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ABSTRACT: Both ATLAS and CMS have recently performed the first searches for a heavy new
spin-0 resonance decaying into a lighter new spin-0 resonance and a Z boson, where the lighter
spin-0 resonance subsequently decays into ¢t pairs. These searches are of particular interest
to probe Two Higgs doublet model (2HDM) parameter space regions that predict a strong
first-order electroweak phase transition. In the absence of CP violation, the investigated
decay is possible if the lighter and the heavier spin-0 particles have opposite CP parities.
The analysis techniques employed by ATLAS and CMS do not distinguish between the two
possible signatures A - ZH and H — ZA, where A and H denote CP-odd and CP-even
Higgs bosons, respectively, if both signals are predicted to have the same total cross sections.
We demonstrate the capability of angular variables that are sensitive to spin correlations of
the top quarks to differentiate between A — ZH and H — Z A decays, even in scenarios
where both signals possess identical total cross sections. Focusing on masses of 600 GeV
and 800 GeV as a representative 2HDM benchmark, we find that a distinction between the
two possible channels is possible with high significance with the anticipated data from the
high-luminosity LHC, if the invariant mass distribution of the ¢t system is further binned in
angular variables defined by the direction of flight of the leptons produced in the top-quark
decays. Moreover, we find a moderate gain in experimental sensitivity due to the improved
background rejection for both signals.
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1 Introduction

In 2012 the LHC discovered a Higgs boson which, at the current level of experimental precision,
behaves in agreement with the predictions of the Standard Model (SM) [1, 2]. While the
SM predicts only one Higgs boson, theories beyond the SM (BSM) often contain more than
one fundamental spin-0 particle. Consequently, the search for additional Higgs bosons is one
of the prime tasks of the current and future LHC programme.

Most searches for additional Higgs bosons focus on the production of one BSM resonance.
However, BSM theories that contain additional Higgs fields that are charged under the
electroweak (EW) gauge symmetry predict more than one BSM Higgs boson. Such BSM
theories have the potential to resolve some of the most pressing open questions that remain
unanswered in the SM, e.g. extended Higgs sectors can provide an explanation of the
observed matter-antimatter asymmetry via EW baryogenesis [3], and additional neutral
scalar particles can be stable and account for the observed cosmological abundance of dark
matter. Consequently, during Run 2 at 13 TeV, ATLAS and CMS also performed searches for
signals in which two BSM spin-0 resonances are involved. These searches mostly comprise
signatures with a heavy BSM resonance decaying into a lighter BSM resonance and either
a 125 GeV Higgs boson or a massive gauge boson [4].

Among these, searches for a neutral spin-0 particle decaying into another neutral spin-0
particle and a Z-boson have gathered significant attention [5-9]. This search channel has
been identified as a “smoking-gun” signature for a first-order EW phase transition in the
Two Higgs doublet model (2HDM) [7, 9-11]. A sufficiently strong EW phase transition is
a required ingredient for the realisation of EW baryogenesis [3, 12-14], and it leads to the



production of a primordial gravitational-wave background that might be in reach of future
space-based gravitational-wave detectors [7, 15, 16].

Assuming CP conservation, the 2HDM predicts a second CP-even Higgs boson H and
a CP-odd Higgs boson A. A strong EW phase transition typically requires a sizeable mass
splitting between these two states [11], and (depending on their mass hierarchy) either the
decay H — Z A or the decay A — ZH can be kinematically allowed. Furthermore, since the
top quark has the largest Yukawa coupling, its interactions are well-suited for providing the
CP-violating source term that generates the baryon asymmetry. As a consequence, small
values of tan 3 are preferred for EW baryogenesis [17], and the dominant decay modes for the
lighter resonance in the 2HDM are A/H — tt if its mass exceeds the di-top threshold, giving
rise to Ztt final states. Notably, parameter points facilitating the decay A — ZH are more
favourable for a successfully realisation of EW baryogenesis compared to the ones featuring
the H — Z A decay [10, 14, 18-20]. It will therefore be crucial to be able to experimentally
distinguish between the two decay modes if a signal in the “smoking gun” searches will be
observed at the LHC in the future.

