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We explore the direct Higgs-top CP measurement via the pp — tfh channel at the high-luminosity
LHC. We show that a combination of machine learning techniques and efficient kinematic reconstruc-
tion methods can boost new physics sensitivity, effectively probing the complex ith multi-particle
phase space. Special attention is devoted to top guark polarization observables, uplifting the anal-
vEis from a raw rate to a polarization study. Through a combination of hadronic, semi-leptonic,
and di-leptonic top pair final states in association with b — 77, we obtain that the HL-LHC can
probe the Higgs-top coupling modifier and CP-phase, respectively, up to |k;] = 8% and |o| = 137

at 68% CL.

I. INTRODUCTION

New sources of CP violation can be a key ingredient
to explain the matter-antimatter asymmetry of the uni-
verse [1-3]. Hence, the quest for new CP violating inter-
actions 1s a clear target for beyond the Standard Model
{SM) searches, being a eritical component of the physics
program of the LHC. A particularly interesting option is
that the Higgs boson couplings present these new physics
SOUrces.

From the theoretical point of view, some Higgs inter-
actions are more inclined to display CP viclation effects
than others. While the widely studied beyond the SM CP
structure for the Higgs to vector boson couplings are loop
suppressed, arising only at dimension-6 or higher [4, 5],
CP violation in Higgs to fermion interactions can man-
ifest already at the tree-level (6], being naturally larger.
Owning to its magnitude, the top quark Yukawa cou-
pling can play a significant role in this context and be
most sensitive to new physics.

Whereas it is possible to access the Higgs-top coupling
through loop induced processes [7-14], the direct Higgs-
top production via pp — tfh is crucial to disentangle
possible new physics effects [6, 15-32]. This channel was
observed in 2018 by both ATLAS and CMS with sig-
nificances of 6.3 o and 5.2 7, respectively [25, 26]. The
high-luminesity LHC (HL-LHC) studies indicate that the
Higgs-top interaction will be probed to outstanding accu-
racy at the end of the LHC run, reaching dy; < 4% when
combining the HL-LHC ATLAS and CMS data [33]. The
same projections indicate that the tth channel in the
h — v final state will display dominant sensitivities.
While the di-photon final state presents limited statis-
tics, it highly benefits from controlled backgrounds from
side-bands. Recently, ATLAS and CMS have reported
the first experimental Higgstop CP studies, exploring
the tfh channel [34, 35]. Both analyses focus on the
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di-photon final state, b — +v. ATLAS and CMS ex-
clude Higgs-top CP-mixing angles above 43° and 55° at
05% CL, respectively.

In the present manuscript, we perform a detailed inves-
tigation of the Higgs-top CP sensitivity with the pp — tth
channel at the HI-LHC, considering the most promising
decay mode, h — . We explore the complex multipar-
ticle final state with a combination of machine learning
techniques and efficient kinematic reconstruction meth-
ods. Since distinct Higgs-top CP-phases affect the net
top and anti-top quark polarization, propagating the spin
offects to the top quark final states, we devote special at-
tention to include the top polarization observables in our
study. In particular, these spin effects are used to define
genuine CP-observables. After motivating and construct-
ing the relevant kinematic observables, we evaluate how
much information can be extracted with them. The con-
venient metric adopted to quantify this is given by the
Fisher information. We show that the ability of probing
the pp — tth channel exploring the complex multiparti-
cle final state not only in terms of a raw rate, but as a
polarized process, can offer a crucial pathway to probe
the underlying production dynamics, accessing possible
new physics effects.

The structure of this paper is as follows. In Section 1T,
we present the theoretical parametrization for the top
Yukawa coupling. We discuss the new physics effects to
the top polarization, define the CP-sensitive observables,
and quantify how much information on the CP-phase can
be extracted using distinct observables. In Section III, we
present the kinematic reconstruction methods, which are
relevant to build prominent observables to new physics
and maximally explore the tth final state. Next, in Sec-
tion I'V, we move on to the detailed analysis, where we
derive the projected sensitivities for the Higgs-top CP-
phase at the HL-LHC. This study 1= inclusive in respect
to the top pair final states, combining the leptonie, semi-
leptonic, and hadronic channels. Finally, a summary of
our key findings 1s delivered in Section V.
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II. CP STRUCTURE AND OBSERVABLES

We parametrize the top quark Yukawa coupling with
the following Lagrangian

L= —Ex;f{cnsa+i75 sina)th (1)
v

where m, is the mass of the top quark, v 1s the vacuum
expectation value in the SM (v = 246 GeV), #; is a real
number, and o is the CP-phase. The interaction between
the CP-even Higgs hoson and the top quark in the SM
18 represented by (kg o) = (1,0), while o = 7/2 results
in a pure CP-odd Higgstop interaction. New physics
contributions in Eq. (1) will display effects both in the
Higgs tth production and decay, h — vy. Whereas the
Higgs decay will more relevantly change the total signal
rate [15], we will devote special attention to probe the
new physics effects in the Higgs production, exploring
the top quarks’ final state kinematics. This will be an
essential ingredient to uplift the new physics sensitivity
from CP-phase effocts.

