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1 Introduction

At the Large Hadron Collider (LHC), the top quark is dominantly produced in top-quark pairs (CC̄). At

leading order (LO) in quantum chromodynamics (QCD), the CC̄ production is symmetric under charge

conjugation. However, after including higher-order QCD corrections, a non-zero charge asymmetry arises

from interference of amplitudes. This asymmetry has its origin in radiative corrections to @@̄ → CC̄ involving

either virtual or real gluon emission, and from interference terms of different amplitudes contributing

to @6 → CC̄@ production. The contributions from gluon fusion remain symmetric to all orders. Due to

the charge asymmetry, the top quark (top antiquark) is predominantly produced in the direction of the

incoming quark (antiquark) [1–3].

In CC̄ production, the charge asymmetry effect can be measured as central-forward rapidity asymmetry (�. ) [4,

5], which is expressed via the rapidity of the top quark (HC ) and top antiquark (H C̄ ) as follows:

�. =
# (Δ|H | > 0) − # (Δ|H | < 0)
# (Δ|H | > 0) + # (Δ|H | < 0) , (1)

where Δ|H | = |HC | − |H C̄ |. The sign of Δ|H | provides the information about the direction of flight of the top

quark. In @@̄ annihilation, larger absolute rapidity values are expected from a particle which emerges in the

direction of the incoming quark, as this valence quark carries a larger fraction of the proton momentum

than the interacting sea antiquark.

The charge asymmetry can also be tested at LO in QCD using the top-quark pair production associated with

a hard jet (CC̄ 9), which contributes to the inclusive CC̄ production at NLO in QCD. In CC̄ 9 production, taking

into account the relation between the particles’ four momenta in the final state, the scattering angles of the

top quark and top antiquark with respect to the jet direction are connected to their energies. Therefore, the

effect of the charge asymmetry can be studied in terms of the energy asymmetry [6, 7] using the energy

difference between the top quark and the top antiquark, Δ� = �C − � C̄ and the production angle (\ 9) of the

jet with the highest transverse momenta defined in the CC̄ 9 rest frame.

The main contribution to the energy asymmetry comes from 6@ → CC̄@. Here, the final-state-quark jet is

boosted in the direction of the initial quark, which affects the rapidity of the CC̄ 9 system in the laboratory

frame. Therefore, the optimised cross section, fopt(\ 9), is defined to optimise statistical sensitivity,

combining forward events with positive rapidity of the CC̄ 9 system and backward events with negative

rapidity of the CC̄ 9 system:

fopt(\ 9) = f(\ 9 |HC C̄ 9 > 0) + f(c − \ 9 |HC C̄ 9 < 0), \ 9 ∈ [0, c] . (2)

Using the optimised cross section, the energy asymmetry (��) can be defined as:

�� (\ 9) =
f�,�

f�,(

=
fopt(\ 9 |Δ� > 0) − fopt(\ 9 |Δ� < 0)
fopt(\ 9 |Δ� > 0) + fopt(\ 9 |Δ� < 0) , (3)

where fE,S and fE,A denote the charge-symmetric and charge-asymmetric cross-sections. The energy

asymmetry increases with transverse momentum of the additional jet [7].

In this note, we present the combination of the ATLAS Run 2 measurements of the differential rapidity

asymmetry [8] as a function of the invariant mass and energy asymmetry [9], which are sensitive to a

subset of the same Standard Model effective field theory (SMEFT) [10] operators. In the combined fit,
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the correlations of the systematic uncertainties are considered, also accounting for the statistical overlap

between analyses. The limits on SMEFT operators derived from the combination of the measurements

provide a powerful tool for probing physics beyond the Standard Model [7].

2 Input analyses

The rapidity asymmetry was measured inclusively and differentially as a function of the invariant mass (<C C̄ ),

transverse momentum (?C C̄
T

) and longitudinal boost (VC C̄I ) of the CC̄ system, in the single-lepton and dilepton

decay channels of CC̄ production [8]. In the single-lepton decay channel, the data were divided into resolved

and boosted regions, defined by the event topology. In the boosted topology, the jets coming from the

hadronic top-quark decay are collimated into a large-radius jet. Fully Bayesian Unfolding (FBU) [11] was

performed in order to correct measured spectra for detector effects. Both, the inclusive and the differential

measurement of the asymmetry as a function of <C C̄ were used to derive limits on SMEFT coefficients.

