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Abstract

There exist several recent studies of the top-quark CEDM in the context of searching
for CP violating signals in top-quark pair production at the LHC. Most of these studies
constrain the CEDM either from deviations in the top-pair cross section from its standard
model value, or from T-odd asymmetries in the dimuon channel. Motivated by ATLAS
and CMS interest, we extend the study of T-odd asymmetries to the lepton plus jets
channel. At the parton level, using MadGraphb, we identify the most promising signals
and their statistical sensitivity. We find that the signals with larger sensitivity to the
CEDM require distinguishing between b and b jets and propose a simple way to address
this.
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I. INTRODUCTION

As the LHC becomes a top-quark factory it becomes increasingly interesting to
search for new sources of CP violation at high energy. In the absence of a compelling
new model with CP violation affecting the top-quark, a good first step is to study
the lowest dimension operators that can induce the desired effect. In particular,
since the dominant production process for the top-quark at the LHC is gluon fusion,
the top-quark CEDM becomes the benchmark for this type of studies.

The flavor diagonal dipole couplings between top-quarks and gluons of magnetic
and electric type are conventionally written as,

L= % [ T (af + insdf) t G2, (1)

with d being the CP-odd CEDM. As written, this operator is not gauge invariant
under the full standard model gauge group. Within the context of effective field
theories and assuming that the particle discovered at the LHC is the SM Higgs
boson, the gauge invariant generalisation of Eq. 1 is, in the notation of Ref. [1],

d ~
L= gSALf G0 T $GS, + h.c, (2)

where g3 is the third generation SM quark doublet, ¢ is the scalar doublet, §Z~52 =
€;;¢; and the SU(3) generators are normalized as Tr(7,7}) = 0,/2. Electroweak
symmetry is spontaneously broken when the scalar acquires a vacuum expectation
value (vev) < ¢ >=v/v/2, v & 246 GeV resulting in the correspondence

\/5 v

DR Im(dy). (3)
The main effect of imposing invariance under the SM group in this case is that the
top-quark CEDM also modifies Higgs production in association with a top-quark
pair [2-7]. For our numerical estimates we will implicitly assume a new physics
scale A =1 TeV, but rescaling to any other value can be simply read off Eq. 2.

& —

The top-quark CEDM has been studied at length in connection with top-quark
pair production and decay [8-33]. A typical result is that of Ref. [17] where it is
found that using CP-odd observables the 5o statistical sensitivity with 10 fb=! at
14 TeV to df is of order 0.1/my.

Most of the previous studies rely on measuring deviations from the SM cross-
section, or on measuring T-odd observables in the dimuon channel. Our purpose
in this paper is to extend the study of CP-odd spin correlations written directly
as T-odd triple products of momenta in the lab frame [34] to the lepton plus jets
channel for the top-quark pair.

II. NUMERICAL STUDY

For our numerical study we generate multiple event samples for the process
pp — tt — bbl*vjj where ¢ = p,e at 14 TeV center of mass energy that we
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summarize in the Appendix. The CEDM coupling is implemented in MadGraph5
[35] with the aid of FeynRules [36] . We use the resulting UFO model files to
generate events for several values of d;; in a range motivated by our previous results
from Ref. [17].

To single out CP violating couplings, we consider T-odd correlations that in-
volve the beam, t-quark, b-quark, lepton and jet momenta with as many as eight
momentum factors. These include all the ones that have been previously discussed
in the literature to our knowledge. For each of these correlations, O; we quantify
our bounds using the integrated asymmetry in the lab frame defined by

A = O'(C)i>0)—0'((92'<0)7 (4>

OSM

The events preserve all spin correlations between production and decay of the top-
quarks as the full amplitude for the process is calculated. In each case we generate
event samples with one million events after cuts, implying a 1o statistical sensitivity
to all asymmetries at the (0 /0gyx0.1)% level. We have used the following kinematic
cuts

lpr,;l > 20, |prys| > 25,
M5l <25, FEr > 30,
ARy > 0.4 (i,k=p,b,7) (5)

The beam momenta are written as P* = pi' 4+ ph and ¢ = p}' — py. All observables
involving ¢ will be quadratic in g respecting the p; <> p, identical particle symmetry
of the initial state.