A. Top Polarization

Among the observables sensitive to the structure of
the top quark Yukawa interaction, the spin correlations
hetween the top and anti-top in #fh associated pro-
duction offer a prominent pathway for precision stud-
ies [6, 15-20, 24, 32, 36-41]. Owing to its short lifetime
(~ 10~255) [42], the top quark is expected to decay before
hadronization occurs (~ 10~2%s) and spin decorrelation
effects take place (~ 107%'s) [43]. Thus, the spin-spin
correlations between ¢ and # can be traced back from the
top quark decay products. In particular, it is possible
to observe correlations between any two decay products,
one from the top quark and the other from the anti-top
quark. The correlations scale with the spin analyzing
power associated with each top decay product.

More accurately, the top quark final states in the lep-
tonic t -+ W+b — £*vb and hadronic t -+ W+b — dub
channels are correlated with the top quark spin axis as
follows:

1 4o 1
fdm5&=§{1+.ﬂsptm§ﬂ: (2)
where I 1s the partial decay width, & is the angle between
the i-th decay product and the top quark spin axis in
the top quark rest frame, F, is the polarization of the
decaying top (—1 < F; < 1), and §; is the spin analyzing
power of the final state particle i [44]. At leading order,
the cocfficient 3, is +1 for charged lepton £ and d-quark,
—0.3 for # and u-quark, —0.4 for the b-quark, and 0.4 for
W-boson. The sign of the coefficient §; 1= flipped for
anti-top decays.
Granted by the V' — A current structure of the weak
interaction, the charged lepton will be a prominent spin

analyzer, favoring studies with di-leptonic top pairs. Ex-
ploring this phenomenology, the A$!2" observable, which
1s the azimuthal angle difference between the two charged
leptons in the lab frame, is a good example of probe that
has been found effective in accessing the Higgs-top CP-
properties [6, 24]. Remarkably, the sensitivity of AglP
improves further in the boosted Higgs regime due to the
change in the net polarization for the top-pair at high
energies.

Analogously to the charged lepton, the d-quark also
presents maximal spin analyzing power. However, it is a
challenging task to tag a d-quark jet in a collider environ-
ment. An efficient solution 1= to select the softest of the
two light-quark jets, jer, in the top quark rest frame.
This choice uplifts the spin analyzing power of jup to
50% of the lepton’s [45]. This approach boosts the spin
correlation analyses for the semi-leptonic and hadronic
top quark pairs. Several observables can be defined ex-
ploiting this fact, a particularly relevant example, that
we will explore in this manuscript, is the azimuthal angle
difference between the charged lepton and softest light
jet in the top pair rest frame, ﬂ-:}.':g}m&.

B. CP-sensitive Observables

Various kinematic observables have been studied in the
literature to access the Higgs-top CP structure in the
pp —+ tth channel. Some illustrative distributions are
presented in Fig. 1, such as the transverse momentum
for the Higgs boson pry (top left) [46, 47|, the invariant
mass for the top pair my; (top center), the product of pro-
jections of top and anti-top momentum by = pip} /pepe
(top right) [37], and the angle between the top quark and
the beam direction in the ## CM frame #* which is also
known as Collins Soper angle (bottom left) [24]. These
observables result in distinct profiles for different Higgs-
top CP-phases. The pure CP-odd phase, o« = +w/2,
leads to a shift to higher energies in the peak of the dis-
tributions compared to the SM scenario, o = 0. Different
CP-phases interpolate between these two profiles without
sensitivity for the sign of the phase.

The variables prg, mye, by, and 8* are CP-oven ob-
servables, being sensitive to the squared terms: cos®a
and sin® a. Thus, these probes are indifferent to the CP-
even and CP-odd Higgs-top interference terms, which are
proportional to cosasing. In particular, they are not
sensitive to variations from a relative sign-difference in
the CP-phase. Genuine CP-sensitive observables can be
constructed from antisymmetric tensor products that re-
quire four linearly independent four-momenta. Owing to
the top polarization being carried out to the decays, it is
possible to construct such observable using, for instance,
the top, anti-top and their decay products [16, 20, 24].
In general, the antisymmetric tensor product can be ex-
pressed as

