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The landscape of tt̄ + X
These values2 result from using the LO total cross sections
in the denominator of Eq. (1). This is justified by the fact
that, at the one-loop level, the asymmetry is a LO effect.
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. At
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. [13] estimates that
the asymmetry can increase by a factor of 2-3 placing
proper cuts on the invariant mass of the tt̄ system. The
smaller rates due to the extra cuts will be compensated by
the much larger statistics to become avilable at 13-14 TeV.
But the theoretical systematics will, by and large, remain
correlated with those of the predictions for the underlying
fully inclusive At

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 tt̄
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 tt̄Z or tt̄�, where the vector
boson can also couple to the top quark in the subprocess
gg ! tt̄. As it can be seen from Fig. 1, tt̄W± can be sim-
ply thought of as the standard qq̄ ! tt̄ 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 ! tt̄ 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 tt̄ production.
The second key feature of tt̄W± 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,
the W -boson emission makes the production of a tt̄ pair
similar to that in polarized e+e� collisions [21, 22, 23, 24].
As a result, the decay products of the top and anti-top dis-
play very asymmetrical distributions in rapidity already at

2The asymmetries for higher beam energies are determined in
Ref. [13] to be At

c,y(8 TeV) = 0.0111 ± 0.0004 and At
c,y(14 TeV) =

0.0067± 0.0004.

Figure 1: Feynman diagrams for the tt̄W± production at leading
order in QCD.

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 ! tt̄,

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 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 [25, 26, 27].

Results at the NLO and NLO+PS for the processes
tt̄V (V = W±, Z) have appeared in the literature [28, 29,
30, 31, 32, 33, 34] 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. [35]. Measurements of total rates are
also becoming available from the LHC experiments [36].

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
At

c
in both tt̄ and tt̄W± production, and, in the latter

case, for the asymmetries of the decay products Ab
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. [37], to illustrate the peculiar dis-
criminating power of tt̄W±. 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 tt̄, highlighting
the close similarity of angular distributions with those pre-
dicted in qq̄ ! tt̄W±.

2. 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 MadGraph5_aMC@NLO,
a framework [38] which allows to automatically generate
the code needed to compute the cross section and any
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 at Leading Orderpp → tt̄W

Unlike , , and ,  has  
no sensitivity to top coupling to heavy boson 

tt̄H tt̄Z tt̄γ tt̄W

ATL-PHYS-PUB-2022-031

…but inclusive cross section  
~20-50% higher than predictions!

The set of POI in this configuration is given by

{µ2`SS
i }Ni=2, {AR

C,i
2`SS}Ni=2, {µ3`

i }Ni=2, {AR
C,i

3`}Ni=2

µ2`SS , AR
C
2`SS , µ3`, AR

C
3`

NLO+NNLL 592+155
�97 fb 2001.03031

NLO+FxFx 722+71
�78 fb 2108.07826

ATLAS (36 fb�1) 870± 190 fb 1901.03584
CMS (36 fb�1) 770+180

�160 fb 1711.02547
CMS (138 fb�1) 868± 65 fb 2208.06485

6

Need NNLO!

https://cds.cern.ch/record/2812502
https://arxiv.org/abs/2001.03031
https://arxiv.org/abs/2108.07826
https://arxiv.org/abs/1901.03584
https://arxiv.org/abs/1711.02547
https://arxiv.org/abs/2208.06485
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-ML limited by tt̄H tt̄W

 Need to pin down Njets, Nb-jets in  production→ tt̄W±

2ℓSS 3ℓ

Ad-hoc ttW  
normalization factors

λ2ℓ,N=2,3
tt̄W = 1.56+0.30

−0.28

λ2ℓ,N≥4
tt̄W = 1.26+0.19

−0.18

λ3ℓ
tt̄W = 1.68+0.30

−0.28

ATLAS-CONF-2019-045

+ NPs for charge-asymmetric,  
high Nb-jet data/MC disagreement 

https://cds.cern.ch/record/2693930
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Even though  is not fully understood, can use it to probe BSM physicstt̄W
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 as a BSM test bed - EW effectstt̄W
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Figure 1: tW ! tW scattering at the LHC. For definiteness, in the inset we show the diagrams
corresponding to tW� ! tW�.

To summarize, in certain two to two scattering processes the sensitivity to non-standard top-Z
couplings is enhanced at high energies, possibly overcoming the limited experimental precision.
The enhancement scales as c̄ p2/v2 ⇠ g2⇤p

2/⇤2, which can be much larger than one in models
where g⇤ � 1, without being in conflict with the e↵ective field theory expansion, that is p2 <
⇤2. This approach then takes advantage of the high scattering energies accessible at the LHC.
We explicitly demonstrate its e↵ectiveness in the next section, focusing on tW ! tW .