We begin with the point Im(d,g) = 3 for A = 1 TeV, which corresponds to almost
twice the 50 sensitivity for 10 fb™! found in Ref. [17] in the dilepton channel. We
use the dilepton channel as a benchmark to calibrate the size of the asymmetries,
so we start by repeating the calculation for this case and tabulating our results
in the second column of Table I for thirteen different observables (the notation is
further explained in the Appendix). In the third column of Table I, we present the
corresponding correlations for the lepton plus jets channel for the idealised case in
which the d-quark (or s-quark) could be tracked. Of course, these are not observable,
but they allow us to compare directly with the dilepton channel since the charged
lepton or down-type quark are the best spin analysers in top decay. The results
in Table I indicate that, with appropriate modifications, almost all the observables
in the dilepton channel can be reproduced (at least in principle) in the lepton plus
jets channel. In many cases the correspondence involves keeping track of the lepton
charge as a way to keep the momenta in the correlation in the right order. There
are three correlations that do not involve non-b jet momenta, As 512, and they agree
for both channels within statistical error (see note on As below).

Several comments with respect to Table I are pertinent:

! The code is available from the authors upon request.



pp — tt — bl Fp pp — tt — bblEjjEp
O, e(t,t,0t,07) qe €(t, t,0,d)
Aq -0.1540 —0.1535 Pbvia, —0.1114
@ e(t,t,b,b) e(t,t,b,b)
Ay -0.0358 —0.0311 222, 0.0527
O3 (b, b, £+, 07) qe €(b,b, £, d)
Asg -0.0902 -0.0838
Os (bt b 0,0 c®f, b0, d)
Ay -0.0340 -0.0319
Os q- (0t =07 )e(b,b, 01 +07,q) qeq - Le(b, b, 0, q)
As -0.0309 -0.0115
Os e(P,b—b, 0, 07) qe €(P,b—b,0,d)
Ag 0.0763 0.0742
O7 q-(t—1t)e(P,g,t*,07) a q- (t—1)e(P.q,¢,d)
Az -0.0373 —0.0325 2P, 0.0257
Os |qg-(t—1)(P-£e(q,b,b,07) + P-£=¢(q,b,b,47))|q- (t —)(P - £e(q,b,b,d) + P - de(q,b,b, 1))
Asg 0.0074 0.0113 2222 .0094
Oy q- (0t —07)e(b+b,q, 07, 07) q-Lle(b+b,q,¢,d)
Ag 0.0089 0.0051
O1o q-(b—"0)e(b,b,q, t+ +107) q-(b—"0b)e(b,b,q,d)
Aqo -0.0069 -0.0045
On q-(b—"0)e(P,q,b+b, b+ —17) qq - (b—b)e(P,q,b+b,d)
Al -0.0147 0.0140
Oy q-(b—"0b) e(P,q,b,b) q-(b—"0b) e(P,q,b,b)
Aqs 0.0058 0.0041
O13 E(P,b—l—g,g—’_,f_) qZE(P,b—Fl_),f,d)
Az 0.0032 0.0025

TABLE I: Comparison of asymmetries in the dilepton and semileptonic channels for dyg =
3, A =1 TeV. The latter do not yet correspond to observable asymmetries and serve only
for this comparison.

e Identifying the T-odd correlations in semileptonic top-pair decay with the
corresponding one in dilepton decay by using d <> ¢ results in the same asym-
metry within statistical error. This is as expected and an important check at
this stage of the calculation.

e When the identification is not exact, as in Aj there is a small difference. We
can check this is the case by repeating the semileptonic asymmetry with the
correlation qeq - (¢ — d)e(b, b, (£ + d), q), in which case we find A5 = —0.0284.

e The momentum of the top-quark that decays leptonically can not be fully
reconstructed. To see what effect this has, we repeat the calculation of the
semileptonic asymmetries that involve a top quark momenta, replacing it with



the visible top quark momenta defined as

Pt—vis = Pb + Do (6)

This results in the asymmetries also shown in Table I. It is not necessary to
repeat this exercise for the dilepton events since we do not concern ourselves
with those in this paper, and this was done in Ref. [17].