€(Pe, PEy Py Pk) = €puvpoPh Pr P P » (3)
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FIG. 1. Top panels: Distributions for the transverse momentum for the Higegs boson pry, (left), invariant mass for the top pair
myi (center), and the product of the projections of the top and anti-top momentum bs = pipf /peps (right). Bottom panels:
Distributions for the Collins-Soper angle 8* (left), the azimuthal angle between the two charged leptons in the top pair rest
frame ﬂtdﬁ}: for fully leptonic tth events (center), and the same angle between the charged lepton and the softest light jet in the
top rest frame ﬂu;fr};“& for semi-leptonic tth events (right). Each panel shows parton level results for the tth sample for the SM
Higgs (& = 0), a CP-odd Higes (a = 7/2) and mixed hypotheses (o = £7/4). We also present the ratio between new physics
and SM scenarios on the bottom panel of each fizure. The results are presented for the 14 TeV LHC.

where ep123 = 1, and {i, k} represent the final state par-
ticles produced from the top and the anti-top decays,
respectively.

In the tf CM frame, Eq. (3) can be fortuitously sim-
plified to pg - (py % pr). This mathematical relation can
be used to define azimuthal angle differences between the
decay products, in the t# CM frame, that are odd under
CP-transformations [24]:

z Pr Xy Dt XDy
Al =sen [pr- (P x )] mms[lﬂ‘xil gxi:l] )

For illustration, we present in Fig. 1 the azimuthal angle
between the two charged leptons Agj; in the fully lep-
tonic case (bottom center) and between the charged lep-
ton and the softest light jet in the top rest frame ﬂ:ﬁﬁ_nu
in the semi-leptonic case (bottom right). T'wo comments
are in order. First, we notice that A¢}}, is indeed sensitive
to the sign of the CP-phase, as illustrated in a compari-
son between the distribution profiles for o« = 7 /4 against
—m /4. Second, in light of the spin analyzing power of
the charged lepton in relation to jsg, the relative CP-
sensitivity of the di-leptonic against the semi-leptonic
correlation follows our expectation. Namely, the beyond
the SM effects in the ﬂcﬁg}”# observable are ~ 50%

weaker in respect to ﬂ.l?jl;i. This can be observed by com-

paring the bottom panel of these plots, where we display
the BSM/SM ratio.

C. Observable Information

Before proceeding to a full analysis, let us pause for
a moment to better understand which distributions and
channels are sensitive to the CP-phase o, In particular,
we would like to quantify and compare how much infor-
mation on the CP-phase 1= available using the different
observables in a parton level setup. This will provide
some henchmarks and highlight the main ingredients re-
quired for an efficient analysis strategy that will be pre-
sented 1n Sec. IV,

Let us first consider the spin correlation ohservables
At between two decay products from the top and anti-
top, which probe the new physics effects linear in . A
convenient metric to quantify the sensitivity of these ob-
servahles to constrain the parameters of our model is
given by the Fisher information [48, 49]. Its component
describing the sensitivity to the CP-phase o 1= defined as

log pl(x|ke, o) Olog plx|k;, o)

I=E — — . (B
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FIG. 2. Comparison of sensitivity on the CP-phase o arising from different observables in terms of the Fisher Information 7
for CP-odd observables probing linear new physics effects (left) and in terms of the modified Fisher Information I' for CP-even

observables probing the non-linear new physics effects (right).

Here, p(z|te,a) is the likelihood function, which de-
scribes the probability to observe a set of events with
corresponding observables © as a function of the model
parameter x; and . E[-| denotes the expectation value
evaluated at the SM point, (k;,a)sy = (1,0). In the
following we use the MadMiner package to calculate the
Fisher information [50].

In the left panel of Fig. 2, we show the Fisher informa-
tion associated with the CP-sensitive spin correlation ob-
servables for the di-leptonic (red), semi-leptonic (gray),
and hadronie (blue) channels. The bars on the left show
the full information, i.e., the information that could be
accessed via a comprehensive multivariate analysis. This
was estimated using the machine learning method based
on the SALLY algorithm [51-53| trained with all possible
spin correlation observables. The remaining bars show
the information In individual observables Agf, which
were estimated using a histogram based approach.

Focusing first on the di-leptonic channel, the most sen-
sitive among these observables is the spin correlation be-
tween the leptons, AgLL, since the spin analyzing power
for the charged leptons are maximal. The next most sen-
sitive observables are those where a charged lepton has
been replaced with a b-jet or a W boson. We ohserve
that the corresponding Fisher information in Ag}} and
ﬁtﬁﬁv are suppressed compared to ﬁ:ﬁi‘; by the square of
the spin analyzing power JBE;W ~ 0.4%, as expected. The
information in the spin correlations ohservables between
a pair of b-jet(s) and for W boson(s) is further suppressed
by an additional factor of »‘BEIW'

Let us now also consider the other top decay channels.
As the Fisher information is proportional to the rate [48],
we expect it to increase relative to the fully leptonic chan-
nel by a factor 2 x BRy_, p.q/BRyy1ep ~ 6 for the semi-
leptonic channel and (BRw—haa/BRw—s1ep)”? ~ 9 for the
hadronic channel. Looking at the last three observables
imvolving b-jets and W-bosons, this is indeed the case.