The energy asymmetry measurement [9] used single-lepton CC̄ events with an additional high-?T jet, which

was reconstructed as a large-radius jet. The energy asymmetry was measured in three \ 9 bins in a fiducial

phase space. The same unfolding technique, FBU, was used to derive the asymmetry values, which were

used to extract limits on SMEFT coefficients.

The object definition, event selection criteria and systematic uncertainties for the two measurements are

detailed in References [8] and [9].

A statistical overlap between the data used in the rapidity and energy asymmetry measurements is present

due to the selection employed in the two analyses. The statistical overlap is evaluated using the so-called

bootstrapping technique using the BootstrapGenerator tool [12]. Bootstrap replicas are created by

re-weighting data events using generated weights drawn from Poisson distribution with a mean of one. The

random seed is determined by using the event identifier, and therefore the same set of Poisson weights is

used for the same data event in both analyses. For each event, a set of 1000 replica weights is generated.

The statistical (anti-)correlations between the selected events in the input analyses are taken into account in

the combination. The correlations between the events from the �� measurement and the single-lepton

boosted region in the �. measurement are estimated to be approximatelly 26%. The (anti-)correlations

between the events from the �� measurement and the single-lepton resolved region in the �. measurement

varies between 0% and 5%.

3 Combination

A simultaneous extraction of rapidity asymmetry values in five <C C̄ bins and energy asymmetry values

in three \ 9 bins including correlations is performed. These parameters of interest (POIs) and their

uncertainties are obtained by minimising a j2 likelihood function in the spirit of Reference [13], which

includes information from both measurements. Furthermore, limits on the relevant Wilson coefficients are

extracted.

The systematic uncertainties from the input analyses are incorporated in the fit (j2 likelihood function) as

a set of nuisance parameters (NPs). These account for various experimental and theoretical uncertainties

affecting both, signal and background modelling. The statistical model for the combination assumes
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Gaussian approximations of POIs and NPs. This is fulfilled for all of the NPs, with the exception of the

gamma parameters representing the background Monte-Carlo simulation (MC) statistical uncertainties in

both measurements. For the gamma parameters, a Gaussian approximation is assumed by transforming

the original Poisson distribution to a Gaussian PDF with a mean of zero and an RMS of one for gamma

parameters from both measurements.

In the combination procedure, it is necessary to define how the NPs are correlated. The treatment of

correlations depends on the source of the systematic uncertainty and the method used for its estimation. In

the combination, the NPs related to the CC̄ modelling (with the exception of the CC̄ Var3c parameter) are

treated as uncorrelated as it is not obvious that the constraints from the rapidity asymmetry can be safely

propagated to the energy asymmetry. For the background processes, the NPs related to the single top (C,)

diagram subtraction versus diagram removal uncertainty, the single top (C,) parton shower uncertainty in

the boosted region, and the ,+jets `' and `� scale variations in the boosted region are considered as fully

correlated. Since the input analyses use different definitions for the small-' jets, the NPs related to the jet

energy resolutions are kept uncorrelated as there is no one-to-one correspondence between the two sets

of NPs. However, as the same methods were used to obtain the jet energy scale (JES) variations in both

analyses, the NPs related to JES are treated as fully correlated. Among the other NPs, those related to

common sources of systematic uncertainties are considered fully correlated as well. Specifically, the NPs

related to the reconstruction of the missing transverse momentum, the re-weighting of the MC pile-up

distribution, luminosity measurements, jet vertex tagger requirements and parton distribution functions

used for CC̄ modelling. All other NPs are treated as fully uncorrelated.

The results of the rapidity asymmetry �. and energy asymmetry �� obtained from the combination

assuming the correlations among the NPs described above are summarised in Table 1 and Table 2,

respectively, and in Figure 1. The results of the combination are compared to the results of the input

analyses. The uncertainties of the asymmetries obtained by the combination assuming correlations are

relatively improved by about 1%. Although the impact of the combination is small, the combinations

resolves the blind directions in the parameter space (see Section 4). In addition, the results of the

combination assuming no correlations among the NPs of the input analyses are presented in Tables 1 and 2.

As can be seen, the choice of the assigned correlations does not have a significant impact on the analysis.

The rapidity asymmetry values are compared to the SM predictions [14] calculated at NNLO in QCD and

NLO in EW theory in Figure 1.