In Table II we construct the observables in terms of jet momenta, but still at
the parton level. To do this we must define the non-b jet in a CP blind way and
there is more than one definition that works. We illustrate the effect of four different
definitions in Table II:

e j; the jet in this case is the hardest non-b jet (largest pr)

e j, the jet in this case is the second hardest non-b jet. Note that at the parton
level this is the same as the softest non-b jet.

e j3 the jet is the one closest to the b jet in the hadronic top decay side of the
process, as determined by AR.

e j4 the jet reconstructs the W that decays hadronically, that is, p; = py + pp
where U =uworcand D =dor s

In addition, we replace any top-quark momenta with the visible top-quark momenta
as defined above.

Our numerical results are collected in Figure 1. They can be summarised with
fits to the thirteen observables of the form

(7)

1 TeV\?
A

A = ¢ dya (
with the coefficients ¢; tabulated in Table II .

Several conclusions can be drawn from Table II.

e The asymmetries that do not require distinguishing between a b and a b,
Ag 10,1213, are not very sensitive to the CEDM, in fact they are consistent with
zero within our statistical error.

e In view of this, and because it may not be possible to completely distinguish
the b and b jets at LHC, we propose O4 in which the b’s are classified by
closeness to the lepton (b°) or hardest jet () as defined by AR.

e It appears that O; has the largest sensitivity. Since the ¢ or £ momentum can
not be fully reconstructed in the lepton plus jets channel we use the visible
top momenta and this makes O 5 3 related. For example

Ol[pt—visv.j4] = G(b_'_ €+7B+ W_7€+7 W_) - E(b + W+7B+ e_ve_v W+)
= E(b> Ba €+> W_) - E(b> Ba E_a W+) = 03[]4] (8)

as can be seen from simple kinematics.



O; Jjl
1/-0.0094
2]-0.0159
1 € t>t7€7 02 ' i
a et t.6) 3|-0.0163 ‘i 006017
4]-0.0160 ) 0‘0008
2 | e(t,t,b,b -l-0.0160] |9 |g-le(b+b,q,,5 '
(t,1,b, b) o oL q- el 0:6.J) 310.0026
) '0‘0157 41 0.0014
3 |qe e(b,b,l,j) 5 ’0'0198 11-0.0012
4 -0:0160 10|g - (b —b)e(b, b, q, ) 2/-0.0011
T o.00aL 3]-0.0011
) '0'0055 41-0.0012
4 le(v', V7,0, 79) e 1]0.0037
31-0.0057 i N N
4(-0.0048| [11|qe q- (b—b)e(P,q,b+b,7) 5 0'0042
5 | qoq-Lle(b,b,t,q) -1-0.0022 A 0'0041
1]0. = - '
X 88(1)22 12]q-(b—0) (Pq.b5)  |-]0.0018
6 e(P,b—0,0, : 1] 0.0000
a < 7 3/0.0140 ol 0.000
410.0117| |13| qe(P,b+b, 2,5 '
o003 aeel 2 3( 0.0000
) '0‘0039 410.0001
7 (t—1)e(P,q, 0,4 e
q q-(t—1)e(P,q,t,5) 30,0032
4]-0.0036
1]0.0017
. . —12]0.0021
8 |g-(t—1)(P le(q,b,b,7)+ P-je(q,b,b, ¢
q-(t—1)( (¢,0,0,7) Je(q ) 30,0020
4(0.0019

TABLE II: Asymmetry coefficient ¢; for Eq. 7 for the four different ways to pick the jet.
Note that t or t denote the wvisible top (or anti-top) momenta as defined in Eq. 6.

e Table I shows that the sensitivity of the lepton plus jets channel is in principle
as good as that of the dimuon channel. There is substantial dilution in going
from an unobservable d quark to a jet. As Table II shows, however, a judicious
choice of the jet to go in the asymmetry can improve sensitivity by factors of
two. The only condition in choosing this jet is that it should be CP blind: the
probability should be the same in t or ¢ hadronic decay.

e To arrive at the true sensitivity it will be necessary to simulate events at the
hadron level and try different jet definitions, this task is better suited for the
experimental collaborations.