Searches for this signal in Ztt final states have been recently performed for the first
time by both ATLAS and CMS, using the Run 2 data collected at 13 TeV [21, 22]. The
resulting experimental limits have been exploited in ref. [9] by demonstrating that they
exclude substantial parts of the 2HDM parameter space giving rise to a strong first-order
EW phase transition. In both the ATLAS and the CMS analyses, the applied experimental
analyses lack sensitivity to the CP-properties of the BSM particles. Therefore, a distinction
between the A — ZH and the H — Z A signatures is not possible if both signals predict
the same total cross section. In this work, we propose to use angular variables in Ztt final
states in order to distinguish between A — ZH and H — Z A signals where the lighter BSM
particle decays into a pair of top quarks, which subsequently decay leptonically.

Our study demonstrates that sensitivity to the CP-properties of the BSM particles can
be achieved by exploiting the dependence of the tt invariant mass distribution (m,;) on
angular variables defined in terms of the direction of flight of the leptons produced in the
leptonic decay of the top quarks.! By considering the angular correlations of the leptons, we
show that distinguishing between the two signatures is feasible with the anticipated 3000/fb
of data collected during the high-luminosity phase of the LHC, even if they possess the
same total cross section. It is worth noting that the relevant angular variables have been
previously employed in searches for a single new particle decaying into top-quark pairs at
both the Tevatron [24] and the LHC [25-27], see also ref. [28]. We demonstrate here the
potential of extending such an experimental strategy based on angular variables to signatures
involving two BSM particles.

In addition to obtaining a discrimination power between the two potential signals, we
demonstrate that a refined analysis technique utilizing angular variables also improves the
signal-background discrimination, and thus the overall experimental sensitivity. Here it
should be noted that our approach relies on the leptonic decays of both top quarks, in
contrast to the experimental analyses conducted by ATLAS [21] and CMS [22], which only

!An analysis of the CP properties of a BSM resonance decaying into a Z boson and the 125 GeV Higgs
boson, the latter assumed to be purely CP even, can be found in ref. [23].
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Figure 1. Feynman diagram of the considered signals with H and A being a CP-even and a CP-odd
spin-0 resonance, respectively.

incorporate the semi-leptonic and the fully hadronic decays, respectively. As a result, while
there exists potential for increased background rejection, this potential of our proposed
analysis comes at the cost of a reduced number of signal events resulting from the requirement
of leptonically decaying top quarks. On the other hand, the angular information obtained from
the leptons in the signal regions where both top quarks decay leptonically can be combined
with the experimental information gained from the signal regions targeting semileptonically
and hadronically decaying tt pairs for which our approach is not directly applicable.?

The outline of our paper is as follows. In section 2 we introduce the theoretical framework,
including a brief description of the 2HDM that we use as a theoretical framework in order
to benchmark our results, and a detailed discussion of the Monte Carlo simulation of the
considered process. In particular, we discuss the implementation of the angular variables
in the experimental analysis that are sensitive to the spin correlations of the top-quark
pairs. In section 3 we present the results of our simulation, focusing on the one hand on
the discrimination between the signals and the SM background, and on the other hand
on the discrimination between the two potential signals. We summarise our results and

conclude in section 4.

2 Theoretical framework and simulation

In order to demonstrate the application of the angular variables to the m,; distribution
in the processes A — ZH — Ztt and H — ZA — Ztt, we perform a Monte-Carlo (MC)
simulation of both signals and SM background. The Feynman diagram for the production of
the two signals is depicted in figure 1. For our simulations we choose the 2HDM as theoretical
framework, noting that our conclusions can be applied more generally to any BSM theory
with an extended scalar sector featuring at least two neutral extra Higgs bosons with opposite
CP charges (or potentially two CP-mixed states for the case of CP violation) such that a
coupling of the form AHZ is present.