3 tW ! tW scattering as case study

Our goal is to study the scattering amplitudes involving tops (and/or bottoms) and W,Z or
h that increase at high energies, and to exploit this growth to probe top-Z interactions. After
examining all the possible combinations, we focus on the process tW ! tW . Our motivation
for this choice is threefold:

1. The amplitude for tW ! tW scattering grows with the square of the energy if either
the ZtLtL or the ZtRtR couplings deviate from their SM values.

2. The corresponding collider process, pp ! tt̄Wj, gives rise to same-sign leptons (SSL),
an extremely rare final state in the SM. This process arises at O(gsg3w) in the gauge
couplings, where gs denotes the strong coupling and gw any electroweak coupling, as
shown in Fig. 1.

3. The main irreducible background, pp ! tt̄W +jets at O(g2+n

s
gw) with n � 0 the number

of jets, is insensitive to the details of the top sector, because the W is radiated o↵ a light
quark.

The amplitude for two to two scattering processes of the type  1 + �1 !  2 + �2, where
 1,2 = {t, b} and �1,2 = {�± ⌘ (�1 ⌥ i�2)/

p
2, �3, h} are the longitudinal W±, Z or h, is most

conveniently expressed in the basis of chirality eigenstate spinors. Retaining only terms that

7

 scattering accessible via  
 complementary sensitivity to  and  couplings

tW → tW pp → tt̄Wj
→ t − Z t − H

t tWtt Z

68, 95% CL

8 TeV
19.5 fb-1
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Figure 3: In red, the constraints on top-Z coupling deviations (left panel) and HDO coe�cients
(right panel) derived from the tt̄W analysis at 8 TeV. For comparison, in blue we show the
constraint obtained from the 8 TeV tt̄Z analysis.

O(1). Thus the interpretation of the result in terms of HDO is not truly justified, and should
be intended as purely illustrative of the current sensitivity. Assuming only a modification of
the ZtRtR coupling, we find for 8TeV, 19.5 fb�1 at 95% CL7

� 3.6 < �R < 2.4 or � 1.13 < c̄R < 0.74 . (3.8)

Having proven the e↵ectiveness of our method, we move on to designing a search at 13 TeV
that specifically targets the process (tt̄Wj)EW. The latter has two distinctive features that
can be exploited to separate it from the background: a tW pair with large invariant mass
(where t can be either top or antitop, and W either of W±), due to the growth with energy of
the hard scattering process, and a highly energetic forward jet arising from the radiation of a
W o↵ an initial-state quark. We devise cuts that single out events with these properties and
thus increase the significance of the signal over the background, which is mainly composed
by (tt̄W+jets)QCD and misID`. We validate our background simulations against the CMS 8
TeV results, and perform the cut optimization using the point (�L,�R) = (0, 1) as signal
benchmark. This choice is motivated by the fact that the ZtRtR coupling is currently very
weakly constrained even under the assumption of heavy new physics, in contrast with the
ZtLtL coupling, which within the HDO framework is already bounded by the measurements
of ZbLbL and of WtLbL. Our basic selection requires two SSL and � 4 jets, among which � 1
must be b-tagged. We identify a set of useful kinematic variables to enhance the significance

7
Given the very large Ztt coupling deviations allowed by 8 TeV data, one may wonder about e↵ects in the

tt̄ forward-backward asymmetry measured at the Tevatron. The tree-level contribution due to qq̄ ! Z, � ! tt̄
is ⇠ 0.2% in the SM [46], and we estimate that, within the allowed region shown in the left panel of Fig. 3, it is

enhanced by a factor . 5, thus remaining strongly subdominant to the QCD contribution, which amounts to

approximately 8% [46]. Interestingly, at the LHC the tt̄ charge asymmetry in the tt̄W process is significantly

larger than in inclusive tt̄ production [47].
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~5-10% of total  cross sectiontt̄W

https://arxiv.org/abs/1511.03674
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Even though  is not fully understood, can use it to probe BSM physicstt̄W
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 as a BSM test bed - QCD effectstt̄W

These values2 result from using the LO total cross sections
in the denominator of Eq. (1). This is justified by the fact
that, at the one-loop level, the asymmetry is a LO effect.
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. At
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. [13] estimates that
the asymmetry can increase by a factor of 2-3 placing
proper cuts on the invariant mass of the tt̄ system. The
smaller rates due to the extra cuts will be compensated by
the much larger statistics to become avilable at 13-14 TeV.
But the theoretical systematics will, by and large, remain
correlated with those of the predictions for the underlying
fully inclusive At