For the other ohservables, we notice an additional loss
of about a factor 2 in spin analyzing power, and hence
a factor 4 in the Fisher information, which is caused by
probing json instead of the d-quark.

Owverall, we see that the different observables have
distinet overall importance in the three channels. For
di-leptonic top decays, most of the information is con-
tained in the spin correlation between the leptons, while
the information in other observables iz significantly sup-
pressed. In contrast, for the hadronic decay channel, all
shown observables have almost similar information. In
this case, the resulting full information, that can be ob-
tained by combining the different spin correlation ohserv-
ables, significantly exceeds the information of any indi-
vidual observable. Owerall, all three channels carry a
similar amount of information on the CP-phase a, which
suggest performing a combined analysis.

Dhie to the limited #fh event rate at the LHC, we expect
the non-linear new physics effects to dominate over the
linear ones. We therefore expect most of the sensitivity
on the CP-structure of the top Yukawa coupling to arise
from these non-linear terms, despite the fact that the cor-
responding observables are not genuine CP-sensitive. To
quantify the sensitivity of these CP-even observables to
the squared terms, we use modified version of the Fisher
information that was introduced in Ref. [54]. In this ap-
proach, we simply consider the square of the coupling as
our new model parameter and define

I'=—F ﬁ‘logp{zhf?r:zz} Olog P{II";E: '12}
do? doe? )

(6)

The result i= shown in the right panel of Fig. 2. Here, we
show the information associated with a two-dimensional
distribution of two observables, relative to the full infor-
mation associated with a multivariate analysis using all
observables. As none of the presented ohservables relies



on the top quark final state kinematics, the results are
identical for all three top quark decay channels.

The distribution of the invariant mass of the pho-
ton pair, myy, is only sensitive to the theory parame-
ters through its normalization. Correlating it with it-
self, we obtain the information associated with the signal
strength measurements, which accounts for 31% of the
information on the CP-phase. In the absence of back-
ground, the correlation of m., and any other observable
15 equivalent to the information in a single differential dis-
tribution of that ohservable. This 1= shown in the bottom
row. As expected, it is also identical to the information
for the correlation of an observable with itself, which are
shown in the diagonal. We can identify An; and 6% as
the two most sensitive observables, which individually
carry about 60% of the full information.

Combing two different observables further increases
the information. The two most promising combinations
are Amyg vs. prp as well as 8% vs. gy, which carry
about 73% of the full information. Successively adding
more obhservables further increases the information. This
shows that a multivariate analysis is vital to maximize
the sensitivity on the CP-phase o.

III. KINEMATIC RECONSTRUCTION

Most of the now physics probes discussed so far, viz.
e, 8%, by, and A¢i require a full reconstruction of
the top and anti-top momenta. This 15 a challenging
task at the LHC due to combinatorial ambiguities and
the presence of up to two neutrinos in the H{h — )
final state. In this section, we discuss the strategies
adopted for the kinematic reconstruction of the semi-
leptonic and hadronic channels, and the more complex
di-leptonic mode.

Semi-leptonic channel: In the semi-leptonic channel,
the full reconstruction of the # system requires the de-
termination of the longitudinal momentum of the missing
particle . We compute it by constraining the invariant
mass of the lepton and the neutrine to the W-hoson mass.
Typically, either two solutions or zero solutions are ob-
tained. Around 35% of events give zero solutions, and
discarding all such events would lead to a significant re-
duction in event statistics. Therefore, in such events, we
vary the transverse momentum of the missing system (at
most by £10%) while keeping the azimuth angle of v
unchanged until physical solutions of p;,, are obtained.
Events which give zero solutions even after the aforesaid
variation are ignored. We perform the reconstruction for
the top quarks iterating over all possible partitions of
light jets () and b-jet forming the hadronic top (jjb)
and leptons and b-jet for the leptonic top (fuh). The two
possible neutrino solutions are separately accounted for,
forming different partitions. We select the combination

that minimizes

(mygp — me)® + (man — me)?, (7

where my is the on-shell mass of the top quark.

Hadronic channel: We follow a similar mass minimiza-
tion strategy in the hadronic channel. We reconstruct the
two top quarks, £; and t3, by iterating over all possible
combinations of light jets and b-jets. The combination
which minimizes

(my, —my)? + (my, —my)?, (8)
15 chosen.

