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This paper studies new possibilities to directly measure a hypothetical CP-odd (pseudoscalar)
component in the top-quark Yukawa coupling. In particular, the role of the 77k center-of-mass rest frame
in the associated production of a top pair and a & boson at the LHC is explored. The & boson is assumed to
have both a CP-even (scalar) and a CP-odd coupling to the top quark. The relative strength of the scalar and
pseudoscalar components is regulated by an angle a. Observables sensitive to the nature of the top-quark
Yukawa coupling are proposed. These observables are defined in terms of the transverse and longitudinal
projections of ¢, 7 and 4 momenta with respect to the beam axis in the 77h rest frame. Distributions
differential with respect to those observables are evaluated up to next-to-leading order in QCD. These
distributions are found to be sensitive to the CP nature of the coupling. Dileptonic final states of the t7h
system (with 7 — bb) are used, after fast DELPHES detector simulation and full event reconstruction
through a kinematic fit, as a case study to test the observables’ sensitivity to the CP nature of the coupling.
Confidence levels are presented as a function of the total integrated LHC luminosity for the case of
exclusion of a pure CP-odd coupling against the Standard Model CP-even hypothesis. By using
observables evaluated in the f7A system, the luminosity needed to directly probe the CP properties of the
top-quark Yukawa coupling at the High-Luminosity run of the LHC can be decreased by a few hundred
inverse femtobarns, when compared to analyses that use observables in the laboratory rest frame. In
addition, transverse momentum distributions of the / boson and top quarks are found to provide no more

discriminant power than a counting experiment.

DOI: 10.1103/PhysRevD.100.075034

I. INTRODUCTION

Following the Higgs boson discovery [1,2] and the
observation of the associated production of a top-quark
pair and a Higgs boson at both ATLAS and CMS experi-
ments [3.,4], the study of the Higgs-boson properties, such
as Yukawa couplings, at the Large Hadron Collider (LHC)
is now of utmost importance. To date, no significant
deviations have been observed in the measured production
and coupling properties of the Higgs boson [5—13] with
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respect to Standard Model (SM) predictions. However, it is
by now clear that the SM cannot explain all of the observed
physical phenomena. For example, the SM fails to explain
the matter/anti-matter asymmetry of the Universe, for
which new sources of CP violation beyond the SM
(BSM) are required. One possible additional source of
CP violation could come from the Higgs sector. This is
predicted by several BSM models, such as 2-Higgs
doublets models, where the Higgs boson(s) may not have
a definite CP quantum number, resulting in a Yukawa
coupling with two components, one CP-even and one CP-
odd [14]. In order to accommodate a possible CP-odd
contribution to the top-quark Yukawa coupling, in this
work the following Lagrangian was considered:

L = —y,i(cos a + iys sina)th, (1)
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where y, is the SM Higgs Yukawa coupling and «a is the
angle that regulates the relative strength of the scalar and
pseudoscalar components of the coupling [15]. Note that
with this Lagrangian the Higgs field 4 has no definite CP
quantum number. The SM interaction is recovered for
cos @ = =£1; in that case & is the SM Higgs boson, indicated
by H. The pure pseudoscalar coupling is obtained by
setting cosa = 0; in that case the field & corresponds to
a purely pseudoscalar field, indicated by A in this work.

Strong bounds on the electric dipole moment (EDM) of
the electron indirectly constrain the magnitude of a possible
CP-violating component of the top-quark Yukawa coupling.
The constraint assumes the SM values for the CP-even part
of the coupling and no cancellation among other contribu-
tions to the EDM [16]. Although indirect limits are impor-
tant to predict the size of a possible pseudoscalar component
in the top-quark Yukawa coupling, they are complementary,
rather than alternative, to direct CP measurements. Eventual
discrepancies between direct measurements and indirect
predictions could signal the presence of new physics.

