynman diagrams contributing to the charge asymmetry in the quark-gluon
channel at NLO, a) and b), and at LO, c).

an observed jet, however, Ay is drastically changed by QCD corrections at NLO [6–8]. This
fact raises the question, if a similar e↵ect occurs for the energy asymmetry. In what follows,
we will discuss the NLO corrections to the energy asymmetry in detail and show that and
why their impact is moderate.

3 Energy asymmetry at NLO QCD

The features of the energy asymmetry at NLO can be understood qualitatively by analyzing
its properties in the soft and collinear regime. The jet angular distribution of the cross
section, d�S/d✓j, is displayed in Figure 2, left. A cut on the jet transverse momentum,
pT (j) > 100GeV, has been applied. The two maxima are due to a double-logarithmic
enhancement in the soft-collinear limit, �S ⇠ log2(mt/pT (j)) for pT (j) ! 0. In turn, the
LO contribution to the asymmetric cross section, �LO

A , is finite in this limit. The energy
asymmetry at LO thus depends on the jet transverse momentum as

ALO
E =
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At the NLO, AE receives two types of contributions, as shown by the representative diagrams
in Figs. 1 a) and b). In Fig. 1 a, the asymmetry is generated by the same LO process from
Fig. 1 c), with an additional gluon emission shown as a thick curly line. Assuming that
the jet stems from the quark, the NLO contribution to the asymmetry has the same pT (j)
dependence as at LO,

ANLO,a
E =
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A
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In the second type of NLO contributions, the asymmetry is not generated by the quark-jet,
but either by the interference of initial- and final-state real radiation, as shown in Fig. 1 b),
or by the exchange of a virtual gluon. This contribution is logarithmically enhanced in
the collinear limit of the quark-jet, �NLO,b

A ⇠ ↵s log(mt/pT (j)). The normalized asymmetry
therefore depends on the jet momentum as

ANLO,b
E =

�NLO,b
A
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⇠ ↵s log
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. (6)
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[Berge, SW, 2016] 



OPTIMIZED ENERGY ASYMMETRY AT NLO
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Figure 1: Feynman diagrams contributing to the charge asymmetry in the quark-gluon
channel at NLO, a) and b), and at LO, c).

an observed jet, however, Ay is drastically changed by QCD corrections at NLO [6–8]. This
fact raises the question, if a similar e↵ect occurs for the energy asymmetry. In what follows,
we will discuss the NLO corrections to the energy asymmetry in detail and show that and
why their impact is moderate.

3 Energy asymmetry at NLO QCD

The features of the energy asymmetry at NLO can be understood qualitatively by analyzing
its properties in the soft and collinear regime. The jet angular distribution of the cross
section, d�S/d✓j, is displayed in Figure 2, left. A cut on the jet transverse momentum,
pT (j) > 100GeV, has been applied. The two maxima are due to a double-logarithmic
enhancement in the soft-collinear limit, �S ⇠ log2(mt/pT (j)) for pT (j) ! 0. In turn, the
LO contribution to the asymmetric cross section, �LO

A , is finite in this limit. The energy
asymmetry at LO thus depends on the jet transverse momentum as

ALO
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. (4)

At the NLO, AE receives two types of contributions, as shown by the representative diagrams
in Figs. 1 a) and b). In Fig. 1 a, the asymmetry is generated by the same LO process from
Fig. 1 c), with an additional gluon emission shown as a thick curly line. Assuming that
the jet stems from the quark, the NLO contribution to the asymmetry has the same pT (j)
dependence as at LO,

ANLO,a
E =
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. (5)

In the second type of NLO contributions, the asymmetry is not generated by the quark-jet,
but either by the interference of initial- and final-state real radiation, as shown in Fig. 1 b),
or by the exchange of a virtual gluon. This contribution is logarithmically enhanced in
the collinear limit of the quark-jet, �NLO,b

A ⇠ ↵s log(mt/pT (j)). The normalized asymmetry
therefore depends on the jet momentum as

ANLO,b
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Figure 2: Cross section (left column) and charge asymmetry (right column) in pp ! tt̄j atp
s = 13TeV as a function of the jet angle ✓j. Fixed-order QCD results are shown at LO

(black) and NLO (green) for the energy asymmetry (upper row) and the optimized energy
asymmetry (lower row). Smaller panels display the relative e↵ect of NLO corrections on the
observable O, �O/O ⌘ (ONLO�OLO)/OLO. Kinematic cuts of pjT > 100GeV and |yj| < 2.5
have been applied. See Section 4 for details.

the distribution are due to a double-logarithmic enhancement in the soft-collinear region,
�S ⇠ log2(mt/p

j
T ), which is regularized by a cut on the transverse momentum of the jet, pjT .