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 tt̄
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 tt̄Z or tt̄�, where the vector
boson can also couple to the top quark in the subprocess
gg ! tt̄. As it can be seen from Fig. 1, tt̄W± can be sim-
ply thought of as the standard qq̄ ! tt̄ 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 ! tt̄ 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 tt̄ production.
The second key feature of tt̄W± 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,
the W -boson emission makes the production of a tt̄ pair
similar to that in polarized e+e� collisions [21, 22, 23, 24].
As a result, the decay products of the top and anti-top dis-
play very asymmetrical distributions in rapidity already at

2The asymmetries for higher beam energies are determined in
Ref. [13] to be At

c,y(8 TeV) = 0.0111 ± 0.0004 and At
c,y(14 TeV) =

0.0067± 0.0004.

Figure 1: Feynman diagrams for the tt̄W± production at leading
order in QCD.

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 ! tt̄,

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 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 [25, 26, 27].

Results at the NLO and NLO+PS for the processes
tt̄V (V = W±, Z) have appeared in the literature [28, 29,
30, 31, 32, 33, 34] 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. [35]. Measurements of total rates are
also becoming available from the LHC experiments [36].

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
At

c
in both tt̄ and tt̄W± production, and, in the latter

case, for the asymmetries of the decay products Ab
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. [37], to illustrate the peculiar dis-
criminating power of tt̄W±. 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 tt̄, highlighting
the close similarity of angular distributions with those pre-
dicted in qq̄ ! tt̄W±.

2. 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 MadGraph5_aMC@NLO,
a framework [38] which allows to automatically generate
the code needed to compute the cross section and any
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Figure 2: Not to scale rapidity distributions of top and antitop quarks at the Tevatron (left) and the LHC (right).

rections. The relative factor between QCD and QED asymmetries amounts to

fQED
q = 3

αQED QtQq

αS

2

(

d2abc
4

)2
=

αQED

αS

36

5
QtQq (1)

for one quark species, and to

fQED =
4fQED

u + fQED
d

5
=

αQED

αS

56

25
≈ 0.18 , (2)

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.

tt̄

1207.0331

Top quark rapidity asymmetry
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Figure 2: Not to scale rapidity distributions of top and antitop quarks at the Tevatron (left) and the LHC (right).

rections. The relative factor between QCD and QED asymmetries amounts to

fQED
q = 3

αQED QtQq

αS

2

(

d2abc
4

)2
=

αQED

αS
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5
QtQq (1)

for one quark species, and to

fQED =
4fQED

u + fQED
d

5
=

αQED

αS

56

25
≈ 0.18 , (2)

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.

tt̄

Asymmetry masked by large  contribution at LHC 
 Enhanced asymmetry with  ISR!

gg → tt̄
→ W±

At
c > 0 At

c = 0

The set of POI in this configuration is given by

{µ2`SS
i }Ni=2, {AR

C,i
2`SS}Ni=2, {µ3`

i }Ni=2, {AR
C,i

3`}Ni=2

µ2`SS , AR
C
2`SS , µ3`, AR

C
3`

NLO+NNLL 592+155
�97 fb 2001.03031

NLO+FxFx 722+71
�78 fb 2108.07826

ATLAS (36 fb�1) 870± 190 fb 1901.03584
CMS (36 fb�1) 770+180

�160 fb 1711.02547
CMS (138 fb�1) 868± 65 fb 2208.06485

At
c [%] � [pb]

tt̄ 0.45+0.09
�0.06 661+99

�86

tt̄W± 2.24+0.43
�0.32 0.587+0.076

�0.070
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✦ Manifests in leptonic charge asymmetry  

✦ Select events with 3 leptons, ,  

• Small fraction of total decays  (~1%) 

• Use BDT to associate same sign lepton to top quark 

✦ Define CR to constrain dominant backgrounds 

• , ; fake leptons (HF, -conversions) 

✦ Extract  at detector-level, use profile likelihood 
unfolding to get fiducial  at particle level

ΣQ ± 1 ≥ 1b
tt̄W

tt̄Z tt̄H γ

Aℓ
c

Aℓ
c

6

Search for leptonic CA in  by ATLAStt̄W

Josh McFayden  |  Top WS  |  4/5/2022 

! ttbar AFB measured at Tevatron showed departure from  
the SM. 