The study of the C'P properties of the top-quark Yukawa
coupling, both in the associated production of a top-quark
pair and a Higgs boson and in the associated production of
a single top quark and a Higgs boson, received significant
attention in recent years [17-31]. In particular, the asso-
ciated production of a top-quark pair and a Higgs boson is a
process that provides a direct measurement of the top-quark
Yukawa coupling [32—-46]. This process has been studied in
detail and next-to-leading order (NLO) QCD results have
been refined by adding NLO electroweak corrections
[47-49], soft emission effects up to next-to-next-to-leading
logarithmic accuracy [50-54] and off-shell effects [55,56].
Recent predictions at NLO in fixed order perturbation
theory, including resummation of soft emission corrections
to next-to-leading-logarithmic accuracy [57], have shown
that several differential distributions can provide useful
information on the possible presence of a pseudoscalar
component in the top-quark Yukawa coupling. This paper
considers the possibility of measuring some of the observ-
ables defined in [58] in the 77h rest frame rather than in the
laboratory frame. It is found that this choice improves the
sensitivity of these observables to the possible presence of a
pseudoscalar component in the top-quark Yukawa cou-
pling. Other observables that could probe the CP nature of
other heavy-fermion couplings have been considered in the
literature; for example, the case of the 7 lepton in tHz7h
production process is presented in [59—65].

As this work focuses on observables boosted to the f7h
center-of-mass frame, the full four-momenta reconstruction
of the top quarks and & boson is required. The dileptonic
final state of top-pair production, with the /2 boson decaying
to bottom quarks, is considered to study the sensitivity of the
proposed observables. The two charged leptons in the final
state provide a clean experimental signature, preserving as
well useful information on the spin of their parent top

quarks. It is interesting to observe that the specific nature of
the coupling changes the angular distributions between the
momenta of the 4 boson and the top quarks in 77k events.
Clear differences are seen, in particular, when the angles are
evaluated in the 77/ center-of-mass system. This observation
motivates the search for differential distributions in the 77h
center-of-mass frame that are sensitive to the CP nature of
the top-quark Yukawa coupling.

The paper is organized as follows. In Sec. II, the parton-
level distributions are introduced together with the CP
observables used in this study. Distributions of event
samples after parton shower are also shown in Sec. IIL
Section IV describes a case study in the dileptonic final
state of f7h, presenting the main features of event gen-
eration, detector simulation and analysis. In Sec. V,
expected confidence levels (CL) for the exclusion of a
pure pseudoscalar are presented for different distributions
at reconstruction level, i.e., after the dileptonic case-study
analysis. Finally, conclusions are drawn in Sec. VI.

II. PARTON-LEVEL DISTRIBUTIONS

This section is devoted to the study of the effect of the
Lagrangian in Eq. (1) on the total cross section and on the
differential distributions that depend on the momenta of
the massive particles in the final state. The total cross
section and differential distributions discussed here were
evaluated by means of MadGraph5_aMC@NLO [66] up to
NLO in QCD. The Lagrangian in Eq. (1) is implemented in
the HC_NLO_XO0 model [67]. In this calculation the top
quark, the antitop quark and the 4 boson are assumed to be
on-shell. All of the calculations presented in this section
were carried out by employing MMHT 2014 NLO PDFs
[68]. The top quark and Higgs boson masses were set to

m, =173 GeV m;, = 125 GeV, (2)

respectively. The calculations were carried out by using a
default dynamic factorization and renormalization scale

M
Hor =Hos =7 (3)

where M indicates the invariant mass of the top-antitop-
Higgs final state. The theoretical uncertainty associated to
the missing beyond-NLO corrections was estimated by
varying separately the factorization and renormalization
scales in the range {M/4,M} and by considering the
envelope of the nine values for the cross section found
through this variation.

The total cross section in the case of a purely scalar
coupling, including the residual scale uncertainty derived
from scale variation, is

- 168.3(14%)
ol — 474.8_51_6(11%) fb, (4)

while the total cross section for the purely pseudoscalar
case is
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7 36.4(19%
o™ = 192450350 b, (5)

in agreement with what was found in [57]. The total cross
section for an arbitrary value of the angle a can be found
starting from the two results above, since
'™ = 6™ cos® a + o™ sin” a. (6)
The distributions which are differential with respect to
the top quark or h-boson transverse momentum and
pseudorapidity in the 77k center-of-mass system are shown
in Fig. 1. The red bands represent the distributions in the
purely scalar case, while the blue bands represent the
distribution in the purely pseudoscalar case. The width of
each of the bands represents the scale uncertainty obtained
by varying the factorization and renormalization scales as
described above. The inset below each plot shows the
relative scale uncertainty in each bin. By looking at these
insets one can see that the scale uncertainty in percentage is
very similar in the scalar and pseudoscalar cases. The shape
of the differential distributions considered in Fig. 1 is more
easily seen in Fig. 2, where the distributions are normalized
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FIG. 1.