Additionally, the 20 most important NPs from each analysis have been used to test several different

correlation scenarios. These NPs are mostly related to the modelling of CC̄ and single top productions.1 In

each correlation scenario, a single NP has been considered either to be uncorrelated or fully correlated

among the two analysis and in the case of NPs that were deccorelated in the input analysis (e.g. CC̄ FSR)

per component correlations have been tested. The considered alternative scenarios have been found to

have no significant impact on the uncertainties of the combined result. The highest relative difference in

the uncertainty (of about 4%) was found when the CC̄ FSR modelling NP related to the 4th <C C̄ bin for the

boosted topology of the rapidity asymmetry measurement was fully correlated to the CC̄ FSR NP from the

energy asymmetry measurement.

1 In the rapidity asymmetry measurement, some of the CC̄ and single top modelling NPs were decorrelated by <C C̄ differential bins

and by event topology (resolved/boosted), while there is only a single corresponding NP in the energy asymmetry measurement.
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4 SMEFT interpretation

The sensitivity of the charge asymmetry to new physics above a scale Λ is investigated in the framework of

SMEFT. To this end, the SM Lagrangian LSM is extended by a series of local operators $: ,

LSMEFT = LSM +
∑

:

�:

Λ2
$: + . . . . (4)

The sum runs over all SM gauge-invariant operators of mass dimension six and the ellipsis indicates

higher-dimensional operators in the SMEFT expansion. The analysis also assumes �% invariance, which

implies that all Wilson coefficients �: are real. Setting all the Wilson coefficients to zero corresponds to

the SM. The cut-off scale of this effective theory is set to Λ = 1 TeV.

To demonstrate the sensitivity of the combined results of the charge asymmetry measurements to the

chirality and colour charges of quark fields, the focus of this numerical analysis is on six selected four-quark

operators in the Warsaw basis [15, 16]:

$
1,1
&@

= (&̄LW`&L) (@̄LW
`@L) $

1,8
&@

= (&̄LW`)
�&L) (@̄LW

`) �@L)
$1

C@ = (@̄LW`@L) (C̄RW`CR) $8
C@ = (@̄LW`)

�@L) (C̄RW`) �CR)
$1

CD = (C̄RW`CR) (D̄RW
`DR) $8

CD = (C̄RW`) �CR) (D̄RW
`) �DR) . (5)

Left-handed quark doublets of the first two generations and the third generation are denoted by

@L = (DL, 3L)T , (2L, BL)T , &L = (CL, 1L)T ,

reflecting an assumed flavour symmetry among couplings of the first and second quark generations. Also,

) � ≡ _�/2, where _� are Gell-Mann matrices. The six operators defined in Equation 5 feature different

chiral structures (LL, RR, LR) and colour structures (singlet (1) and octet (8)), thus covering the relevant

properties that can be tested with the charge asymmetry. Operators with right-handed down-type quarks

3R would affect the energy asymmetry very similarly to those with up-type quarks and are therefore not

included in this analysis. Up- and down-quark operators can be resolved for instance with CC̄/ or CC̄,

observables, which are sensitive to the weak isospin of the quarks [17].

The Wilson coefficients in the effective Lagrangian in Equation 4 parameterise possible effects of virtual

new heavy particles in the cross section f and in asymmetry observables � according to

f = fSM
S +

∑

:

�:f
:
S +

∑

:≤;
�:�; f

:;
S , � =

fA

fS

=
fSM

A
+∑

: �:f
:
A
+∑

:≤; �:�; f
:;
A

fSM
S

+∑
: �:f

:
S
+∑

:≤; �:�; f
:;
S

. (6)

The cross sections fSM
S,A

denote the SM contributions, while f:
S,A

and f:;
S,A

correspond to the interference

of a SMEFT amplitude with the SM amplitude at O(Λ−2) and the pure SMEFT amplitudes at O(Λ−4),
respectively. The charge-symmetric fS and charge-asymmetric fA cross-sections are defined in Equation 3

for the energy asymmetry. Similarly, we can define them for the rapidity asymmetry as follows:

fY,S = f(Δ|H | > 0) + f(Δ|H | < 0),
fY,A = f(Δ|H | > 0) − f(Δ|H | < 0). (7)

The SM prediction for the energy asymmetry at the particle level was obtained from simulation generated

with MadGraph5_aMC@NLO 2.7 [18] interfaced to Pythia 8.2 [19] at NLO in CC̄ 9 production, while
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the SM–EFT interference and EFT–EFT contributions were generated at LO using the SMEFTatNLO

package [20] (see Reference [9] for further details). The SM prediction for the rapidity asymmetry

was calculated at NNLO in CC̄ production including electroweak corrections [14], while the operator

contributions were calculated at NLO using the SMEFTatNLO package.