! Hard to measure associated AtC at LHC (85% gluon initiated)  
! In ttW relative dominance of the qq initial state leads to 

enhancement of asymmetry wrt ttbar 
! W radiation off incoming quark polarises ttbar pair  

enhancing effect: 

! Analysis strategy  
! Measure the leptonic charge asymmetry in the 3l channel  
! Machine Learning is used to assign leptons to their top quark parents 
! Fit signal yields for Δlη > 0 and Δlη < 0 - extract Alc

35

ttWCA | Analysis overview

Aℓ
c =

N(Δℓ
y > 0) − N(Δℓ

y < 0)
N(Δℓ

y > 0) + N(Δℓ
y < 0)

, Δℓ
y = |yℓ+ | − |yℓ− |

ATLAS-CONF-2022-062

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-062/
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Top assignment from with BDT

mlb0
mlb1

ΔRlb0

pT, lep

ΔRlb1

Top-association 
score

B-jets ordered  
in  to leptonΔR

Josh McFayden  |  Top WS  |  4/5/2022 

! ttbar AFB measured at Tevatron showed departure from  
the SM. 

! Hard to measure associated AtC at LHC (85% gluon initiated)  
! In ttW relative dominance of the qq initial state leads to 

enhancement of asymmetry wrt ttbar 
! W radiation off incoming quark polarises ttbar pair  

enhancing effect: 

! Analysis strategy  
! Measure the leptonic charge asymmetry in the 3l channel  
! Machine Learning is used to assign leptons to their top quark parents 
! Fit signal yields for Δlη > 0 and Δlη < 0 - extract Alc

35

ttWCA | Analysis overview

Split SRs by sign of Winning SS lepton + OS lepton  
form  lepton candidatestt̄

Signal regions split by (b-)jet multiplicities

71% accurate!

Δℓ
y = |yℓ+ | − |yℓ− |
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Control regions

HFeHFµ tt̄Z

-Conversionsγ

 target dominant backgrounds  
with CR, split by the sign of  

 fit NF to data with 

→
Δl

y
→ Al

c

HFeHFµ tt̄Z

Δ
l y

>
0

Δ
l y

<
0

Δl
y > 0Δl
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✦ Fiducial region slightly looser than detector-level 

• Top-assignment by  nearest true  peakmℓb0
mt→bℓν

ℓb

9

Particle-level unfolding

ATLAS DRAFT
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Figure 5: Normalisation factors for the signal and the major background processes together the �
✓

2
value extracted

from the fit to data in the CRs and SRs. The normalisation factors, N
C C̄/

, N4

W-conv, N4

HF and N
`

HF, are obtained
separately for �[✓BDT  0 (�[�) and �[✓BDT > 0 (�[+). The indicated uncertainties consider statistical as well as
systematic uncertainties.

1-jet in �' space, yield a ✓ � 1 system with a mass closest to the most probable mass for ✓ � 1 system503

originating from a top-quark decay according to the nominal CC̄, simulation.504

The following formula is used for the unfolding:505

#
folded
8

=
1
U8

’
9

Y 9"8 9

|           {z           }
'8 9

#
fid
9

with "8 9 =
#

(reco \ fid)
8 9

#
(reco \ fid)
9

, U8 =
#

(reco \ fid)
8

#
reco
8

, Y 9 =
#

(reco \ fid)
9

#
fid
9

. (2)

With the number #
fid
9

representing the content of bin 9 after the unfolding procedure. The response506

matrix ('8 9) is constructed from the migration matrix ("8 9) and the acceptance and e�ciency correction507

terms (U8 and Y 9) for each bin. The entries in the migration matrix represent the fraction of events at particle508

level in a H-axis bin that are reconstructed at detector level in an G-axis bin. They are normalised such509

that the sum of entries in each row is equal to one. The acceptance corrections account for events that are510

generated outside the fiducial volume (‘fid’) but pass the selection at detector level (‘reco’), as described in511

Section 5. The symbol \ represents the logical intersection of the two regions. The e�ciency corrections512

account for events that are in the fiducial volume but are not passing the detector-level selection.513

The migration matrices, as well as the acceptance and e�ciency correction terms are built separately for514

each of the SRs defined in Table 2. As an example, Figure 6 shows the (a) migration matrix, as well as515

(b) e�ciency and (c) acceptance correction factors that are used for SR-21-low#jets, which is the region516
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SR-2b-low-Njet
Migration Matrix

Acceptance Efficiency

✦ Profile likelihood unfolding, no regularization  

• Injection tests of  asymmetry to test biastt̄W

Response
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Results
✦ Leading uncertainties come from  

decorrelating background NF in  bins 

• Modeling uncertainties for , 

Δη
tt̄W tt̄Z

Detector-level

ATLAS DRAFT
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or top antiquark, the lepton pair with the same charge contains always one lepton originating from a top564

quark (antiquark) and another one coming from a , boson. To correctly distinguish these leptons and565

associate them with either top quarks or top antiquarks, a technique based on a BDT is used.566

The charge asymmetry at reconstructed level is obtained by performing a simultaneous profile-likelihood567

fit to data in di�erent signal and control regions optimised for either the CC̄, process or the major SM568

background processes (CC̄/ , non-prompt leptons from HF decays or electrons from W-conversions). The569

charge asymmetry is extracted together with the normalisations for these background processes and is570

found to be571
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(CC̄,) = �0.123 ± 0.136 (stat.) ± 0.051 (syst.),

with a Standard Model expectation calculated using the nominal CC̄, S����� simulation of572

�
✓
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(CC̄,)MC = �0.084 +0.005

�0.003 (scale) ± 0.006 (MC stat.).