to the total cross section, i.e., the value of the distribution in
each bin is divided by the total cross section, so that the
heights of all of the columns in the histogram (including the
ones that fall out of the range shown in the figure) add up to
one. Since for normalized distributions the scale uncer-
tainty bands become very thin, only the distributions
calculated at y; = y, = M/2 are shown in Fig. 2. From
the figure, one can see that the scalar case (in red) and the
pseudoscalar case (in blue) have similar shapes for the
distributions differential with respect to the top-quark
transverse momentum p} and boson pseudorapidity 7.
In contrast, the shape of the distributions differential with
respect to the boson transverse momentum p’ and espe-
cially top pseudorapidity #, are quite different in the scalar
and pseudoscalar cases. The 5, distribution shows one
single maximum at 77, = 0 in the scalar case while it shows
two distinct symmetric maxima for positive and negative
rapidity in the pseudoscalar case. For what concerns the py
distributions, these results are, as expected, similar to the
ones found in the laboratory frame and discussed in [57].
Conversely, the top-quark pseudorapidity distributions in
the scalar and pseudoscalar cases calculated in the 77/ rest
frame (shown in the top right corner of Fig. 2) show a more
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Parton-level kinematic distributions in the ¢7h center-of-mass system. The /4 boson and top-quark pseudorapidities are shown

in the upper left and right panels, respectively. The & boson and top-quark transverse momenta are shown in the bottom left and right

panels, respectively.
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FIG. 2. Normalized parton-level kinematic distributions in the 77/ center-of-mass system. The & boson and top-quark pseudorapidities
are shown in the upper left and right panels, respectively. The & boson and top-quark transverse momenta are shown in the bottom left

and right panels, respectively.

marked difference than in the laboratory frame. This
indicates that other differential distributions evaluated in
the ¢7h rest frame might help to discriminate between the
case of a scalar and pseudoscalar component in the top-
quark Yukawa coupling.

Indeed, in addition to the distributions described above,
several other observables were introduced to isolate the
pseudoscalar component of the top-quark Yukawa coupling
in [58]. However, those differential distributions were
designed to be measured in the laboratory frame. For the
purposes of this paper, it is useful to extend the definition of
two of them, bJ; and bf;, to the t7h rest frame. In particular,
one can define

(P x k.).(P] x k)

bl(i. j) = - : (7)
AlzA
fof
.. PiPj;
bﬁ(z,n:—lﬁ’;l‘j; , (8)
illPj

where i, j = {t,7, h} (without repetition), ﬁf (p{ .) is the ith
particle total (z-component) momentum measured in the

J frame (with f = 7h if the observable is evaluated in the
tth rest frame while f = LAB if the observable is evaluated
in the laboratory frame). Finally, IAcz corresponds to the
beam line, which defines the z direction. In the context of
this section, the variables in Egs. (7) and (8) are considered
exclusively as measured in the ¢7h frame.

Figure 3 shows the differential distributions with respect
to bi(i, j) and b (i, j) for the three possible choices of
i, j. As in the previous figures, the red bands correspond to
the pure scalar case while the blue bands correspond to
the pure pseudoscalar case. The bands’ width indicates the
scale uncertainty. The inset below each plot shows the
width of the scale uncertainty band in each bin as a fraction
of the central value in the bin. A better impression of the
discriminating powers of these observables is obtained by
looking at Fig. 4, which shows the normalized distributions.
By looking at that figure one can see that the shapes of
the b5"(t,7) and bi"(1,7) distributions (first column in
the figure) are very different in the scalar (red line) and
pseudoscalar (blue line) cases. On the contrary, the bg” (t,h)
distributions and especially the b{"(z, h) distributions look
quite similar in the case of a pure scalar and a pure
pseudoscalar coupling.
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FIG. 4. Normalized parton-level b§" and b7 distributions in the 7 center-of-mass system. The b4" distributions for 7, 7/ and th are
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In this context, it is interesting to study the impact of  p% and p?.. As usual, red lines refer to the pure scalar case,
the NLO QCD corrections on the shape of various while blue lines refer to to pure pseudoscalar case. If NLO
distributions in the f7fh center-of-mass frame. Figure 5 QCD corrections would not distort at all the shape of the
shows the bin-by-bin ratio of the NLO and LO normalized ~ normalized distributions, Fig. 5 would show flat horizontal
differential distributions of the variables b5"(¢,7), b (¢,7),  lines at k = 1.
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FIG. 5. k-factor distributions in the 77h center-of-mass system. The b5 (2, 7) and b4"(z,7) distributions are shown in the upper left and
right panels, respectively. The / boson and top-quark transverse momentum distributions are shown in the bottom left and right panels,