This analysis considers MC statistical and scale uncertainties on the SMEFT prediction. In total, there

are ten nuisance parameters. There is one nuisance parameter for each bin of the predicted asymmetry

� representing the MC statistical uncertainty and two nuisance parameters for scale uncertainties on the

SMEFT prediction. Scale uncertainties are taken into account by varying the renormalisation scale `' and

the factorisation scale `� independently up and down by a factor of two. The scales are varied coherently

for the SM and EFT contributions.

The limits on the Wilson coefficients are extracted using a profile likelihood fit. The one-dimensional 95%

and 68% confidence level limits are shown in Figure 2 and Tables 3 and 4 for the rapidity and energy

asymmetry measurements as well as their combination. The quadratic parameterisation that retains the

dimension-six-squared terms proportional to Λ
−4 as well as the Λ

−2 terms is considered as the quadratic

terms have a non-negligible impact on the obtained intervals (see References [8, 9]). A care should be

taken to ensure dimension-8 contributions of the same order are negligible when re-interpreting these

bounds. In case of non-negligible impact of quadratic terms, violations of Wilks’ theorem [21] could

be relevant, but their impact has not been assessed quantitatively. Considering MC statistical and scale

uncertainties increase the size of confidence intervals by about 5% to 30%.

Table 3: Comparison of the bounds on individual Wilson coefficients � (TeV/Λ)2 from one-parameter quadratic fits

obtained from the individual rapidity asymmetry �. and energy asymmetry �� analyses and from their combination.

Limits for 68% confidence level are shown.

� (TeV/Λ)2 68% confidence level

�. �� combination

�
1,1
&@

[−0.52,−0.28] [−0.38, 0.44] [−0.50,−0.26] ∪ [0.21, 0.23]
�

1,8
&@

[0.04, 0.40] [−0.85, 1.17] [0.06, 0.45]
�1
C@ [−0.09, 0.15] [−0.42, 0.51] [−0.08, 0.16]

�8
C@ [−0.34, 0.33] [−1.41, 0.84] [−0.29, 0.37]

�1
CD [−0.67,−0.39] [−0.46, 0.52] [−0.64,−0.37]

�8
CD [0.14, 0.66] [−0.96, 0.92] [0.19, 0.71]

The limits on the Wilson coefficients for individual rapidity and energy asymmetry measurements are

re-derived using a common approach to estimate theoretical uncertainties. In the rapidity asymmetry

measurement [8], the theoretical uncertainties related to scales variations and Monte Carlo statistics were

considered only for the SM prediction. In this note, these uncertainties are considered also for SM–EFT and

EFT–EFT terms. In the energy asymmetry measurement [9], the scale uncertainties for the SM and SMEFT

were estimated from the envelope of nine different settings for the renormalisation and factorisation scales.

In this note, only up and down variations are considered. The changes in the estimation of the theoretical

uncertainties results in some differences compared to the results of the original measurements.

For all of the considered Wilson coefficients, the limits obtained by the combination do not improve

significantly on the re-derived limits for the individual rapidity asymmetry measurement. For the cases,
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Figure 2: Bounds on individual Wilson coefficients from one-parameter quadratic fits to the energy (blue) and rapidity

(red) asymmetries as well as their combination (black), setting all other operator coefficients to zero. The bounds

on � (TeV/Λ)2 are reported at the 68% confidence level (solid) and 95% confidence level (dashed). For the �
1,1
&@

coefficient, the thick black vertical bar represents interval of [0.21,0.23] from the combination.

Table 4: Comparison of the bounds on individual Wilson coefficients � (TeV/Λ)2 from one-parameter quadratic fits

obtained from the individual rapidity asymmetry �. and energy asymmetry �� analyses and from their combination.

Limits for 95% confidence level are shown.