An unfolding procedure is used to obtain the charge asymmetry at particle level in a specific fiducial573

volume in the 3✓ channel. The unfolding is based on a profile-likelihood approach, where the unfolding574

is performed together with fitting normalisations of the major background processes, equivalently to the575

approach followed to derive the charge asymmetry at reconstructed level. The charge asymmetry at particle576
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(CC̄,)PL = �0.112 ± 0.170 (stat.) ± 0.055 (syst.),

with a Standard Model expectation calculated using the nominal CC̄, S����� simulation of578

�
✓

2
(CC̄,)MC = �0.063 +0.007
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The most relevant systematic uncertainties a�ecting this search can be attributed to the modelling of the579

CC̄, and CC̄/ background processes in the 3✓ channel. However, both the reconstructed and particle-level580

results are severely limited by the statistical uncertainties of the data.581
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✦ Dominated by statistical uncertainties 

• Trade-off in  for cleaner asymmetry environment 
only gets better in Run III and beyond!

σ ⋅ BR

Detector-level

Particle-level

ATLAS DRAFT
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✦ The  process anomalously large cross section in data in tension with best models 
• Spurred many developments in phenomenology community 

• Until  is better understood (NNLO calculation), challenging for ML analyses (e.g. -ML, ) 

✦ ATLAS collaboration pursuing robust program of measurements of  process 

• Presented first search of leptonic charge asymmetry of  at the LHC! 

✦ Ancillary  consistent with ATLAS/CMS measurements 
• Differential cross sections with full Run II dataset will help resolve tensions

tt̄W

tt̄W tt̄H tt̄tt̄

tt̄W
tt̄W

Ntt̄W(Δη−) = 1.59 ± 0.40

11

Summary

Thanks for your attention!
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Signal Regions
✦ Lepton selections 

• Use single and di-lepton triggers - increase efficiency 

• Standard quality requirements (impact parameters, vertex 
association, calorimeter coverage, isolation BDT)

ATLAS DRAFT

Table 2: Summary of the requirements applied to define the signal and control regions of the analysis. The labels ‘T’
and ‘T’ refer to leptons which either pass all selection requirements described in Section 4 (T) or fail the isolation
requirements, but pass all others (T).

Pre-selection

#✓ (✓ = 4/`) = 3

?
✓
T (1st

/2nd
/3rd

) � 30 GeV, � 20 GeV, � 15 GeVÕ
lep. charges ±1

<
OSSF
✓✓ � 30 GeV

Region-specific requirements

SR-11-low#jets SR-11-high#jets SR-21-low#jets SR-21-high#jets

#jets [2, 3] � 4 [2, 3] � 4

#1-jets = 1 = 1 � 2 � 2

⇢
miss
T � 50 GeV � 50 GeV – –

#/-cand. = 0

Tight leptons TTT

4/W ambiguity-cuts all pass

CR-C C̄/ CR-HF4 CR-HF` CR-W-conv

✓
1st/2nd/3rd

✓✓✓ ✓✓4 ✓✓` ✓✓4, ✓4✓, 4✓✓

#jets � 4 � 2 � 2 � 2

#1-jets � 2 = 1 = 1 � 1

⇢
miss
T – < 50 GeV < 50 GeV < 50 GeV

#/-cand. = 1 = 0 = 0 = 0

Tight leptons TTT TTT TTT TTT

4/W ambiguity-cuts all pass all pass all pass � 1 fail

This problem is addressed using a Boosted Decision Tree (BDT) classifier algorithm that computes a343

discriminator value for each even lepton in each event. Large discriminator values correspond to large344

probabilities that a given lepton originated from a top quark decay. Hence the lepton with the highest345

BDT discriminator score is selected to calculate �[✓ . The �[✓ values calculated for the selected lepton346

and the odd lepton are denoted by �[✓BDT. Five input variables that each discriminate between leptons347

from top-quark or top-antiquark decays and leptons from associated , boson decays are defined. They348

are the masses and �' values of the two systems formed from the lepton and the closest and second349

closest 1-jets: <✓10 , <✓11 , �'(✓ � 10), �'(✓ � 11), as well as the lepton ?T. The training of the classifier350

is performed using the nominal CC̄, S����� MC sample. The BDT classifier is implemented using the351