respectively.

By observing the figure one can notice that NLO QCD
corrections have a considerable impact on the shape of the
b (t,7) and bi"(¢,7) distributions, and a milder impact on
the shape of the p% and p! distributions. (It should be
stressed that the scale on the k-factor axis is different in the
four panels in Figure 5.) Moreover, for the b5"(1,7) and
bY"(1,7) distributions in particular, the impact of the NLO
QCD corrections on the shape of the distribution is different
for the scalar and pseudoscalar cases.

For all of the absolute distributions considered in this
section, the distribution for an arbitrary value of the angle a
can be obtained by combining the distributions for ¢ = 0
(scalar case) and for @ = n/2 (pseudoscalar case) in each
bin as indicated in Eq. (6) for the case of the total cross
section. Normalized distributions and k-factor distributions
for arbitrary a can then be obtained starting from the non-
normalized distributions and total cross section for the
chosen value of a.

This preliminary study of the differential distributions
for on-shell top-antitop pair and /2 boson leads us to
conclude that the reconstruction of the massive particle
momenta in the ¢fh frame can give a significant

contribution in identifying a possible pseudoscalar compo-
nent in the top-quark Yukawa coupling.

III. PARTON-LEVEL DISTRIBUTIONS
WITH SHOWERING

In this section several observables, and in particular b";

and bﬁ: defined in Eqgs. (7) and (8), are reanalyzed for event
samples after parton shower. In order to produce the
distributions presented in this section, samples for r7H,
t7A and 7bb production were generated with MadGraph5_
aMC@NLO [66]. For the ffH and tfA signals, the
HC_NLO_XO0 model [67] was used. The samples have
NLO accuracy in QCD and were generated by employing
NNPDEF2.3 PDFs [69,70]. The input mass parameters used
are the same ones that were employed in the parton-level
calculations described in Sec. II. Dynamical factorization
and renormalization scales, set equal to the sum of the
transverse masses of all final state particles and partons,
were used. The distributions were obtained by using the
NLO four-momenta of top quarks, 2 boson and b quarks
(for ﬁbB), before decay but after parton-shower effects,
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FIG. 6. Normalized two-dimensional distributions at NLO including shower effects: (x axis) the angle between the 4 boson and the
closest top quark (¢ or 7), plotted against (y axis) the angle between the /4 boson and the farthest top quark (7 or 1), in the 77h center-of-
mass frame. The pure scalar SM f7H distribution (top left), the pure pseudoscalar signal f7A (top right) and the dominant 17bb
background (bottom) are shown. In the latter, the role of 4 is played by the bb system.

i.e., using the four-momenta information of the last
corresponding particle found in the event history. It must
be observed that the 7bb background is affected by large
uncertainties [71,72].

As mentioned in the Introduction, angular distributions
show clear evidence of kinematic differences between the
scalar and pseudoscalar type of signals. Moreover, these
signals also show significant kinematic differences with
respect to the dominant #7bb background distributions. An
example of two-dimensional distributions can be found in
Fig. 6. In the first two panels of the figure, the x axis
corresponds to the angle between the /2 boson (2 = H in the
top left panel, 7 = A in the top right panel) and the top
quark (¢ or 7) closest to it, evaluated in the 77h center-of-
mass frame. The y axis corresponds to the angle supple-
mentary to the angle between the /4 boson and the farthest
top quark (7 or ), in the f7h center-of-mass system. In the
lower panel in Fig. 6, which deals with 17bb events, the role
of the / boson is played by the bb system, so that the angle
on the x axis is the angle between the momentum of the bb
system and the closest top quark. The colors indicate the
normalized number of events in each bin in the x-y plane,
evaluated at NLO with parton shower. The top left panel in
Fig. 6 shows that, in the case of the pure scalar SM (71H