In turn, the asymmetric cross section at LO, �LO
A , is not logarithmically enhanced in this

limit [2]. At the LO, the energy asymmetry thus scales as

ALO
E =

�LO
A

�S
⇠ log�2

✓
mt

pjT

◆
. (5)

At the NLO, �A receives two types of contributions, represented by the diagrams in Fi-
gures 1 a and b. We assume that the observed jet stems from the quark in the final state.
As we will see, this is true for the majority of jet-associated top-pair events. In Figure 1 a,
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Figure 2: Cross section (left column) and charge asymmetry (right column) in pp ! tt̄j atp
s = 13TeV as a function of the jet angle ✓j. Fixed-order QCD results are shown at LO

(black) and NLO (green) for the energy asymmetry (upper row) and the optimized energy
asymmetry (lower row). Smaller panels display the relative e↵ect of NLO corrections on the
observable O, �O/O ⌘ (ONLO�OLO)/OLO. Kinematic cuts of pjT > 100GeV and |yj| < 2.5
have been applied. See Section 4 for details.

the distribution are due to a double-logarithmic enhancement in the soft-collinear region,
�S ⇠ log2(mt/p

j
T ), which is regularized by a cut on the transverse momentum of the jet, pjT .

In turn, the asymmetric cross section at LO, �LO
A , is not logarithmically enhanced in this

limit [2]. At the LO, the energy asymmetry thus scales as

ALO
E =
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⇠ log�2
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. (5)

At the NLO, �A receives two types of contributions, represented by the diagrams in Fi-
gures 1 a and b. We assume that the observed jet stems from the quark in the final state.
As we will see, this is true for the majority of jet-associated top-pair events. In Figure 1 a,
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[Berge, SW, 2016] 

pT (j1) > 100GeV, |yj1 | < 2.5

[Alte, Berge, Spiesberger, 2014]

Aopt

E (✓j) =
�A(✓j , yt¯tj > 0) + �A(⇡ � ✓j , yt¯tj < 0)

�S(✓j , yt¯tj > 0) + �S(⇡ � ✓j , yt¯tj < 0)

Kinematic cuts on jet:
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SCALE AND PDF DEPENDENCE
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Figure 3: Scale and PDF variations of the cross section (left) and energy asymmetry (right)
at LO (black) and NLO (green). Central values for NNPDF, CT14 and MMHT PDFs are shown
as plain, dashed, and dotted lines, respectively. Light (dark) bands show scale variations in
the range µR, µF 2 [0.5, 2]mt (µR 2 [0.5, 2]mt, µF = mt) for the NNPDF set; corresponding
relative scale variations with respect to the central value are given in the smaller panels.

or underlying event e↵ects are not taken into account. All other shower parameters are
kept at their default values. Jet reconstruction and further settings are the same as for the
fixed-order analysis described in Section 4.

When generating events, we have applied a cut on the parton p with the highest transverse
momentum at generation level, ppT > 70GeV. This cut prevents loosing too many events
when applying the cut on the hardest jet after showering and jet clustering, pjT > 100GeV,
as in our fixed-order analysis. It is important to choose ppT significantly smaller than pjT ,
since the parton shower can enhance the transverse momentum of p so that it passes the
analysis cuts. We have checked that our results do not change if we lower ppT even further,
which confirms that our generation cut has been set low enough to ensure physical results.
Based on this framework, we have generated 130 million events. This large number of events
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Figure 3: Scale and PDF variations of the cross section (left) and energy asymmetry (right)
at LO (black) and NLO (green). Central values for NNPDF, CT14 and MMHT PDFs are shown
as plain, dashed, and dotted lines, respectively. Light (dark) bands show scale variations in
the range µR, µF 2 [0.5, 2]mt (µR 2 [0.5, 2]mt, µF = mt) for the NNPDF set; corresponding
relative scale variations with respect to the central value are given in the smaller panels.

or underlying event e↵ects are not taken into account. All other shower parameters are
kept at their default values. Jet reconstruction and further settings are the same as for the
fixed-order analysis described in Section 4.