S�����-learn [71] package. The fraction of events in the CC̄, sample in which the even lepton with the352

highest BDT discriminator value originates from a top-quark or top-antiquark decay is estimated to be353

⇡ 71%, using the information from the MC event record.354

17th August 2022 – 13:18 11

Nominal: Sherpa 2.2.10  NLO QCD+EW  
(+1j@NLO, +2,3,4j@LO) + Sherpa PS

Alternate: MG5_aMC@NLO NLO QCD+EW  
(+1j@NLO, +2j@LO) + Pythia PS w/ FxFx

Sherpa signal samples
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Control region definitions
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✦ Leading uncertainty is background 
asymmetry estimation 

✦ Additional MC sensitivity in PL due 
to response matrix bins 

✦ Statistical uncertainties larger due 
to bin-to-bin correlations

15

Systematics breakdown
Detector-level Particle-level
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✦ Same underlying dynamics manifest differently at Tevatron ( ) and LHC ( )pp̄ pp

16

Top quark asymmetry
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dΣ
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Figure 2: Not to scale rapidity distributions of top and antitop quarks at the Tevatron (left) and the LHC (right).

rections. The relative factor between QCD and QED asymmetries amounts to

fQED
q = 3

αQED QtQq

αS

2

(

d2abc
4

)2
=

αQED

αS

36

5
QtQq (1)

for one quark species, and to

fQED =
4fQED

u + fQED
d

5
=

αQED

αS

56

25
≈ 0.18 , (2)

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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FIG. 13. Typical configuration of momenta for top and antitop production through quark annihilation in the region of large
parallel momenta.
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At
c < 0

At
c > 0

Asymmetry arises from interference  
effects at NLO QCD

(2)

(1)

Effect of (2) is dominant, leading to 
overall positive asymmetry at LHC
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LHCTopWG  Summarytt̄ + X
ATL-PHYS-PUB-2022-030

https://cds.cern.ch/record/2812501
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Partial Run II Inclusive Cross Section by ATLAS
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Figure 13: The result of the simultaneous fit to the tt̄Z and tt̄W cross sections along with the 68% and 95% confidence
level (CL) contours. The cross shows the SM calculations and their uncertainties, including renormalization and
factorization scale uncertainties as well as uncertainties including ↵S variations.
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Figure 11: Event yields in data compared with the results of the fit that extracts �t t̄Z and �t t̄W simultaneously in the
(a) trilepton and (b) tetralepton signal regions targeting the tt̄Z process. Yields for the control regions used to extract
the normalization of the W Z and Z Z backgrounds are also shown. The ‘Other’ background summarizes all small
SM backgrounds described in Section 3. The shaded band represents the total uncertainty.
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Figure 12: Event yields in data compared with the results of the fit that extracts �t t̄Z and �t t̄W simultaneously in
the regions targeting the tt̄W process. The ‘Other’ background summarizes all small SM backgrounds described in
Section 3. The shaded band represents the total uncertainty.
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Figure 8: Individual 68% (solid line) and 95% (dashed line) CL limits on the Wilson coe�cients ⇠8/⇤2 in the
SMEFT from the di�erential charge asymmetry measurements versus <C C̄ . Only one Wilson coe�cient is varied at a
time while the others are kept at 0. The bounds are derived from the charge asymmetry measurement presented in
this paper, combining the single-lepton and dilepton channels. The theory uncertainty corresponds to the NNLO
QCD + NLO EW calculation. The impact of dimension-six operators is parameterised at NLO accuracy in QCD
using the SMEFT@NLO package in M��G����5_�MC@NLO.
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Figure 7: Individual 68% (solid line) and 95% (dashed line) CL limits on the Wilson coe�cient ⇠8
CD/⇤

2 in the
SMEFT. The bounds are derived from the charge asymmetry measurement presented in this paper, combining the
single-lepton and dilepton channels. For the quadratic fit, two solutions were found by the j

2 minimisation in some
cases. The theory uncertainty corresponds to the NNLO QCD + NLO EW calculation. The impact of dimension-six
operators is parameterised at NLO accuracy in QCD using the SMEFT@NLO package in M��G����5_�MC@NLO.
Bounds are also shown from the forward–backward asymmetry measurements in

p
B = 1.96 TeV ? ?̄ collisions at the

Tevatron and the charge asymmetry measurements in 8 TeV ?? collisions in LHC Run 1.