2The measurement of ¢ spin correlations may also be feasible in the semileptonic channel with the data
collected during the high-luminosity phase of the LHC [29, 30], relying on the possibility of charm-tagging [31].
However, we focus here on the fully leptonic channel since it is the final state with the highest sensitivity to
the ¢t spin information, see the discussion in section 2.2.



BPy_za | BPaszu
tan 3 1.14 1.50
cos(f — «) 0 0
mp/GeV 125 125
mi /GeV 800 600
ma/GeV 600 800
my+ /GeV 800 800
M/GeV 600 600
BR(H — t) 1% 99%
BR(A — ) 99% 63%
BR(H — ZA) 20% -
BR(A — ZH) - 37%
Ty /mur 4.3% 1.5%
Ta/ma 3.5% 3.3%
o(gg — H)/pb 0.35 0.89
o(gg — A)/pb 2.43 0.27

Table 1. Definitions of the benchmark points BPg_.z 4 and BP 4_. 7y and predicted branching ratios,
total widths and gluon-fusion production cross sections at the LHC with /s = 13 TeV.

2.1 The 2HDM

The 2HDM [32] augments the scalar sector of the SM by a second scalar SU(2) doublet
field. For the case of CP conservation, the 2HDM predicts two CP-even Higgs bosons h
and H, one CP-odd Higgs boson A, and a pair of charged Higgs bosons H*. The angles
«a and f diagonalise the CP-even and CP-odd scalar sectors of the model, respectively. In
addition, tg = tan 3 is given by the ratio of the two Higgs doublet vacuum expectation values.
Throughout this work, the lighter CP-even Higgs boson h corresponds to the detected Higgs
boson at 125 GeV. Parameter space regions that give rise to EW baryogenesis favour small
values of tg (see the discussion above) and the alignment limit (defined by cos(8 — «) = 0), in
which h resembles the Higgs boson predicted by the SM, as well as a sizeable mass splitting
between the pseudoscalar A and the second CP-even scalar H.

Our analysis targets signal cross sections that are compatible with the limits from the LHC
searches performed during Run 2, but which lie in reach of the high-luminosity LHC (HL-LHC)
with an anticipated integrated luminosity of 3000/fb. For ease of comparison we use a centre-
of-mass energy of /s = 13 TeV also for the HL-LHC. As a representative 2HDM benchmark
point we choose masses of 600 GeV for the lighter and 800 GeV for the heavier BSM resonance,
respectively. The mass of the charged Higgs bosons is set to be equal to the mass of the heavier
BSM state, my+ = 800 GeV, to satisfy constraints from electroweak precision observables [33].
We also assume the alignment limit, i.e. cos(f — a) = 0. Regarding t3, we use two different
values depending on the mass hierarchies of H and A in order to predict the same total cross



section for the two possible signals. We use a value of tg3 = 1.5 for the case m4 = 800 GeV
and mpy = 600 GeV, and tg = 1.14 for the case mpy = 800 GeV and my4 = 600 GeV, such that
for both signals we find o[pp — A(H) — Z H(A) — Ztt] = 0.1 pb. Here the production cross
sections of H and A were computed at NNLO in QCD using HIGGST0OOLS [34] (see also the
discussion in section 2.3.2), and their branching ratios were computed using HDECAY [35, 36],
including state-of-the-art QCD corrections. The remaining 2HDM parameter m?, is not
relevant for the considered signature. To fix m?2,, in our analysis we set the BSM mass scale
M? = m32,/(sin 8 cos B) equal to the mass of the lighter BSM Higgs boson, M = 600 GeV, in
order to comply with theoretical constraints from vacuum stability [37, 38] and perturbative
unitarity [39] which we checked using THDMTOOLS [9]. The values of the free parameters for
the two considered benchmark scenarios are summarised in table 1, where we also show the
relevant branching ratios, the total widths and the cross sections of the neutral BSM scalars.