A. Background

The dominant background processes discussed by the CMS and ATLAS collab-
orations are single top production, W plus jets, Z plus jets and QCD. None of these
backgrounds is CP violating in the SM and hence they cannot contribute to true
CP odd observables (those without the four-vectors P or ¢). In these cases they can
only dilute the asymmetries by resulting in a larger measured cross-section. The
level at which this can occur can be inferred from the cross-section measurements,
and in the 7 TeV CMS lepton plus jets analysis they would be under 6.5% [37]

o = (158.1 £+ 2.1(stat) & 10.2(syst) £ 3.5(lum)) pb (9)

The asymmetries involving initial state momenta could be faked by unitarity phases
[38], such as those appearing at higher order in QCD [39]. This issue has not
been fully studied for top-quark pair production, but at least in this case it can be
addressed by studying the asymmetries A; and Az for example.

B. Dilution factors

There are several experimental factors that will affect the measurement of any
of these asymmetries. Among them, not being able to distinguish between b and b
jets, misidentifying the event as a top pair event, mis-reconstructed objects, spatial
resolution for particle momenta and so on. A simple way to parameters these effects
is with a dilution factor

Aexp i = éfAi (10)

where the dilution factor ¢ will be a product of dilution factors from all the ex-
periment effects. For example, we have identified two of them in this paper for

031
Epbvsd 0.3 (11)
Enot 17 ~ 0.96 (12)

The first factor is estimated by comparing A3 and A4 but note that the experiments
may do better than this. The second factor is estimated from Table 2 in Ref. [37].
The remaining cross section from the main background processes (in lepton plus jets
at 7 TeV) were found to be: single top 1.17+0.10 pb; W +jets 3.354+0.26 pb; Z +jets
1.43 £ 0.29 pb, resulting in the number quoted above. This simple parametrisation
in terms of dilution factors will work as long as there is no CP violation in the
background.

III. SUMMARY

Recent studies have dealt with placing limits on the CEDM of the top-quark by
studying deviations from the SM cross-section for top-pair production at the LHC.

7



To single out the CP violating nature of this coupling, T-odd correlations have been
proposed with simulations concentrating on the dimuon channel. In this paper we
extended the numerical studies of T-odd correlations to the lepton plus jets channel
motivated by its higher statistics and interest from the experimental collaborations.
We first identify operators in lepton plus jets that correspond to operators in the
dilepton channel and compare their sensitivity. Once we have established the form
of the operator through this comparison, we construct observables at the parton
level in terms of jet momenta. We study the effect of different jet definitions on the
sensitivity of the observables. One of the most sensitive observables we find, Os,
corresponds to T5 discussed in Ref. [14] who finds a similar sensitivity to the CEDM
as we do.
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Appendix A: Summary of results

The lepton plus jets events are generated with commands
generate pp — tt, (t — blTv), (f — bjj)
add process pp — tt, (t — bl™D), (t — bjj)
with the cuts of Eq. 5. Our numerical results are summarised in the figure below.
We generate samples of one million events after cuts for each of ten different values
of the coupling Im(d;) and plot the asymmetry calculated from these events along
with its statistical error. We fit these points with a straight line going through
the origin (as there is no asymmetry for pure SM) to obtain the numbers shown in
Table II.

The notation used in writing the correlations is shown below for O3 as an ex-
ample. With p = (E, ps, py, p:)

O3 = qe(b,b,0,§) = QeuappyPiDiD] (A1)
where for the Levi-Civita tensor we use the convention €y23 = —1. This can be

written as a determinant,

Doz Dby Db Ep
7"E b 72 E7
Os = q DPox Poy Pb. L (A2)
Dex Pey Pe- By
Dje Djy Dj= Ej

In the form given, O; is a Lorentz scalar that can be calculated in any frame and
that turns into the more familiar triple product correlation in specific frames. In



this case, in the bb centre of mass it becomes,

(bb)CM qe

O3 —— —Lmy(ph —

b) - (e % Pj)
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FIG. 1: Asymmetries calculated from samples of 105 MC events with their estimated

statistical error and our best linear fits. In all cases where there is a top-quark four-

momentum (or anti-top-quark) we use the visible momentum as defined in the text.
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