36

[0,30] [30,120] > 120
p T,t t̄ [GeV]

°0.02

0.00

0.02

0.04

A
tt̄ C

ATLASp
s = 13 TeV, 139 fb°1

NNLO QCD + NLO EW
combination
single-lepton
dilepton

(a)

[0,0.3] [0.3,0.6] [0.6,0.8] [0.8,1]
Øz,t t̄

°0.02

0.00

0.02

0.04

A
tt̄ C

ATLASp
s = 13 TeV, 139 fb°1

NNLO QCD + NLO EW
combination
single-lepton
dilepton

(b)

Figure 4: The unfolded di�erential charge asymmetries as a function of the transverse momentum (a) and the
longitudinal boost (b) of the reconstructed top-quark pair in data. Vertical bars correspond to the total uncertainties.
Shaded regions show SM theory predictions calculated at NNLO in QCD and NLO in EW theory.
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1 Introduction

The top quark is the heaviest known elementary particle and the only quark that decays before hadronisation,
and thus gives direct access to its properties in production and decay. Measurements of top quark properties,
predicted by the Standard Model (SM), provide important input to test theoretical calculations and have the
potential to unveil discrepancies with the SM predictions. One of the relevant properties is related to the
slight difference in the rapidity distribution between top quarks and top antiquarks produced in pairs (CC̄).
This asymmetry, referred to as charge asymmetry, is defined in proton-proton collisions as follows [1–4]:

�⇠ =
# ( |HC | > |H C̄ |) � # ( |HC | < |H C̄ |)
# ( |HC | > |H C̄ |) + # ( |HC | < |H C̄ |)

, (1)

where # is the number of events and HC (H C̄ ) the rapidity of the top quark (top antiquark). The production of
CC̄ events is predicted to be symmetric under the exchange of top quark and antiquark, i.e. �⇠ = 0, at leading
order (LO) accuracy in perturbative QCD. However, at next-to-leading order (NLO), the quark-antiquark
initiated CC̄ production is asymmetric in the top-quark rapidity distribution, owing to the interference
between processes with initial- and final-state gluon emission and between the Born and the box diagram
at $ (U4

B). The total asymmetry from the sum of all effects is expected to be positive [5].

Previous measurements of the asymmetry in CC̄ production by the ATLAS and CMS Collaborations at
centre-of-mass energies (

p
B) of 7, 8 and 13 TeV [6–16] are found to be in agreement with the SM

expectation. The most recent measurement of the inclusive and differential charge asymmetry at 13 TeV
by the ATLAS Collaboration [17] reported evidence for a non-zero asymmetry in CC̄ production. While
�⇠ at the LHC corresponds to a central-forward asymmetry, the CC̄ production asymmetry manifests
itself as a forward-backward asymmetry at the Tevatron. Early measurements of this asymmetry showed
discrepancies to NLO QCD predictions, in particular at large values of the CC̄ invariant mass [18]. However,
more recent results by the CDF and DO Collaborations [19–21] are compatible with the improved SM
predictions including NLO electroweak and higher-order QCD corrections [22, 23].
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Figure 1: Example Feynman diagrams of CC̄W production contributing to the charge asymmetry.

The CC̄ charge asymmetry is diluted at the LHC owing to the large fraction of gluon-gluon initiated CC̄ events,
which are symmetric under the exchange of the top quark and antiquark. Thus, it is enhanced in other
topologies, where the fraction of quark-antiquark initiated production is larger, such as the associated
production of a CC̄ with a photon (CC̄W) [1, 2]. Similar interference effects among QCD diagrams at NLO are
predicted in CC̄W production. However, the dominant contribution to the asymmetry in CC̄W arises from the
interference between QED initial-state radiation, Figure 1 left, and final-state radiation, Figure 1 right,
which yields a larger asymmetry of negative sign. Additionally, there can be other QCD-EW higher-order

2

Table 1: Event yields before the profile likelihood unfolding after the full selection in the two regions defined by the
NN discriminant value. The quoted uncertainties correspond to the total statistical and systematic uncertainties (cf.
Section 6) added in quadrature.

$NN < 0.6 $NN � 0.6
CC̄W prod (signal) 6660 ± 350 6910 ± 340
CC̄W decay 14100 ± 3100 1900 ± 560
h-fake W 3400 ± 1400 790 ± 360
e-fake W 6420 ± 860 1480 ± 260
prompt W 6400 ± 2000 1300 ± 400
lepton fake 410 ± 110 57 ± 35
Total 37 400 ± 4500 12 400 ± 1100
Data 38527 13763

and expected signal and background event yields in the two regions are summarised in Table 1. The slight
underestimate of the data by the SM prediction, observed in Figure 2, is reflected at large values of $NN
because it is expected to partially come from the normalisation of the CC̄W production simulation, which is a
free parameter in the profile likelihood unfolding described in the following.
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Figure 3: Distribution of the NN output discriminant before the fit. The uncertainty band includes all experimental
and modelling systematic uncertainties (cf. Section 6) added in quadrature. The lower part of the plot shows the ratio
of the data to the prediction.