Using the HIGGSBOUNDS [40-43] module contained in HicGsTooOLS [34], we verified that
the two benchmark points pass the LHC cross section limits from searches for H* — tb [44, 45
and from searches for A/H — tt in tttt final states [46, 47]. The benchmark points are also
compatible with the limits on Htt and Att couplings from searches for A/H — tt in the
di-top final state obtained by CMS utilising the first-year Run 2 data [25]. Recently, both
ATLAS [26] and CMS [27] reported preliminary results of searches in the di-top final state
including the full Run 2 dataset. Due to the large interference effects between the signal and
the QCD background the resulting limits depend on the width of the new particle. No limits
are presented for a relative width of about 3.5% that we find for the lighter resonance in
our benchmark points, see table 1. Assuming that the limits given for a relative width of
5% are approximately applicable to our benchmark points, the limits from the new searches
would be in tension with our benchmark points at about the 2 ¢ level. However, since we
are mainly interested in the improvement of the searches in the Ztt final state that can
be achieved by exploiting top-quark spin correlations, and not in a comparison between
searches in different final states, we stick to our benchmark points. We also stress that the
cross sections for the g9 — A — ZH and g9 - H — Z A signals decrease more slowly with
increasing t3 compared to the direct production of the lighter state gg — H and gg — A,
respectively, see the discussion below. Hence, for tg values larger than the ones considered
in our benchmark points, the lighter state could be detected first via its production from
the decay of a heavier BSM resonance as in the channel investigated here rather than via
its direct production and searches using the t¢ final state [9)].

We show in figure 2 the total cross sections for the heavier BSM resonance (top), the
branching ratios for the A — ZH and H — ZA decays (middle), and the total signal
cross section contributing to Ztt production (bottom) as a function of tg, with all other
parameters fixed as shown in table 1. The gluon fusion production is dominated by the
contribution from the top-quark loop. Since the absolute values of the couplings of H and
A to the top quark scale with a factor of 1/tg, the cross sections shown in the top plot are
approximately proportional to 1 /t% The decrease of the production cross section of the
heavier BSM resonance with increasing values of ¢3 is partially compensated by an increase
of BR(A — ZH) and BR(H — ZA) with increasing value of ¢g, as shown in the plot in the
middle. In both benchmark scenarios, the lighter BSM resonance dominantly decays via
H/A — tt with a branching ratio of more than 99% for the small values of tg relevant here.
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Figure 2. Top: gluon-fusion production cross section at 13 TeV for the heavier BSM spin-0 resonance
(with a mass of 800 GeV) as a function of ¢g. Centre: branching ratios for the heavy spin-0 resonance
decaying into the lighter spin-0 resonance (with a mass of 600 GeV) and a Z-boson as a function of ¢4.
Bottom: signal cross sections contributing to Ztt production as a function of ¢3. The horizontal black
dashed lines show the current experimental 95% CL limits from ATLAS [21] and CMS [22] using an
integrated luminosity of 140/fb and 138/fb, respectively. In all plots the orange and blue vertical
lines correspond to the benchmark points BPy_, 74 and BP 4_, 7, respectively, which are defined in
table 1.

As a consequence, the final signal cross sections show an approximately linear dependence
on 1/tg, as is visible in the bottom plot, where we also indicate with the horizontal black
dashed lines the current 95% CL cross-section limits found by ATLAS [21] and CMS [22]
including 140/fb and 138/fb, respectively, collected during Run 2.