production at the LHC, the Higgs boson tends to be
produced very close to one of the top quarks and almost
back-to-back to the other one. For the pure f7A pseudo-
scalar signal, shown in the top right panel in Fig. 6, one can
see that A is found to have wider angular distances with
respect to both top quarks. The main dominant background
fibb, shown in the lower panel in Fig. 6, is such that the
angles between the bb system and the top quarks are
distributed differently with respect to both the 7H and 1A
cases. This shows that the kinematic properties of top
quarks and & boson in f7h associated production at the LHC
are quite different for the scalar (17H) signal, the pseudo-
scalar (17A) signal, and for the dominant background 7bb.
When these angular distributions are studied in the tzh
center-of-mass frame, the differences between the scalar
signal, pseudoscalar signal and background cases emerge
clearly. Moreover, as the spin information survives parton
showering, detector simulation, event selection and event
reconstruction [73-75], differential distributions can be
used to separate the scalar and pseudoscalar signals. These
distributions can also be employed to disentangle the 7h
signal from the dominant background contributions.

In Fig. 7, relevant one-dimensional normalized differ-
ential distributions are shown. The differential distribution
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FIG.7. Normalized pseudorapidity () distributions for the top quark (left) and the bb system (right), at NLO including shower effects.
The distributions measured in the laboratory frame (solid lines) are compared with the ones in the ¢7h center-of-mass system (dotted
lines). For comparison, the results of the ffbb dominant background, the scalar 7H and pure pseudoscalar 17A, are shown.

with respect to the pseudorapidity # of the top quark is
shown in the left panel, while the pseudorapidity of the bb
system is shown in the right panel. The laboratory frame
distributions are represented by solid lines, while the
distributions in the ffh center-of-mass system are repre-
sented by dotted lines. For completeness, the distributions
for the t7bb dominant background are also shown together
with the pure scalar and pure pseudoscalar signals. For the
scalar case, the top-quark # distribution becomes more
peaked at the center in the t7H center-of-mass frame than in
the laboratory frame. For the pseudoscalar case, the top-
quark # distribution shows a marked minimum at the center
in the f7A rest frame which is not present in the laboratory
frame. The shapes of the top-quark # distributions in the 77h
center-of-mass frame are in agreement with the NLO
calculations for on-shell #zh discussed in Sec. II. By
looking at the right panel in Fig. 7 one can see that the
distributions with respect to the pseudorapidity of the bb
system are more peaked at the center in the 77k frame than
in the laboratory frame, for both the scalar and the
pseudoscalar cases.

10°
LHC, (s =13 TeV

24.9

tibb (LAB)  tibb (CM)
hNﬂngEang?a_saMC@NLo tiH (LAB)  tiH (CM)m =125 GeV
v A (LAB) A (CM)m =125 GeV

=z >
SIS 125
—=z

3
Xy = |A(bB )

FIG. 8.

The left panel of Fig. 8 shows the differential distribution
with respect to the difference in pseudorapidity, Az,
between the top quark and the bb system. The right panel
of Fig. 8 shows the differential distribution of the difference
in pseudorapidity between the top and antitop quarks. In
both cases, the signal and background distributions become
more populated for higher values of Az in the f7h center-of-
mass system when compared with the laboratory rest
frame, while the shape of the distributions remains similar.

Figures 9 and 10 show the bf and bf distributions at
NLO with parton shower effects and w1thout any selection
cuts, respectively, in the laboratory (left panel) and fth
(right panel) systems.

The distributions evaluated in the 77k center-of-mass
system show an increased discriminating power with
respect to the ones evaluated in the laboratory frame.
This is particularly true for the b’; variable, and the effects
are more visible in the case of b5"(t,7), than in the cases of
b (t, h) and bY"(7, h).

