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In this study, we explore the effects of CP-violating anomalous interactions of the
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1. Introduction

The Standard-Model (SM) is known as the most complete and rich model that is
capable of explaining a large number of experimental data. Despite this, SM is incomplete
as it is unable to explain some phenomena such as CP-violation [1, 2|, neutrino mass |3, 4],
existence of dark matter and dark energy [5] etc. This indicates that there should be
extensions to the SM to answer these open questions that cannot be addressed by SM. In
the present article, we explore the possibility to search for CP-violation in the process of
top-quark pair production via proton-proton collision in the semi-leptonic decay modes of
the top (anti-top)-quark. In particular, we find the CP-violation sensitivity to anomalous
top-quark couplings using T-odd triple product correlations [6, 7] constructed through the
momenta of the end state particles for the already present data at LHC with v/S = 13 TeV
and its luminosity intense variant HL-LHC with VS = 14 TeV. CP-violating anomalous
top-quark interactions have been studied extensively in the existing literature [8—13].

We consider the model independent approach where the CP-violation in the top-pair
production vertex is parameterised by anomalous top-quark coupling. The SM Lagrangian
could be modified through following effective Lagrangian where the modification in the
top-pair production vertex occurs through the additional term in the Lagrangian [11]:

95 (dy) - ,
Lo = =% () o )

where g, is the strong coupling constant, G*" is the gluon field-strength tensor, d, is
the interaction strength and A is the C P-violation energy scale. We consider the following
T-odd correlations induced by the anomalous top-quark couplings in the process pp — tt —
(bl 1) (b~ 17y) [14].

C1 = (o, Py, 01+,01-),

Co = q-(p+ —pi-) €(pr+ P Po + P G),

Cs = q-(p+ —pi-) (o, Py 21+ + 1= Q),

Cys = €e(Pypy— vy, 004,01 ),

Cs = e(py+pre,pp+Di-s Do+ Py Prv — Pi-)s (2)

where €(a,b,c,d) is defined as €(a,b,c,d) = euyaga“b”cadﬁ with €p193 = 1, which is a
completely anti-symmetric tensor and represents the Levi-Civita symbol of rank 4, py, (pp)
represents the momenta of the b (b)-quark and p;+ (p;-) represents the momenta of the
lepton(anti-lepton) that emerges from W+ (W ™) boson. P and ¢ are the sum and difference

of the two initial proton beams which can be numerically defined as

P=py+p++pp+p-, §=P1— P
(3)

All observables defined in equation 2 are odd under CP-transformation and take the
form of triple product pi.(p2 X p3), where p; (i=1,2,3) represents the momentum vectors.
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2. Numerical Analysis

We begin the simulation by incorporating the Lagrangian given in Eq. 1 in the
FeynRules [15|, which then interfaced with the Madgraphb [16] for the event generation
of tt pair via the process pp — tt at LO. The events produced were then interfaced with
pythia8 [17] for shower and Hadronisation. The values of the SM input parameters used
in our study are given in Table 1, the value of renormalisation and factorisation scale is
taken to be Mz and the parton distribution functions (PDF') considered was nn23lol. We
perform the analysis for LHC with v/S = 13 TeV for the integrated luminosity of 36.1 fb~!
and 140 fb~! and High Luminosity LHC HL-LHC with /S = 14 TeV for the projected
luminosities of 0.3 ab~! and 3 ab~!. The following cuts are implemented for generating the

events:
Pr(I1%) > 20 GeV, Pr(b,b) > 25 GeV, n(b,b,1%) < 2.5,
AR(bb) > 0.4, AR(IT17) > 0.2, AR(bl) > 0.4, Br > 30 GeV. (4)
SM parameter | Experimental value
mp(mp) 4.7 £ 0.06 GeV
mg(my) 173.0 + 0.4 GeV
My 80.387 £ 0.02 GeV
aM5 (M) 0.118 =+ 0.001
Table 1: Standard Model input parameter values [18].
Vs =13 TeV with [L=136.1 fb™? for C, Vs =13 TeV with [L =140 fb™! for C;
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Figure 1: The 2.50 (yellow) and 50 (red) regions in dg-A plane allowed by the production asym-
metries in the semileptonic decay modes at LHC with v/S = 13 TeV for the integrated luminosities
of 36.1 fb~! (left) and 140 fb~! (right) respectively.

We use the method of finding asymmetries to study C P-violation. A non-zero value of
asymmetry would indicate the presence of CP-violation. For this, we first produce events
for the process concerned for different sets of values of the coupling constant and the CP-
violation scale (dg4, A). The obtained results were then used for further analysis. In Figs. 1
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Vs =14 TeV with [L=0.3 ab™! for C, Vs =14 TeV with [L=3 ab™ for C;
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Figure 2: The 2.50 (yellow) and 50 (red) regions in d,-A plane allowed by the production asymme-
tries in the semileptonic decay modes at HL-LHC with v/S = 14 TeV for the integrated luminosities
of 0.3 ab™! (left) and 3 ab~! (right) respectively.

and 2, we show the 2.50 CL and 50 CL regions in dg,-A plane allowed by the production
asymmetries in the semileptonic decay modes at LHC with v/S = 13 TeV for the integrated
luminosities of 36.1 fb~! and 140 fb~! and at HL-LHC with v/S = 14 TeV for the integrated
luminosities of 0.3 ab™! and 3 ab™!. As we can see in the Figs. 1 and 2, we have a wide set
of (dg, A) values to achieve 5o sensitivity for CP-violating anomalous top-quark coupling.
The bounds on the coupling Jg at LHC with /s = 13 TeV and HL-LHC with v/S = 14
TeV for the luminosities of 36.1 fb=! to 3 ab~! are given in Table 2.

3. Conclusions

We have explored CP-violating anomalous couplings in the top-pair production ver-
tex through the process pp — tt — (bi*1;)(bl~ ). In particular, we find constraints on
CP-violating anomalous top couplings by measurement of production asymmetry in the
semileptonic detection modes. The sensitivity to CP-violating coupling at 2.5¢ CL and 5o
CL for LHC with v/S = 13 TeV and HL-LHC with /S = 14 TeV for luminosities of 36.1
fb=1, 140 fb=! and 0.3 ab™!, 3 ab™!, respectively are presented in Table 2.

VS (TeV) [ Ldt 4| (in Gev )
at 30 C.L. | at 50 C.L.
13 36.1 tb=1 | 0.29 x10™* | 0.6 x1074
140 b= | 0.52 x107® | 0.2 x10~*
14 (HL-LHC) | 0.3 ab=! | 0.39 x107® | 0.6 x10~°
3.0ab~! | 0.14 x107* | 0.1 x10~*
Table 2: bounds on coupling Jg ( % ) at 30 CL and 50 CL in the context of top-pair production

through the process pp — tf — (bi*1;)(bl~17) at LHC with v/S = 13 TeV and HL-LHC with /S =
14 TeV for the luminosities of 36.1 fb~!, 140 fb~! and 0.3 ab™!, 3 ab™', respectively.
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