When generating events, we have applied a cut on the parton p with the highest transverse
momentum at generation level, ppT > 70GeV. This cut prevents loosing too many events
when applying the cut on the hardest jet after showering and jet clustering, pjT > 100GeV,
as in our fixed-order analysis. It is important to choose ppT significantly smaller than pjT ,
since the parton shower can enhance the transverse momentum of p so that it passes the
analysis cuts. We have checked that our results do not change if we lower ppT even further,
which confirms that our generation cut has been set low enough to ensure physical results.
Based on this framework, we have generated 130 million events. This large number of events
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p
s = 13TeV
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Figure 5: Kinematic cuts on the optimized energy asymmetry (right panel) and its norma-
lization (left panel) at NLO QCD. The cuts pjT > 100GeV, |yj| < 2.5 have been applied
everywhere. Additional cuts on |�E| [GeV] and |ytt̄j| are indicated in the figures. Gray bars
mark the integration range of ✓j in Table 2.

right panel of Figure 4. At LO+PS, parton-shower corrections are largest near ✓j = 0 and
slightly deepen the minimum of the asymmetry. At NLO+PS, a moderate reduction of
the asymmetry is observed near the endpoints of the distribution. The relative smallness
of parton-shower e↵ects is likely due to the strong cut on the jet transverse momentum,
pjT > 100GeV. It reduces the sensitivity of the observable to phase-space regions with soft
and collinear jet emission, where parton-shower e↵ects can be important.

6 Kinematic cuts and predictions for the LHC

After having determined the properties and uncertainties, in this section we make numerical
predictions of the optimized energy asymmetry in pp ! tt̄j at NLO QCD for the LHC atp
s = 13TeV.6 Our goal is to provide an observable that is well-suited for a measurement

during run II. To this end, we investigate the e↵ect of kinematic cuts that further enhance
the asymmetry over its charge-symmetric background.

Two kinematic variables are especially useful to enhance the energy asymmetry. These
are the top-antitop energy di↵erence in the tt̄j frame, �E, and the boost of the final state
in the laboratory frame, ytt̄j. The dependence of the asymmetry on these variables has been
studied in detail in Reference [18] for the energy asymmetry AE. The main features apply
as well to the optimized energy asymmetry Aopt

E : The partonic energy asymmetry grows

monotonically with its defining variable �E (just as the rapidity asymmetry A
(j)
y grows

with the top-antitop rapidity di↵erence �y). A cut on ytt̄j helps to suppress partonic gg
background to the hadronic observable by selecting the boosted qg initial states. Since the
magnitude of the (optimized) energy asymmetry is not sensitive to the sign of �E and ytt̄j,
we apply cuts on their absolute values.

6We do not include parton-shower e↵ects in this section.
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Figure 5: Kinematic cuts on the optimized energy asymmetry (right panel) and its norma-
lization (left panel) at NLO QCD. The cuts pjT > 100GeV, |yj| < 2.5 have been applied
everywhere. Additional cuts on |�E| [GeV] and |ytt̄j| are indicated in the figures. Gray bars
mark the integration range of ✓j in Table 2.

right panel of Figure 4. At LO+PS, parton-shower corrections are largest near ✓j = 0 and
slightly deepen the minimum of the asymmetry. At NLO+PS, a moderate reduction of
the asymmetry is observed near the endpoints of the distribution. The relative smallness
of parton-shower e↵ects is likely due to the strong cut on the jet transverse momentum,
pjT > 100GeV. It reduces the sensitivity of the observable to phase-space regions with soft
and collinear jet emission, where parton-shower e↵ects can be important.

6 Kinematic cuts and predictions for the LHC

After having determined the properties and uncertainties, in this section we make numerical
predictions of the optimized energy asymmetry in pp ! tt̄j at NLO QCD for the LHC atp
s = 13TeV.6 Our goal is to provide an observable that is well-suited for a measurement

during run II. To this end, we investigate the e↵ect of kinematic cuts that further enhance
the asymmetry over its charge-symmetric background.