Again, the shapes of the »§" and b/" distributions shown
in Fig. 9 and 10 are in agreement with the shape of the

207 LHE, s =13 Tev
MadGraphS aMC@NLO
NLO+Pythia6

tibb (LAB)
ttH (LAB)
ttA (LAB)

ttbb (CM)
tiH (CM) m =125 GeV
HA (CM) m'=125 GeV

pd >
ik
-z

2 3
X, = At

Comparison of normalized |A#| distributions, in the laboratory system (solid lines) and in the 74 center-of-mass frame (dotted

lines), at NLO including shower effects. The |Az| between the bb system and the top quark (left) and between top and anti-top quarks
(right), are shown. The results of the 7bb dominant background, the scalar /7H and pure pseudoscalar f7A, are shown for comparison.
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FIG. 9. Normalized bg distributions for the th (top), h (middle) and ¢7 (bottom), evaluated in the laboratory (left) and 77/ center-of-
mass (right) frames, at NLO including shower effects. Distributions for both ¢4 and 7/ are included for completeness, although they are
equivalent. The results of the /7bb dominant background (shaded area), the scalar /7H (dashed) and pure pseudoscalar 17A (dotted), are
shown. In the case of the 17bb background, the # boson is replaced by the pair of b quarks not coming from top-quark decays.

corresponding distributions for on-shell 74 production,
discussed in Sec. II.

IV. CASE STUDY: DILEPTONIC DECAYS

In order to evaluate the impact of the observables defined
in the fth rest frame, a ffh dileptonic analysis was
implemented [73-75], where event generation, simulation
and kinematic reconstruction were performed for the
conditions of LHC Run 2 proton-proton collisions
(v/s = 13 TeV). As the event analysis was discussed in

detail in [73-75], only a brief reference to its main features
is included here.

In addition to the 77H, tiA and 17bb samples presented in
the previous sections, backgrounds from #7 4 jets (with up
to 3 additional non-b jets), 17V + jets (where V = {Z, W*}
and jets include up to 1 additional jet), single top quark
production (z-channel, s-channel and Wt with up to 1
additional jet), diboson (WW,WZ, ZZ + jets with up to 3
additional jets), W +jets and Z 4 jets (with up to 4
additional jets), and Wbb + jets and Zbb + jets (with
up to 2 additional jets), were generated at LO accuracy
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FIG. 10. Normalized b{: distributions for the A (top), 74 (middle) and ¢7 (bottom), evaluated in the laboratory (left) and 77k center-of-
mass (right) frames, at NLO including shower effects. Distributions for both ¢4 and 74 are included for completeness, although they
are equivalent. The results of the 17bb dominant background (shaded area), the scalar /7H (dashed) and pure pseudoscalar 7A (dotted),
are represented for completeness. In the case of the 7bb background, the & boson is replaced by the pair of b quarks not coming from

top-quark decays.

in QCD with MadGraph5_aMC@NLO, using NN23LO1
PDFs [69,70]. MadSpin [76] was used to decay the top
quarks and heavy bosons (A, H, W*, Z). Top quarks
were decayed through the leptonic decay channel #(7) —
W+b(W~b) — ¢*ub(¢~vb), and the H or A boson was
decayed through the bb channel. Pythia6 [77] was used for
parton shower and hadronization. The matching between
the generator and the parton shower was carried out by
using the MLM scheme [78] for LO events and MC@NLO
[79] for NLO events. DELPHES [80] was used for a fast

simulation of a general-purpose collider experiment, using
the default ATLAS parameter card, where isolated leptons
and jets are reconstructed. FASTJET was used for jet
reconstruction using the anti-k, algorithm with radial
parameter R set to 0.4 [81,82]. The efficiency for tagging
jets originating from the hadronization of b quarks i.e., b
tagging, was assumed to depend on their transverse
momentum in the region where p; > 10 GeV and
[n| < 2.5. The efficiency is set to zero outside this region.
For any other jet, a b-tagging misidentification was also
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FIG. 11. Distributions of bgh (left) and bfh (right), for the reconstructed ¢7 pair, in the center-of-mass frame of the reconstructed f7h
system, after event selection and full kinematic reconstruction. The scalar (1ZH) and pseudoscalar (7A) signals are scaled by a factor 40

for visibility.