8 Results

The value of �⇠ is extracted from the |HC | � |H C̄ | distribution in a fiducial region defined at particle level.
The top quark and antiquark are defined at parton level in the MC simulation after final state radiation but

11

1 Introduction

The top quark is the heaviest known elementary particle and the only quark that decays before hadronisation,
and thus gives direct access to its properties in production and decay. Measurements of top quark properties,
predicted by the Standard Model (SM), provide important input to test theoretical calculations and have the
potential to unveil discrepancies with the SM predictions. One of the relevant properties is related to the
slight difference in the rapidity distribution between top quarks and top antiquarks produced in pairs (CC̄).
This asymmetry, referred to as charge asymmetry, is defined in proton-proton collisions as follows [1–4]:

�⇠ =
# ( |HC | > |H C̄ |) � # ( |HC | < |H C̄ |)
# ( |HC | > |H C̄ |) + # ( |HC | < |H C̄ |)

, (1)

where # is the number of events and HC (H C̄ ) the rapidity of the top quark (top antiquark). The production of
CC̄ events is predicted to be symmetric under the exchange of top quark and antiquark, i.e. �⇠ = 0, at leading
order (LO) accuracy in perturbative QCD. However, at next-to-leading order (NLO), the quark-antiquark
initiated CC̄ production is asymmetric in the top-quark rapidity distribution, owing to the interference
between processes with initial- and final-state gluon emission and between the Born and the box diagram
at $ (U4

B). The total asymmetry from the sum of all effects is expected to be positive [5].

Previous measurements of the asymmetry in CC̄ production by the ATLAS and CMS Collaborations at
centre-of-mass energies (

p
B) of 7, 8 and 13 TeV [6–16] are found to be in agreement with the SM

expectation. The most recent measurement of the inclusive and differential charge asymmetry at 13 TeV
by the ATLAS Collaboration [17] reported evidence for a non-zero asymmetry in CC̄ production. While
�⇠ at the LHC corresponds to a central-forward asymmetry, the CC̄ production asymmetry manifests
itself as a forward-backward asymmetry at the Tevatron. Early measurements of this asymmetry showed
discrepancies to NLO QCD predictions, in particular at large values of the CC̄ invariant mass [18]. However,
more recent results by the CDF and DO Collaborations [19–21] are compatible with the improved SM
predictions including NLO electroweak and higher-order QCD corrections [22, 23].
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Figure 1: Example Feynman diagrams of CC̄W production contributing to the charge asymmetry.

The CC̄ charge asymmetry is diluted at the LHC owing to the large fraction of gluon-gluon initiated CC̄ events,
which are symmetric under the exchange of the top quark and antiquark. Thus, it is enhanced in other
topologies, where the fraction of quark-antiquark initiated production is larger, such as the associated
production of a CC̄ with a photon (CC̄W) [1, 2]. Similar interference effects among QCD diagrams at NLO are
predicted in CC̄W production. However, the dominant contribution to the asymmetry in CC̄W arises from the
interference between QED initial-state radiation, Figure 1 left, and final-state radiation, Figure 1 right,
which yields a larger asymmetry of negative sign. Additionally, there can be other QCD-EW higher-order
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Figure 4: The distributions of |HC | � |H C̄ | after the fit in the two regions defined by the NN output. Underflow and
overflow events are included in corresponding bins of the distributions. The uncertainty band represents the total
post-fit uncertainties. Correlations among uncertainties are taken into account as determined in the fit. The lower
part of the plot shows the ratio of the data to the prediction.

The value is found to be compatible with the value obtained with the M��G����5_�MC@NLO MC
simulation in the same phase space, �⇠ = �0.014 ± 0.001(scale). The expected change in the CC̄W �⇠

by increasing or reducing the CC̄ asymmetry in the simulated samples by the uncertainty in the recent
ATLAS measurement [17] is estimated to be about 10%. The precision of the result is limited by the
statistical uncertainty. The impact of the different sources of systematic uncertainty grouped in categories
is summarised in Table 2. The most relevant sources of systematic uncertainty are the MC statistical
uncertainty in the prompt photon background and the experimental systematic sources related to jets and
⇢

miss
T .

13

 prod.tt̄γ

 decaytt̄γ

Profile-likelihood unfolding (no regularization)

AC = − 0.006 ± 0.024 (stat) ± 0.018 (syst)

ANLO
C = − 0.014 ± 0.001 (scale)

https://cds.cern.ch/record/2816331/files/ATLAS-CONF-2022-049.pdf