2.2 Angular variables

To gain information on the CP nature of the BSM resonances, we propose to utilize the spin
correlations of the final state t¢ pair. The production density matrix of two top quarks can
be written in terms of the Pauli matrices o as [48]

RxAl®1+Bfd'®@1+ B 1®d +Cijo' ®@d’, (2.1)

where A and the vector B arise from the parton level kinematics and the polarisations of the
di-top state, respectively. The spin correlations of the top and anti-top quarks are encoded in
the matrix C. They are commonly extracted experimentally by evaluating observables in an



orthonormal basis (l;:, 7,7). The coordinate k is defined as the unit vector of the top-quark
direction in the zero-momentum frame (ZMF), which is equal to the centre-of-mass frame of
the tt system. Taking p as the direction of flight of one of the incoming protons, the scattering
angle of the top quark is given by cosf; = p - 12:, which can be used to obtain the unit vector

W(ﬁ x k). (2.2)

"= sin Gt
We define the remaining coordinate as # = —7 x k. Assuming fully leptonic decays of both
top quarks, the leptons are boosted first to the di-top ZMF frame and subsequently to their
respective parent top-quark ZMF. Their directions of flight are denoted as /t and 7. The
normalised angular distributions can then be written in terms of B* and C as

1 do 1

sdrrda @t T reBT 0 kBT 0T —wplT O 07) (2.3)

for solid angles dQ*. We assume a spin analysing power of k¢ = 1 for leptons, which is the
case at tree-level (higher orders effects are of relative order 1073 [49] or smaller). Quarks
have spin analysing powers smaller than unity and receive larger corrections from higher
QCD orders, rendering the fully-leptonic channel the easiest case for extracting the top-quark
spin-correlations [50].

Choosing a reference axis a € {l%, 7,7}, the angle of the lepton and the axis is given by
coS 92: = +/* . 4. Allowing for different axes a,b € {l%, 7,7}, the differential cross section for
a choice of axes after integrating over azimuthal angles is then given by

1 de 1
Udcosé?;dcosﬁg 4

(14 B cosb; + B; cosf, — C,; cos b cos 95) , (2.4)

where we have written the vectors B¥ and the matrix C in terms of their components. The
connection of cos 0; oS 913_ to the spin correlations of the ¢t system renders them well-suited
observables to distinguish between cases of different parities. This can be employed for
example (as considered here) to distinguish whether the top-quark pair originated from a
scalar or pseudoscalar state. Similarly to refs. [27, 51-53] we use the observables

_ - - + - + -
Chel = — COS 9]; cos 015 cos ! cos . — cos B! cosl, ,

_ + — + - + -
Chan = COS 91% cos 91% —cos @ cosB. — cosf cosb (2.5)

which are sensitive to the CP-nature of the state producing the top-quark pair.? The diagonal
spin correlation coefficients that contribute to the cpe; and cpq,y observables have been studied
for the ¢tZ channel in ref. [54]. They obtain different values compared to the ¢t channel
(without an emitted Z boson) for the SM. Most importantly, in t¢Z the diagonal spin
correlation coefficients have the opposite sign compared to t# which implies that the same
should be true for cpe;. We investigate this further including the effects from additional
(pseudo)scalars in sections 2.3.1 and 2.3.2.

3The parameter cpe; is called D in ref. [51], and chan is called D3 in ref. [52].



2.3 Monte Carlo simulation

To study the impact on the cje; and cpqy observables from additional scalar states in the tt2
channel, we perform a numerical MC simulation using MADGRAPH5 _AMC@NLO [55, 56].
We use FEYNRULES [57, 58] to extend the SM model with the additional interactions of
interest that couple the scalar and pseudoscalar to the top quark and the Z boson,

e

£ —ZLH(H +ids)t - (HO,A — A9, H)Z", (2.6)

vtg 2swew
where sy, cyr denote the sine and cosine of the weak mixing angle, v =~ 246 GeV is the
SM Higgs vacuum expectation value, and e is the electric charge. The effective interactions
between the (pseudo)scalar and the gluon field are also introduced,

as a yapy . a apy
£5 o [ Fu(r) HG, G 4 iFa(r)AG, G (2.7)

where the strong coupling constant is denoted by «g. The interactions are exported as a
UFO [59, 60] model file with an additional pseudoscalar A and scalar H. The UFO file
is extended to include the momentum-dependent form factors arising from the top-quark
triangle loop [61]