considered. The analysis of the generated and simulated
events was performed with MadAnalysis 5 [83] in the
expert mode [84]. Full kinematic event reconstruction was
applied, by assuming that the total missing energy origi-
nates from the undetected neutrinos. The three momentum
components of the undetected neutrinos in the event are
fully reconstructed by employing several kinematic con-
ditions comprising a quadratic system of six equations. The
neutrinos are assumed to be responsible for the missing
transverse energy in the event, and the top-quark and W+
boson on-shell masses are used as constraints. This system

is solved analytically and the best candidate real solution
for each event is determined by a likelihood discriminant
method, as detailed in [73-75]. Further details on event
generation, simulation and kinematic reconstruction can
also be found in [73-75].

Following the event selection and full kinematic
reconstruction, the distributions of different CP-sensitive
observables were obtained, for the scalar and pseudoscalar
signals, as well as for the SM backgrounds. The selection
targets 7fh dileptonic final states, in events with at least four
jets, of which at least three are identified as coming from

- 220F
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FIG. 12. Distributions of b’zih (left) and bffh (right), for the reconstructed th pair, in the center-of-mass frame of the reconstructed /7h
system, after event selection and full kinematic reconstruction. The scalar (1ZH) and pseudoscalar (7A) signals are scaled by a factor 40

for visibility.
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the hadronization of b quarks (b-tagged). Figure 11 (12)
shows the distributions of »4", on the left, and b%", on the
right, for the reconstructed #7(zh) pair, in the center-of-mass
frame of the reconstructed ffh system. The number of
events is scaled to an integrated luminosity of 100 fb~! at
the LHC. The signal distributions are further scaled by a
factor 40 for better visibility. Although resolution effects
from detector simulation smear out the kinematic properties
of the events when compared to the parton-level distribu-
tions, it is still possible to see distinct shape differences
between the signals and between signal and the SM
backgrounds for b5 and bi".

V. CL RESULTS FOR CP-ODD EXCLUSION

In this section, CLs on the exclusion of a pure pseudo-
scalar scenario are calculated. The binned distributions of
different C P-sensitive observables presented in the previous
sections were used to this effect. From each one of these
distributions, which include the contribution from all the
expected SM backgrounds, 100,000 pseudo-experiments
were generated for two cases, i.e., the pure scalar and the
pure pseudoscalar. These pseudo-experiments were built
bin-by-bin according to a Poisson distribution, using the
expected number of events in each individual bin as the
mean value. For each pseudo-experiment, the probability of
obtaining such a pseudo-experiment was computed, under
the scalar and pseudoscalar hypotheses. A likelihood ratio,
defined as the ratio between the pseudoscalar and the scalar
probabilities, was used as the test statistics to compute the
CL to which the pure CP-odd scenario can be excluded,

- bB(Y) = bI(t)

CP-odd exclusion
dilepton

« b B(th) -+ bi(t,h)

Confidence Level

0.6

500 1000 1500 2000 2500 3000
Integrated luminosity (fb™)

FIG. 13.

assuming the pure SM scalar scenario. The expected
exclusion CL was calculated as a function of the integrated
luminosity, in the range 100-3,000 fb~!. The CL was
computed per observable and per luminosity point.
Figures 13 and 14 show the expected CLs, assuming the
SM, to exclude the pure CP-odd scenario as a function of
the integrated luminosity, for different sets of observables.
The results are presented using the dileptonic analysis
alone, and only statistical uncertainties are considered.
Figure 13 (left) shows the expected CLs using the fzh
center-of-mass observables b3"(z,7) and b4"(t,h), com-
pared with the ones measured in the laboratory frame. In
Fig. 13 (right) the corresponding bfh distributions are
shown. One can already see an improvement at this point
when the observables are evaluated in the 774 center-of-

mass frame. For instance, b£ requires roughly 250 fb~! less
luminosity to achieve the 90% exclusion CL, when
evaluated in the f7h center-of-mass frame than when
evaluated in the laboratory frame. In Fig. 14 (left), the
CLs obtained with the top quark and A boson pr distri-
butions are shown, as a function of the integrated lumi-
nosity. One sees that the p; distributions provide no more
discriminant power than counting experiments, such as the
measurement of the total cross section. It should be stressed
that the present analysis targets events in which the b
quarks from the decay of /4 result in two resolved small-
radius jets in the detector. For py(h) =200 GeV, the
fraction of events in which this is not the case becomes
significant, and boosted analysis techniques may help to
improve sensitivity in this region [85]. In Fig. 14 (right),
a comparison between the CLs obtained with observables