Di-leptonic channel: In the more complex di-leptonic
tth channel, the invisible system is constituted by two
neutrinos. Therefore, in addition to determining the un-
known longitudinal momentum of the missing particles,
it is also indispensable to partition the four-momentum
of the missing system into the two neutrinos in order
to fully reconstruct the top and the anti-top. An addi-
tional combinatorial ambiguity arises from the tandem b
jet and £ pairing. The study in Ref. [24] reconstructed the
tf h — bb) system in di-leptonic mode using My assisted
reconstruction algorithm and a hoosted h — b, with
jet substructure techniques, to suppress the additional
combinatorics between the Higgs boson and top quark
decays. In contrast, the present analysis reconstructs the
tt{h — ~v) system following the Recursive Jigsaw Ro-
construction (RJR) algorithm presented in Ref. [55]. The
RIR approach utilizes a series of jigsaw rules optimized
to estimate the unknown kinematic degrees of freedom in
an event topology and resolve the combinatorial ambigu-
ities between/within the final state visible and invisible
objects. It results is a complete kinematic basis which
can be used to define the four-momenta of all the final
state and intermediate objects in an event decay tree.

The first step involves the resolution of combinatorial
ambignity between the bjets and the leptons by using
the “Combinatorial Minimization” Jigsaw Rule (JR) [55],
identifying the (b-jet, £) pairs by minimizing

':mg_,-ﬁ +m§,‘e—:'i k=12 j#k (9)

After establishing the two wvisible hemispheres corre-
sponding to the top and the anti-top, we apply the “In-
visible Mass" JR to estimate the invariant mass of the
invisible system (m;) [565] defined as

mj = my, — 4my, my, , (10)
where my 15 the invariant mass of all the two b-tagged
jets and the two leptons in the final state. my, and my,
correspond to the invariant mass of the two visible hemi-
spheres associated with the top and the anti-top that
were reconstructed in the previous step. my is chosen
such that it 1z the smallest Lorentz invariant mass that
ensures a non-tachyonic four-momenta for the individual
neutrinos upon partitioning the invisible system. Next,
we determine the longitudinal momentum of the invisi-

ble system, p_, using the following relation given by the



“Invisible Rapidity” JR [55]:

4 |2 4+ m?
P, 4*%. (1)
VIPEL +mi
Here, p! and p¥ represent the longitudinal and trans-
verse momenta, respectively, of the visible system consti-
tuted by the two b-jets and the two leptons, while g is
the missing transverse momentum.

At this point, we have all the ingredients required to re-
construct the tf system. However, in order to reconstruct
the top and the anti-top individually, the invisible four-
momentum has to be correctly partitioned into the two
neutrinos. This is achieved by using the *Contraboost
Invariant” JR specified in Ref. [55] which estimates the
four-momenta of the neutrinos produced from top and
anti-top decay in the t# CM frame under the assumption
that both ¢ and ¥ have the same invariant mass. The
resolved four-momenta of the neutrinos along with the
correctly paired b-jets and leptons allows defining the ¢
and the f systems independently. The reconstruction effi-
ciency of this method is about 80%, which is comparable
with M5 assisted reconstruction algorithm [24].

With the fully-resolved tth system, we can reconstruct
a multitude of CP-even and CP-odd spin correlation ob-
servables defined in the ## CM frame and the lab frame.
Several observables that do not depend on the spin-
polarization of ¢ pair are also considered. Our goal here
is to maximally explore the tth multi-particle final state,
augmenting the CP-sensitivity of the pp — tth channel
at the HL-LHC.

IV. ANALYSIS

A. Simulation and Event Selection

In this section, we explore the direct Higgs-top CP
measurement combining machine learning techniques
and efficient kinematic reconstruction methods. We
consider #th signal with h — -y in the di-leptonic,
semi-leptonie, and hadronic top decay modes at the
HL-LHC. The dominant background to this process
15 given by continnum tfyy production. We simulate
both the signal and background event samples with
MadGraphb_aMC@NLD [56] within the MadMiner frame-
work [50] at leading order (LO) with a center-of mass
energy of /s = 14 TeV. Higher order effects to the sig-
nal rate are included via a Hat next-to-leading order k-
factor [57, 58|. We use NNPDF2.3QED parton distribution
function [59]. No generation-level cuts have been applied
for the signal events, while the backgrounds have been
generated in the mass window 105 GeV < my- < 145 GeV.
Parton shower and hadronization effects have been n-
cluded with Pythia 8 [60] and fast detector simulation
with the Delphes3 package [61], using the default HL-
LHC detector card [33, 62].

To obtain the cross section and likelihood function as
a function of the theory parameters, we use the morph-
ing technique that is already implemented in MadMiner.
Here, we take into account the dependence of new physics
theory parameters at both #h production and h — v
decay, and therefore choose a quartic ansatz in the
morphing setup, which is used to interpolate the event
weights as a function of kg = kpcosa and Ky = Ky sino.