Fr(r) = — (7 + (7 = 1) (7)) . (2.8)

T

1
Fa(r) = —;f(T) ) (2.9)
where 7 = 3/(4m?). The function f(7) is given by

arcsin? (y/7) T<1,
flr)= 9 (2.10)
/1 —+—1 .
—%{log%—m} T>1.
We have cross-checked our matching of the effective vertex to the triangle loop contribution
using FEYNARTS [62, 63] and FORMCALC [64].

2.3.1 Background

In the fully leptonic channel, the main background is the SM pp — ttZ production from proton
collisions which we simulate at leading order with leptonic decays of the top quarks, ¢ — blyy,
and Z — (104 By extracting the cpe; and cpqyp observables, we show the two-dimensional
differential distribution in the left plot of figure 3 in arbitrary units (a.u.), defined as the
number of events in each bin divided by the total number of events. For comparison we
additionally show in the middle plot the SM distribution of pp — tt with leptonic decays
that shows the opposite behaviour, as expected from the discussion in section 2.2, due to the
opposite signs of the diagonal elements of the spin-correlation matrix [54]. It should be noted
that the differences in these distributions can be attributed to the emission of a spin-one
particle. Unlike ¢¢Z, the emission of a spin-zero boson, such as the Higgs boson, does not
induce the same effect. For comparison, the distribution for ¢th production is also shown in
the right plot of figure 3, which has the same overall shape as the tt distribution.

*We discuss the background rate normalisation in section 3.
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Figure 3. Two-dimensional distributions in the cpej-cparn plane for different SM channels. Our process
of interest t¢Z (left) has a cpe; value with opposite sign compared to ¢t (middle) and tth (right).
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Figure 4. Histograms for the m,; invariant mass distribution for the A — HZ (left) and the H — AZ
process (right). The pure-signal and pure-background contributions are indicated with S and B,
respectively, while I denotes the signal-background interference at leading order.

2.3.2 Signal

The signal processes under consideration are
g9 — (2) - <ZZ> — Ztt — 0707 bl v, (2.11)

where we focus in particular on the distinction between the A — HZ and H — AZ sig-
nals. The cross sections are corrected by calculating K-factors as the ratio of the QCD
next-to-next-to-leading order gg — A/H production cross sections obtained with the HiG-
asTooLs framework [34], which incorporates predictions obtained with SusHI [65, 66],
divided by the leading-order gg — A/H production cross sections obtained with MAD-
GRrAPH5 AMC@NLO.5 As discussed above, for the two benchmark scenarios defined in
section 2.1 the two signal processes g9 - A — ZH and g9 - H — ZA have the same
total cross section. This makes them indistinguishable in the searches recently performed

5The K-factor for the pseudoscalar is 2.04, while for the scalar it is 2.08 using a fixed renormalisation scale
in MADGRAPH5__AMCQ@NLO.
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Figure 5. Two-dimensional distributions for cpe; and cpqy, for the A — HZ and H — AZ channels,
indicating the potential power to discriminate the two signatures if the two observables are utilised in
the ttZ final state.

by ATLAS and CMS, where the fully leptonic channel and the angular information of the
final-state leptons have not been exploited.

We include interference effects between the signal and the SM gg — ttZ background and
calculate the cpe; and cpqy, oObservables after subtracting the SM background. In particular,
differential distributions for the gg — t¢Z channel (including the decays of the top quarks)
are obtained by calculating the full result for the distribution consisting of the BSM, SM
and interference contributions doy,; and subtracting the pure-SM contribution, i.e. dogsm =
doga — dosv.® The interference effects are in general small as shown in figure 4, where
the invariant m,; distribution for the A — ZH channel is displayed on the left and for the
H — ZA channel on the right.