- bR = bt

CP-odd exclusion
dilepton

« bB(h) = biM(th)

—_

Confidence Level

500 1000 1500 2000 2500 3000
Integrated luminosity (fb™)

Expected CLs, assuming the SM, for exclusion of the pure CP-odd scenario, as a function of the integrated luminosity, using

the 77h (h — bb) dileptonic analysis only. A likelihood ratio computed from the binned distributions of the bé (left) and b;’: (right)
discriminant observables were used as test statistic, evaluated both in the lab and /7H frames. Only statistical uncertainties were

considered.

075034-12



ROLE OF THE t7h REST FRAME IN ...

PHYS. REV. D 100, 075034 (2019)

LAB ‘ _m. ptth
- pT (h) - p‘[ (h) C_P-odd exclusion
. p#AB(t) ¥ pﬁh(t) dilepton
- Count

95%

Confidence Level

500 1000 1500 2000 _ 2500 3000
Integrated luminosity (fo™)

) -m- b2(tD)

. s P-odd exclusi
- BBt - (L) dci,egtone"’ usion
—o IAnE( ) -a- ™Mbl
—A- Count

=y

Confidence Level

500 1000 1500 2000 2500 3000
Integrated luminosity (fb™)

FIG. 14. Expected CLs obtained with a test statistic derived from the top quark and Higgs boson py distributions (left) and from a set
of the most sensitive observables (right), assuming the SM, for exclusion of the pure CP-odd scenario, as a function of the integrated
luminosity, using the ¢th (h — bb) dileptonic analysis alone. Only statistical uncertainties were considered.

sensitive to the CP properties of the Yukawa coupling is
shown, together with the expected exclusion CLs for a
counting experiment. The angular distributions can indeed
improve the expected exclusion obtained from a cross
section measurement alone. At this point, it is appropriate
to mention that these results may be significantly improved
by taking into account additional 7k final states [86]. For
instance, when considering observables measured in the
laboratory frame, the luminosity required to achieve a given
level of sensitivity in the single-lepton final state for
tth(h — bb) production, is expected to be roughly five
times smaller than the one required for the dileptonic
channel alone, see for example Fig. 132 of Sec. VIL.7.1 in
[86]. A combination of the single-lepton and dileptonic
channels can visibly improve the result even more, provid-
ing a powerful and direct test of the nature of the top-quark
Yukawa coupling.

VI. CONCLUSIONS

In this paper, several observables defined in the f7h
center-of-mass frame are proposed. These observables are
sensitive to the nature of the top-quark Yukawa coupling, in
particular to a possible BSM pseudoscalar component of
the coupling. The observables were defined in terms of
simple angular distributions, as well as transverse and
longitudinal projections of the 7 quark, 7 quark, and & boson
momenta with respect to the beam axis. The differential
distributions of these observables in the /7h center-of-mass
frame are calculated up to NLO in QCD, with and without
the effects of parton showering. In both cases, the scalar
and pseudoscalar distributions have different shapes.

Consequently, they can be employed as a powerful tool
to explore the CP nature of the coupling.

A dileptonic analysis is implemented to study the impact
of the aforementioned observables in a realistic physics
scenario, using the fast DELPHES detector simulation and a
full kinematic reconstruction of the 77h final state. As a
result, CLs are presented for the exclusion of the specific
CP-odd scenario as a function of the integrated luminosity.
It is shown that by evaluating observables in the 77/ center-
of-mass frame one can significantly reduce the required
total integrated luminosity for a given CL, when compared
with variables evaluated in the laboratory frame. For

example, the bJ; observable requires approximately
250 tb~! less luminosity to achieve the 90% exclusion
CL, when evaluated in the ffh center-of-mass frame. The
combination of several fh decay channels should further
reduce the luminosity required to directly probe the CP
structure of the top-quark Yukawa coupling by at least a
factor five, when compared to a dileptonic analysis alone.
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