We start our analysis by selecting events consisting of
two photons and at least two b-tagged jets. In addition,
we require the final state to contain exactly two opposite-
sign leptons for the di-leptonic channel, exactly one lep-
ton and at least two light jets for the semi-leptonic chan-
nel, and at least four light jets for the hadronic channel.
We demand the individual particles to pass the following
identification cuts:

pre>15 GeV, |ne| <4,
o> 25 GeV, |ms| <4,

pry >15 GeV, |yl <4,

12
pry>25 GeV, |ny|<5. (12)

In addition, we require the di-photon invariant mass to

satisfy |m.,,—125) <10 GeV.

We fully reconstruct the tth system following the strat-
ogy described in Sec. 111 In particular, this allows to ob-
tain both the lab frame and the # CM frame observables.
As an example for an obhservable that requires the top re-
construction, we present the distribution of the Collins-
Soper angle #* in Fig. 3. When comparing these detector
level distributions to the result at parton level, presented
in Fig. 1, we observe the robustness of our analysis in re-
spect to the reconstruction strategy and detector effects.
The distributions are found to retain the CP sensitivity
at the detector level, albeit a reduction of about 20% for
the di-leptonic channel, 40% for the semi-leptonic chan-
nel and 50% for the hadronic channel, compared to par-
ton level.

B. Analysis Methodology

As we have seen 1n Sec. 11, there is no single observable
that carries all the information on the CP-structure of the
top quark Yukawa. Instead, there is a variety of sensitive
observables. Hence, a multi-variate analysis is needed to
extract the maximal information on the theory parame-

tors from the data. In the following, we will summarize
the adopted observables and the analysis methodology.

In this analysis, we consider the following list of 80 ob-
sorvahles to describe the kinematics of signal and back-
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ground events.
Observables: A, Adjyy, Ad,
'ﬂ{f-l;'ht,.'hfa ﬂ‘#ﬁf: l‘.‘;*, bd-:a

a4 .
My, Mg, Mggh, & 2’; -,
ARy, ¢ ouas DRew, ARy, AR,

Ang, TRt fhis Hr, E‘I‘f"r’ Hr,

{pr, n}x for X =1,k t, 1 h
(13)
We include the complete set of observables used by the
ATLAS collaboration in a recent Higgs-top CP study [34]
and complement this set with additional CP-even ob-
servables that show strong sensitivity to the CP-phase
(8%, by, myp, mygy ) together with the transverse momen-
tum and psendorapidity of all final state and recon-
structed objects. We also incorporate a comprehensive
list of spin correlations, as introduced in Eq. (4), which
are constructed between all possible final state pairs. We
include both observables constructed in the #f rest frame,
At and in the lab frame, A¢!3". Finally, we account
for the correlation observables ﬂq.':?fﬂk} that arise from the
tensor products involving the Higgs boson momentum,

e(pe, PE, Phy Prgiy ). The following pairs {i,k} are consld-
ered for the different channels

di-leptonic: i = £%,uy, by, W
k= f_: Vg, 'E"f: Wf

semi-leptonic: @ = £, v, by, Wy (14)
k = jsoft, jhard, bhad, Whaa

hadronic: i = j& j;;l_d,btl,wh

soft?
k= j:;ft,aj:’hirdabh: WE:

In the semi-leptonic case, by /Wy and byag /Whaq represent
the b-jets/W-bosons produced from the leptonically and
hadronically decaying top quarks, respectively. In events
with more than two b-tagged jets, the hardest two are
considered while reconstructing the top and the anti-top

quarks. jharg corresponds to the hardest Light jet, from
the hadronic top quark, in the top rest frame.

To interpret the results of our analysis and obtain
projected sensitivities, we follow a likelithood-based ap-
proach. According to the Neyman-Pearson lemma, the
most powerful test statistic to discriminate hetween two
hypotheses, in our case a new physics model parameter-
ized by # = (%, @) and the SM with fsy = (1,0), is the
likelihood ratio r(z|f;fsy). Here, = denotes the set of
reconstructed observables introduced above.

Whereas the likelihood ratio involving detector level
observables is intractable, meaning that it cannot be
computed directly, it can be estimated using simulations.
To address this issue, we use the machine learning based
technique introduced in Refs. [51-53, 63-66], which has
been implemented in the MadMiner tool [50]. This ap-
proach uses both reconstructed observables and matrix-
element information, which are then used to train neu-
ral network models that estimate the likelihood ratio.
It therefore accounts for the effects of parton shower,
hadronization, and detector effects, while the matrix
element information helps to significantly improve the
performance of the neural network training. Using the
estimated likelihood ratio function r{x|8; 851 ), which de-
scribes both the linear and non-linear new physics effects,
we then perform a likelihood ratio test to obtain our pro-
jected sensitivities.