Two kinematic variables are especially useful to enhance the energy asymmetry. These
are the top-antitop energy di↵erence in the tt̄j frame, �E, and the boost of the final state
in the laboratory frame, ytt̄j. The dependence of the asymmetry on these variables has been
studied in detail in Reference [18] for the energy asymmetry AE. The main features apply
as well to the optimized energy asymmetry Aopt

E : The partonic energy asymmetry grows

monotonically with its defining variable �E (just as the rapidity asymmetry A
(j)
y grows

with the top-antitop rapidity di↵erence �y). A cut on ytt̄j helps to suppress partonic gg
background to the hadronic observable by selecting the boosted qg initial states. Since the
magnitude of the (optimized) energy asymmetry is not sensitive to the sign of �E and ytt̄j,
we apply cuts on their absolute values.

6We do not include parton-shower e↵ects in this section.
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0 < ✓j < ⇡ / �1 < ŷj < +1 no cut on ytt̄j |ytt̄j| > 1

no cut on �E {120+ 8
�15,�0.6+0.2

�0.1} {28+2
�4,�1.2+0.3

�0.2}
|�E| > 100 {50+3

�6,�0.6+0.4
�0.2} {8.5+0.5

�1.1,�1.5+0.7
�0.3}

|�E| > 150 {32+2
�4,�0.4+0.5

�0.2} {4.5+0.2
�0.6,�1.2+0.9

�0.4}

⇡
4
< ✓j <

3⇡
5
/ �0.32 < ŷj < 0.88 no cut on ytt̄j |ytt̄j| > 1

no cut on �E {43+3
�5,�1.47+0.06

�0.05} {13.2+0.8
�1.6,�2.51+0.09

�0.08}
|�E| > 100 {9.7+0.2

�0.9,�2.88+0.08
�0.05} {2.64+0.06

�0.25,�4.89+0.13
�0.09}

|�E| > 150 {4.41+0.03
�0.74,�3.37+0.12

�0.07} {1.105+0.001
�0.102,�6.5+0.1

�0.2}

7⇡
20

< ✓j <
⇡
2
/ 0 < ŷj < 0.49 no cut on ytt̄j |ytt̄j| > 1

no cut on �E {17+1
�2,�1.75+0.03

�0.03} {5.6+0.4
�0.7,�2.99+0.03

�0.05}
|�E| > 100 {3.34+0.01

�0.39,�3.65+0.04
�0.19} {0.94+0.01

�0.08,�6.25+0.07
�0.32}

|�E| > 150 {1.46+0.02
�0.31,�4.28+0.04

�0.30} {0.377+0.002
�0.061,�7.21+0.07

�0.42}

Table 2: Optimized cross section and energy asymmetry, {�opt
S [pb], Aopt

E [%]}, with kinematic
cuts on |�E| [GeV] and |ytt̄j| at NLO QCD. The three tables correspond to di↵erent kine-
matic ranges of the jet angle ✓j (cf. Figure 5). Uncertainties correspond to scale variations
µR, µF 2 [0.5, 2]mt. Parton-shower e↵ects are not included in these predictions.

this region, new virtual NLO contributions shift the asymmetry to positive values, compared
to its negative LO prediction. In the region of jet emission perpendicular to the incoming
partons, where the absolute asymmetry is largest, NLO corrections are of a few relative
percent only.

To estimate the uncertainty of our predictions, we have analyzed their dependence on the
factorization and renormalization scales. While the inclusion of NLO contributions reduces
the scale dependence of the cross section, it enhances the scale uncertainty of the asymmetry
near the endpoints of the jet distribution (see Figure 3). This is due to the fact that the
renormalization scale dependence no longer cancels between the numerator and denominator
of the asymmetry, once NLO contributions are taken into account. The uncertainty is of a
few percent only for perpendicular jet emission, but reaches several tens of percent in the
collinear region.

