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I. NUMERICAL CALCULATIONS

All event samples (NP signal and SM background)
were generated using MadGraph5_aMC@NLO [1] at
LO parton-level and with the SMEFTsim model of [2, 3]
for the EFT framework. The 5-flavor scheme was used
to generate all samples, with the NNPDF30_lo_as_0130
PDF set [4] and the default MadGraph5_aMC@NLO
LO dynamical scale.

Both the NP and the SM tri-lepton production cross-
sections were calculated with an additional jet. In
particular, for the NP: pp → t(t̄)ℓ+ℓ− and pp →
t(t̄)ℓ+ℓ− + j followed by the top(anti-top) decay t(t̄) →
bℓ′+νℓ′(b̄ℓ

′−ν̄ℓ′), while for the SM: pp → ZW± and
pp → ZW±+j followed by Z → ℓ+ℓ− and W± → ℓ′±νℓ′ .

Leptons were required to have transverse momentum
of pT > 10 GeV and pseudo-rapidity |η| < 2.5, while for
jets we used pT > 20 GeV, |η| < 5.0 and an angular
separation of ∆R = 0.4.

In Table I we list the estimated cross-sections for the
NP with Λ = 1 TeV (note that the NP cross-section
scales as Λ−4) and the SM contributions to the inclusive
pp → ℓ′±ℓ+ℓ−+X processes for mmin(ℓ

+ℓ−) = 200, 300
and 400 GeV, where mmin(ℓ

+ℓ−) is the lower cut on the
invariant mass of the same-flavor di-leptons. In particu-
lar, the mmin(ℓ

+ℓ−)-dependent cross-sections are defined
as:

σmmin(ℓ+ℓ−) ≡
∫
m(ℓℓ)≥mmin(ℓ+ℓ−)

dm(ℓℓ)
dσ

dm(ℓℓ)
. (1)

We note that the simulations were made without par-
ton showering and jet matching, which has no effect on
our CP-asymmetry (we confirmed that the calculated
CP-asymmetry with and without the extra jet in the
tri-lepton final state is the same within the numerical
error). Also, we did not perform any detector simulation
which is beyond the scope of this work and is left for a
dedicated analysis. Thus, the cross-sections reported in
Table I should be viewed as an estimate; a more realistic
calculation of the expected total cross-sections for this
type of NP and SM background can be found in [5].

II. DEPENDENCE OF THE CP-ASYMMETRY
ON THE NP SCALE

In Fig.1 we show the dependence of ACP on the NP
scale Λ, with parameters as indicated in the caption of the
figure. We see that the asymmetry in the ug-fusion case
falls rather slowly in the range Λ ∼ 1 − 4 TeV, whereas
in the cg-fusion case it drops steeply in this range, ap-
proaching 1/Λ4 where the SM contribution to the inclu-
sive tri-lepton background dominates.

TABLE I: The estimated cross-sections in [fb], for the
NP tri-lepton signals and the SM tri-lepton background.

Values are given for the NP parameters
Im (fSf

⋆
T ) = 0.25, Λ = 1 TeV and for three values of

mmin(ℓ
+ℓ−) as indicated. Also, all acceptance cuts

(e.g., pT and η of the leptons) have been applied, see
also description in the text.

mmin(ℓ
+ℓ−)[GeV ] ⇒ 200 300 400

σNP (ppug → ℓ′−ℓ+ℓ− +X) 12.43 11.65 10.84
σNP (ppūg → ℓ′+ℓ−ℓ+ +X) 0.98 0.87 0.76
σNP (ppcg → ℓ′−ℓ+ℓ− +X) 0.37 0.32 0.27
σNP (ppc̄g → ℓ′+ℓ−ℓ+ +X) 0.37 0.32 0.27
σSM (pp → ℓ′−ℓ+ℓ− +X) 0.33 0.11 0.05
σSM (pp → ℓ′+ℓ−ℓ+ +X) 0.56 0.21 0.10

FIG. 1: The expected CP-asymmetry ACP , as a
function of the NP scale Λ, for mmin(ℓ

+ℓ−) = 400 GeV
and Im (fSf

⋆
T ) = 0.25. Results are shown for the cases

of NP from ug and cg-fusion, which arise from the tuℓℓ
and tcℓℓ 4-Fermi operators, respectively. The SM
background is calculated from pp → ZW± +X.
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TABLE II: The expected TN -odd and CP asymmetries
AT , ĀT , ACP and the corresponding axis-dependent

asymmetries Ai
T , Āi

T , Ai
CP (i = x, y, z), for the

tri-lepton events pp → ℓ′±ℓ+ℓ− +X at the LHC with
mmin(ℓ

+ℓ−) = 400 GeV. Results are given for both the
ug-fusion and cg-fusion production channels (and the

CC ones). Numbers are presented for Λ = 1 TeV,
Im (fSf

⋆
T ) = 0.25 and the dominant SM background

from pp → ZW± +X is included. The cases where an
asymmetry is <∼ 0.5% is marked by an X.