We simulate 10° signal and 10° background events
before event selection. Using MadMiner, we train neu-
ral networks to estimate the likelihood ratio using
the ALICES algorithm with its hyperparameter set to
unity [63]. We use fully connected neural networks with
three hidden layers, each containing 100 nodes and tanh
activation function. The neural network training is per-
formed over 100 epochs using the Adam optimizer. To
avold overtraining, we evaluate the loss function on an
independent validation set and employ an early stopping
procedure. We use a batch size of 128, and an exponen-
tially decaying learning rate (from 10~? to 10-5). The
limit setting is performed with MadMiner’s Likelihood
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class.

C. Results

Let us now turn to the results of our study. In Fig. 4
we show the projected sensitivity on the top Yukawa cou-
pling in terms of k; and o using the tf{h — ) measure-
ment. In the left panel, we present the 68% CL contours
for the individual top decay channels as colored dashed
lines. A combination of all channels 1= shown in the black
solid line. The studied channels can be organized in as-
cending order of sensitivity as: di-leptonic, semi-leptonic,
and hadronic modes. Since the leading observables dis-
play efficient reconstruction for all channels, as illustrated
in Fig. 3, the order of sensitivity among the final state
modes follow their correspondent event rate.

In the right panel, we show the 68% and 95% CL con-
tours as dashed and solid lines, respectively. The p-values
in the (#;, o) parameter space are presented through the
color palette. We observe that |#;| can be constrained
within @(8%) of the SM value at 68% CL through a
combination of direct searches in the tf{h — ) channel
at the HL-LHC. Assuming #; = 1, the combined search
would be able to probe the Higgs-top CP phase up to
|| = 13 at 68% CL.

We also perform a separate analysis in which we train
a neural network exclusively with the CP-even observ-
ables shown in the right panel of Fig. 2. We observe
that the projected sensitivity of such an analysis, using
thiz smaller set of CP-even observables that are most-
sensitive to the non-linear new physics effects, 1s almost
comparable to the projected sensitivity of the combina-

tion study performed using the full set of observables.
Owerall, almost all the sensitivity to the Higgs-top CP-
structure is provided by the non-linear terms in «. The
Limited tf{h — ~y) event statistics renders sub-leading
sensitivity to the observables which probe the linear
terms.

D. Systematic Effects

In this section, we explore the implications from sys-
tematic uncertainties on the projected sensitivity of kg
and «. In particular, we will consider two sources of un-
certainty associated with the normalization of both signal
and background.

In the statistical analysis, these uncertainties are pa-
rameterized through nuisance parameters v; and vy for
the signal and background normalization, respectively.
These nuisance parameters encode theoretical and ex-
perimental uncertainties on the normalization of dis-
tributions, neglecting possible shape uncertainties. As
before, we train a neural network using the ALICES
method in MadMiner to estimate the likelihood ratio
r(z|f,v; sar, vang ). This is now a function of both the
model parameters # = (#;, @) and the nuisance parame-
ters ¥ = (v, ) which have a nominal value vgyy = (0, 0).
Before setting limits, a constraint term describing our
prior knowledge on the nuisance parameter is added.
Adopting a conservative approach, we assume a prior
constraint of 20% and 50% in the tf(h — <) signal
and the tfyy background, respectively. Finally, we pro-
file over the nuisance parameters following the procedure
described in Ref. [51].



Combined searches in fﬂ - tth
1.2 @ HL-LHC {88% CL)

1.14

0.91
— w0 sys. uncertainty
=== profiled over B sys.
0.81 === profiled over 5 sys.
=== profiled over S + B sys,
-30° =15 0

a

+15° +30°

FIG. 5. Projected 68% CL contours on (o, &) from the combi-
nation of the three channels considering all input observables,
profiled over background (B) uncertainties (blue), signal (S)
uncertainties (green), and both signal and background sys-
tematic uncertainties (red). The projections are derived for
14 TeV LHC assuming £ = 3 ab™'.

Before turning to the sensitivity contours, let us re-
mind ourselves that the presented results are based on a
multi-variate analysis. In particular, this includes the in-
variant mass of the di-photon pair. The considered range,
115 GeV < miyy < 135 GeV, was chosen sufficiently wide
to contain both a signal dominated region at the Higgs
resonance and a background dominated region around it.
MadMiner uses this background dominated region to con-
strain the nuisance parameter associated with the back-
ground normalization vy, and therefore effectively per-
forms a data-driven side-band analysis. As we will see
in a moment, the effective uncertainty of the background
normalization is therefore significantly smaller than the
505 which we assumed as a prior.