� (TeV/Λ)2 95% confidence level

�. �� combination

�
1,1
&@

[−0.62, 0.36] [−0.60, 0.63] [−0.58, 0.40]
�

1,8
&@

[−0.24, 0.54] [−1.64, 1.99] [−0.24, 0.61]
�1
C@ [−0.21, 0.25] [−0.67, 0.73] [−0.21, 0.25]

�8
C@ [−0.70, 0.66] [−1.96, 1.38] [−0.63, 0.69]

�1
CD [−0.79, 0.33] [−0.73, 0.75] [−0.75, 0.37]

�8
CD [−1.71,−0.82] ∪ [−0.41, 0.87] [−1.62, 1.45] [−0.32, 0.92]
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where the confidence intervals in the combination are larger than the individual ones, this is caused by the

approximations assumed in the combination and by numerical precision. In Figure 2, some differences

can be seen for 68% confidence level (CL) limits for �
1,1
&@

and for 95% CL limits for �8
CD. The j2 fits for

�
1,1
&@

and �8
CD are compared in Figure 3 and Figure 4, respectively. In both cases, the differences come

from effects related to double-minima. For the �
1,1
&@

, the second minimum is below the threshold of the

68% confidence interval, while for �8
CD the second minimum is above the threshold of the 95% confidence

interval.
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(a) standalone fit of �. data
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(b) simultaneous fit of �. and �� data

Figure 3: Comparison of j2 functions of �
1,1
&@

fits using only rapidity asymmetry �. data (a) and simultaneous fit of

rapidity and energy asymmetry data (b). Dashed lines show 95% confidence level limits, solid lines 68% confidence

level limits. In the case (b), the second minimum of j2 function moved below the threshold for 68% confidence

interval.
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(a) standalone fit of �. data
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Figure 4: Comparison of j2 functions of �8
CD fits using only rapidity asymmetry �. data (a) and simultaneous fit of

rapidity and energy asymmetry data (b). Dashed lines show 95% confidence level limits, solid lines 68% confidence

level limits. In the case (b), the second minimum of j2 function moved above the threshold of 95% confidence

interval.
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Figure 5 shows the two-dimensional bounds obtained from the individual rapidity and energy asymmetry

measurements as well as their combination. Due to the extra jet in CC̄ 9 production, the QCD structure of the

energy asymmetry is not the same as for the charge asymmetry in CC̄ production, so the two asymmetries

probe different directions in chiral and colour space. For colour-singlet operators with different quark

chiralities (top row), the two asymmetries probe similar areas in the parameter space. For colour-octet

operators with the same chirality scenarios (middle row), however, the shapes of the bounds are very

different. In particular, the charge asymmetry leaves a blind direction in the (�1,8
&@

, �8
C@) plane (left panel),

which is broken by the energy asymmetry due to operator interference with the QCD amplitude. The

bottom row shows colour-singlet versus colour-octet operators with the same quark chiralities. Here, the

different shapes of the bounds are due to the different colour-singlet and colour-octet contributions to CC̄ and

CC̄ 9 production, which is probed with high sensitivity by the asymmetries. The EFT contributions include

dimension-six-squared terms proportional to Λ
−4 for both the charge asymmetry and energy asymmetry.

A comparison for �1
CD versus �8

CD is not included, because the different sensitivity to colour-singlet and

colour-octet operators has already been illustrated with �1
C@ versus �8

C@ , and the difference between L and R

light quarks has been illustrated with �
1,1
&@

versus �1
CD.
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5 Conclusion

The combination of differential measurements of the rapidity and energy asymmetries in top-quark

pair topologies was performed using a simultaneous fit taking into account statistical correlations and

correlations between the systematic uncertainties. The results are used to extract limits on the Wilson

coefficients of the Standard Model effective field theory, using a common treatment of uncertainties on the

theoretical predictions used in this interpretation. While the combination brings little improvement for

constraints on single Wilson coefficients, for the colour-octet operators, the combination set limits in the

(�
1,8
&@

,�8
C@) plane, resolving the blind directions in the standalone rapidity asymmetry measurement.
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Appendix
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Figure 6: Comparison of observed (black) and expected (green) bounds on individual Wilson coefficients from

one-parameter quadratic fits, setting all other operator coefficients to zero, for the combination of the rapidity and

energy asymmetry measurements. The bounds on � (TeV/Λ)2 are reported at the 68% confidence level (solid) and

95% confidence level (dashed). For the �
1,1
&@

coefficient, the observed limits consist of two intervals, having a second

minimum of the j2 distribution in the interval of [0.21,0.23].
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