ACP Ax
CP Ay

CP Az
CP

ug-fusion: 11.1% 8.1%, 8.1% X
cg-fusion: 3.9% X X 5.6%

AT Ax
T Ay

T Az
T

ug-fusion: 16.4% 11.3%, 10.7% 3.8%
cg-fusion: 3.1% 5.0 X X

ĀT Āx
T Āy

T Āz
T

ug-fusion: -5.8% -5.0% -5.6% 3.1%
cg-fusion: -4.7% -6.3% X X

III. AXIS-DEPENDENT CP-VIOLATING
TRIPLE PRODUCT OBSERVABLES

The triple products considered in the paper:1

OCP = p⃗a · (p⃗b × p⃗c) , (2)

can be divided into three axis-sensitive triple-products:

Oi
CP = pia · (p⃗b × p⃗c)

i
, (3)

where i = x, y, z denotes the x, y, z components of the
momenta, e.g., pza and (p⃗b × p⃗c)

z are the z-components
of the momenta p⃗a and (p⃗b × p⃗c), respectively. Note that
only three out of the four OCP and Ox,y,z

CP in (2) and

(3) are independent, since OCP =
∑

i=x,y,z Oi
CP. Further-

more, the axis-sensitive Ox,y,z
CP transform under P ,C,CP

and TN the same as OCP, so that all the discussion and
formulae for OCP in the paper applies also to Ox,y,z

CP . In
particular, the axis-dependent CP-asymmetries can be
similarly defined as:

Ax,y,z
CP =

1

2

(
Ax,y,z

T − Āx,y,z
T

)
, (4)

where Ax,y,z
T and Āx,y,z

T are the axis-dependent TN -odd
asymmetries.

In Table II we show a sample of our results for all
TN -odd and CP-asymmetries including the axis depen-
dent ones, for the tri-lepton events pp → ℓ′±ℓ+ℓ− + X
at the LHC, which are considered in this paper. The
asymmetries are calculated for both the ug-fusion and
cg-fusion production channels (and the CC ones), with
mmin(ℓ

+ℓ−) = 400 GeV , Λ = 1 TeV and Im (fSf
⋆
T ) =

0.25, and the dominant SM background from pp →
ZW± + X is considered. We see that a measurement
of the axis-dependent asymmetries can be used to distin-
guish between the tuℓℓ and the tcℓℓ CP-violating dynam-
ics. In particular, in the tuℓℓ case we obtain Az

CP → 0
and Ax,y

CP ∼ 8%, while for the tcℓℓ operator we find
Az

CP ∼ 5.5% and Ax,y
CP → 0. Note also that the axis-

dependent asymmetries may yield a larger effect, e.g., in
the cg-fusion case we find that Az

CP > ACP .

IV. DIFFERENTIAL DISTRIBUTIONS: SIGNAL
VS. BACKGROUND

In Figs. 2 and 3, we plot the di-muon invariant mass
and the triple-product differential distributions, respec-
tively, for an integrated luminosity of L = 1000 fb−1.
We show these distributions for the ug-fusion and the
CC ūg-fusion NP cases and the corresponding SM back-
grounds, assuming a NP scale of Λ = 1 TeV and/or Λ = 2
TeV. Note that the NP signals scale as Λ−4 and are cal-
culated with our benchmark value for the CPV coupling
Im (fSf

⋆
T ) = 0.25. Also, the triple-product distributions

in Fig. 3 are calculated with mmin(ℓ
+ℓ−) = 300 GeV.
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1 The triple products are defined in the laboratory frame and
we expect that systematic uncertainties in the reconstruction of
the momenta involved will be smaller then e.g., the case where

the momenta are defined in a rest frame of some particle(s).
Also, the kinematical cuts on the leptons involved should be CP-
symmetric, e.g., same pT cuts should be applied to all leptons.
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FIG. 2: Di-muon invariant mass distribution (stacked) for the tri-lepton e+µ+µ− (left figures) and e−µ+µ− (right
figures) signals, from ug-fusion and ūg-fusion NP processes, respectively, and the corresponding SM backgrounds.
The distributions are shown per integrated luminosity of L = 1000 fb−1, for Λ = 1 TeV (upper figures) and Λ = 2

TeV (lower figures).
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FIG. 3: Differential distribution (stacked) of the triple products OCP (left figures) and ŌCP (right figures) in the
tri-lepton NP signals and corresponding backgrounds. The NP is from ug → tµ+µ− → e+µ+µ− (left figures) and

ūg → t̄µ+µ− → e−µ+µ− (right figures) with Λ = 1 TeV (upper figures) and Λ = 2 TeV (lower figures). The
distributions for both signal and background are calculated with the cut on the di-muon invariant mass of

mmin(ℓ
+ℓ−) = 300 GeV and per integrated luminosity of L = 1000 fb−1. See also text.