We do not include additional interference contributions between gg — A/H — (H/A)Z
and box diagrams resulting in the same final states, gg — (H/A)Z (an example diagram
is shown in figure 10 below). We have checked their importance at the t£Z parton level
(not including the decays of the top quarks) with a loop-ready model file produced with
NLOCT [67] and found that the impact of the box-diagrams is negligible, see appendix A.

The differential cross section distributions in terms of cpq, and cpe (in a.u.) for the
two signals A — HZ and H — AZ are shown in figure 5 (the range of the colour coding
is different than in figure 3). The displayed results show that the cpe and cpgy variables
can potentially provide sensitivity for distinguishing the two signals. While the A — HZ
signal peaks for negative cpe and cpgp, the H — AZ signal peaks for positive cpe; and cpan-
Furthermore, unlike the SM distributions, the A -+ HZ and H — AZ signal distributions are
not only concentrated in the diagonal bins. Thus, exploiting the variables cp¢; and cpqy and
their interplay appears to be a promising approach towards a possible distinction between
the two signals in a realistic analysis.

5Tn practice we achieve this by modifying the matrix element in MADGRAPH5__ AMC@NLO in order to
improve numerical stability.

~10 -



3 Numerical results

We proceed to examine the statistical significance of the two considered signals, A —» HZ
and H — AZ, through an analysis utilising the cpe; and cpqy, observables as well as the
invariant mass of the di-top state, m;;. We design our phenomenological analysis following the
approach of ATLAS for the differential cross section measurements of t¢Z production [68]. For
simplicity we work with parton-level events, but set requirements for the signal region similar
to the ATLAS experiment and subsequently apply Gaussian smearing (see the discussion in
ref. [28]). Selected leptons are required to have a transverse momentum pz(¢) > 10 GeV and
pseudorapidity |n(¢)| < 2.5. At least two pairs of opposite-sign same-flavour leptons must be
identified, where the leading lepton needs to have a pr value exceeding 27 GeV. One lepton
pair must have an invariant mass close to the mass of the Z boson, |mz — mys| < 20 GeV. We
require at least two jets with pp(j) > 25GeV and |n(j)| < 2.5, as b-quarks can only be tagged
in the central part of the detector. The parton-level top quarks and their daughter leptons are
identified from MC-truth information saved in the LHE [69] files. In an actual experimental
analysis, the four-momenta of the two top-quarks are reconstructed using the four-momenta
of the daughter leptons. The proper reconstruction of the tt-system with fully leptonic
decays is non-trivial due to the undetected neutrinos, and relies on algebraic kinematic
reconstruction methods by imposing pr conservation and the masses of the W-bosons and
top-quarks as constraints [70-72]. The reconstruction efficiency using this technique has been
shown to be about 94% in the ¢t channel [72]. For the ttZ final state, the presence of the
leptonically decaying Z boson does not hamper the reconstruction efficiency of the top-quark
pair, as its invariant mass can be identified from a reconstructed ¢T¢~ pair. Moreover, we
verified that a smearing on the momenta of the top and anti-top quarks to account for finite
detector resolution effects on the reconstruction has no significant impact on the cpe; and
Chan distributions, see appendix B. We therefore regard it as sufficient to consider a smearing
on the my; distribution in our analysis.

ATLAS [68] expects about 101 events from the SM ¢£Z channel, while the total number
of expected events including additional backgrounds rises to 139 (the sum of background
events in the SR-4/-SF and SR-4¢-DF signal regions) for an integrated luminosity of 140/fb.
We choose to normalise our background sample such that we obtain 139 events at the
same integrated luminosity (we use MADGRAPH5__AMC@NLO to obtain the shape of the
background distributions, assuming that it follows the main ttZ background).