In the following, we analyze three scenarios to study
the impact of systematic uncertainties on the projected
sensitivity in the (o, ;) plane. In the first scenario, we
study the impact associated with only the uncertainty
on the background normalization. To do so, we fix the
vz = 0 in the estimated likelihood ratio and profile over
vp. Similarly, in a second scenario, we fix vy = 0 and we
profile over v; to study the impact of the signal uncer-
tainty. Finally, in a third scenario, we obtain the limits
after profiling the likelihood ratio over both vy and v,
In Fig. 5 we present the projected sensitivity on « and
#¢ for all scenarios. The blue, green, and red contours
correspond to the first, second, and third scenarios, re-
spectively. The black contour represents the sensitivity
assuming no systematic uncertainty and corresponds to
the black-solid contours in Fig. 4.

At first, we observe that the sensitivity in o remains

unaffected from systematic uncertainties [32]. This stems
from the reason that at x; = 1, the sensitivity in a
1z dominantly controlled by the shape information from
kinematic distributions and is largely independent of the
event rate due to the combination of two competing ef-
fects. On the one hand, the signal cross section oy
decreases with a: for example at k; = 1 the cross section
Tii(h—yy) falls by (25%) from o = 0 until & ~ 7/3 and
then remains roughly unchanged until & = «/2. On the
other hand, the signal efficiency also improves with o.
These two effects roughly offset any overall dependence
on the event rate, thereby leading to unchanged projec-
tion contours in the direction of o even after profiling
over the nuisance parameters.

The situation is qualitatively different in the &; direc-
tion. When o = 0, the measurement i= purely based
on a rate information, implying that the Higgs coupling
strength x; and the signal normalization, as parameter-
ized by vy, are essentially degenerate. Therefore, our
prior uncertainty of the signal normalization will directly
propagate into a systematic uncertainty on ;. The new
physics effects in the Higgs-top coupling manifest as ~ x;
at the tth production level and as ~ (1.28 — I}.EE:‘:;}E in
h — ~v decay [7]. After combining these two factors, an
uncertainty of 20% in the pp — tH{h — ) cross section
translates to roughly 12% uncertainty in ;. We observe
this effect in Fig. 5: for & = 0 the projected sensitivity
falls from |#,| = 8% in the absence of systematic uncer-
tainties to |y = 13% on profiling over v,. We ohserve
that despite a prior 50% uncertainty in the background
normalization compared to 20% in the signal, its impact
on the projection contours in the (k;, o) plane is milder.
As discussed above, this is a consequence of the side-
band measurement and illustrates the robustness of our
multi-variate analysis.

V. SUMMARY

In this study, we derived the prospects to direct mea-
sure the Higgatop CP-structure in t{h — ) channel
at the HL-LHC. We show that a combination of ma-
chine learning techniques and efficient kinematic recon-
struction methods can boost new physics sensitivity, ef-
fectively exploring the complex ¢#th multi-particle phase
space.

Among the several probes included in our machine
learning analysis, this study encompass a comprehensive
set of spin correlation observables. Beyond the SM CP-
phases steer the spin-polarization of the top pair, and
the spin correlations are carried forward by their decay
products. We harness the potential of the spin correla-
tion ohservables via the full reconstruction of the top and
anti-top, evaluating these particular observables in the t#
CM frame, where the correlations are maximal. In the
hadronic and semi-leptonic tth channels, we used mass
minimization to fully reconstruct the tfh system. In the
more complex di-leptonic channel, we employed the Re-



cursive Jigsaw Reconstruction technique to resolve the
combinatorial ambignities and determine the unknown
degrees of freedom. In all channels, the effects of parton
showering, hadronization, and detector resclution were
mcluded.

Exploring the intricate #th multi-particle phase space
with CP-odd and even observables defined in the lab-
oratory frame and the ## CM frame, we obtain strong
projections for the Higgs-top CP-phase. Through a com-
bined semi-leptonic, hadronic, and di-leptonic t{h —
~) search, the HL-LHC can directly probe the Higgs
top coupling modifier and CP-phase respectively up to
|ke| = 8% and |o| < 13° at 68% CL.

Possible improvements can be expected by including
other relevant channels, such as tf(h — bb) [6, 21, 24, 32].
While this channel displays the bulk of the Higgs decay,
BR(h — bb) ~ 58%, it results in sub-leading limits in
comparison to tH(h — y) as it endures a substantial
QCD background that is associated with sizable uncer-
tainties [67, 68). Fast-moving precision calculations [69-
71] and possible combination of side-band analysis with
tth/tfZ ratios [32, 72| may change this scenario, con-
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trolling the respective uncertainties, and pushing further
forward the sensitivity with this extra channel in the near
future.
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