These observations suggest to apply a cut on the jet angle ✓j that removes events with
collinear jet emission. The asymmetry can be further enhanced by applying kinematic cuts
on the top-antitop energy di↵erence, �E, and the boost of the final state, ytt̄j (Figure 5).
Our final results are shown in Table 2, where we make predictions for the optimized energy
asymmetry at the LHC with

p
s = 13TeV. For instance, with ⇡/4 < ✓j < 3⇡/5, |�E| >

13

GeV

GeV

{�opt

S [pb], Aopt

E [%]}



OBSERVATION PROSPECTS FOR LHC RUN II

�17

� /4 < � j < 3� /5

(0,0)

(0,1)
(100,0)

(100,1)

(150,0)

(|�E|>150,|yttj|>1)

(0,0)

(0,1)
(100,0)

(100,1)

(150,0)

(150,1)

L = 30 fb-1 L = 100 fb-1

3 4 5 6 7 8 9
0

1

2

3

4

5

6

7

S = AE
opt /�AE

opt

-A
Eop
t
[%

]

Now 2018

[Berge, SW, 2016] 

Statistical significance S, assuming acceptance x efficiency = 8%. 
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Cross sections at 13 TeV:

tt̄+ � : O(100) fb

tt̄+W : O(700) fb

P P̄

q̄q

t

t̄ B F

θ̂✓t 

✓jP P

j,W, �

tt̄+ jet : O(500)pb

Using the NLO total cross section, which is ⇠ 50% larger
than the LO one, the calculated asymmetries would be re-
duced to ⇠ 2/3 of the above values. We believe that, in
absence of a complete NLO calculation of At

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

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

t
C ⇠ 0.004 atp

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

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

¯

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

t
C .

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

¯

t

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

¯

tZ or t

¯

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

¯

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

¯

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

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

¯

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

¯

t production.

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

The second key feature of t

¯

tW

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

tt̄ LO+PS NLO NLO+PS

�(pb) 128.8+35%
�24% 198+15%

�14%

At
C (%) 0.07± 0.03 0.61+0.10

�0.08 0.72+0.14
�0.09

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

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

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

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

the W -boson emission makes the production of a t

¯

t pair
similar to that in polarized e

+
e

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

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

¯

tV (V = W

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

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

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

t
C in both t

¯

t and t

¯

tW

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

b
C and

A

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

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

¯

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

¯

tW

±.

2. tt̄ and tt̄W± at NLO and NLO+PS

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

¯

t and t

¯

tW

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

2

No gg background.

Order tt̄W± tt̄W+ tt̄W�

�(fb)
LO 140.5+27%

�20% 98.3+27%
�20% 42.2+27%

�20%

NLO 210+11%
�11% 146+11%

�11% 63.6+11%
�11%

At
C (%)

NLO 2.49+0.75
�0.34 2.73+0.74

�0.42 2.03+0.81
�0.19

NLO+PS 2.37+0.56
�0.38 2.51+0.62

�0.42 1.90+0.51
�0.35

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

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

Order tt̄W± tt̄W+ tt̄W�

Ab
C (%)

LO+PS 7.46+0.04
�0.05 8.04+0.05

�0.06 5.67+0.01
�0.01

NLO+PS 8.50+0.15
�0.10 9.39+0.15

�0.10 6.85+0.14
�0.11

A`
C (%)

LO+PS �17.10�0.09
+0.11 �18.65�0.12

+0.14 �13.53�0.01
+0.03

NLO+PS �14.83�0.65
+0.95 �16.23�0.72

+1.04 �11.97�0.50
+0.75

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

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

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

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

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

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

`
C and A

b
C NLO cor-

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

t
C being

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

the EW and QCD components of A

`
C and A

b
C , but one

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

`
C = 1.79 and

A

b
C = 2.0, comparable to A

t
C = 2.37.

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

3. BSM : the axigluon model

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

Att̄ =
N(�

tt̄
⌘ > 0)�N(�

tt̄
⌘ < 0)

N(�

tt̄
⌘ > 0) +N(�

tt̄
⌘ < 0)

, �

tt̄
⌘ = ⌘t � ⌘t̄ . (8)

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

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

SM: Att̄ = 8.8± 0.6 % .

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

4

[Maltoni, Mangano, Tsinikos, Zaro, 2014]Rapidity asymmetry in tt+W:
in QCD at NLO

[Aguilar-Saavedra et al., 2014]
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The energy asymmetry is a promising alternative observable.

The rapidity asymmetry is enhanced in the forward region.

Top decay lepton asymmetries are experimentally cleaner.

Opportunities
to observe the top charge asymmetry at LHC run II:

Precise predictions are technically feasible	
(thanks to the legacy of the forward-backward asymmetry).