Apart from the K-factors applied to both of the signals, as discussed in section 2.3.2, we
additionally apply efficiency factors that equally reduce the cross section rates for A — HZ
and H — AZ. We apply an efficiency factor of (0.7)? for b-tagging and a factor of 0.9 for
correctly identifying the reconstructed top quarks and their daughter leptons [71, 72].”

Throughout this section we will evaluate the statistical significance of the A — HZ and
H — AZ signals w.r.t. the SM in each bin ¢ with

7 = \/2 {(sl- + By)log (1 + g) - SZ-] , (3.1)

"The ATLAS analysis only requires one tagged b-jet [68].
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where S; and B; denote the signal and SM background events in bin i, respectively [73].
Combined significances are subsequently obtained by summing in quadrature Z = />, Zi2
(without including bin-by-bin correlations). It should be noted that we do not include
systematic uncertainties beyond efficiency factors for b-tagging and top-quark reconstruction,
and therefore a real experimental analysis is expected to yield smaller significances than
the ones obtained in our numerical analysis, see also the discussion below. Nevertheless,
our evaluation of the significances will be useful in order to quantify the improvement
of the experimental sensitivity as a consequence of incorporating the information from
tt spin correlations.

3.1 my; distributions

We first investigate the m,; distributions from the A — HZ channel for a parameter point
with m4 = 650 GeV and mpy = 450 GeV with tan 8 = 1. This is motivated by the fact that
ATLAS has observed a 2.85 o excess for these mass values, compatible with this tan 3 value, in
their search based on the full Run 2 data set in the semi-leptonic top-quark decay channel [21].
Using bins of 50 GeV and assuming a 20% Gaussian smearing to approximate detector effects,
we evaluate the significance for each bin of the m,; distribution. After summing in quadrature
we obtain a combined significance of 3.8 o at 140/fb. While this significance is not directly
comparable to the one obtained by ATLAS, as our phenomenological analysis has a different
setup and uses a different channel, we regard the fact that the significance that we obtain
for this example point is not far away from the ATLAS result as reassuring regarding the
validity of our projections for the HL-LHC. The feature that our obtained significance is
somewhat higher than the one found by ATLAS is expected since, as discussed above, we
neglect systematic effects.

Subsequently, we proceed to study the m,; distributions for H — AZ and A — HZ for
the two benchmark scenarios defined in section 2.1 (as shown in figure 2 these parameter
points are compatible with the current experimental limits from LHC searches in the Ztt final
state). The expected events for the m,; invariant mass distribution are shown in figure 6 for
an integrated luminosity at the HL-LHC of 3/ab. We have assumed an improved smearing of
10% for the HL-LHC stage. As expected, the m,; distribution does not yield any important
differences between the scalar and the pseudoscalar production modes, implying that a
resonance search utilising only m,; would be unable to identify the CP properties of the
resonance state. Evaluating the significances in each bin according to eq. (3.1) and combining
the significances for the different bins yields a significance of 5.9 (5.5) for A - HZ (H — AZ)
with the assumed 10% smearing effect.

3.2 Discrimination between A - ZH and H — ZA

We now incorporate information from ¢t spin correlations. As a first step we consider the
case where either the angular observable cpe; or cpqapn is utilised. As a possible binning in
Chel, the generated events can be separated into the three different regions cpe; < —0.33,
—0.33 < cpe < 0.33 and cpep > 0.33 such that separate results are obtained for the m,;
distributions in each region. For the case where ¢y, is utilised as single angular observable
the same kind of binning can be chosen. Results for the two cases are shown in figure 7,
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Figure 6. Expected events (upper plot) and ratio to the SM prediction (lower plot) for the di-top
invariant mass distribution m,; for an assumed integrated luminosity of 3/ab at the HL-LHC. The SM
contribution to t¢Z is shown in blue, while the H — AZ (A — HZ) signals are shown in red (green).
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Figure 8. On the left, the significances that are obtained for the two signals are shown for the
analysis splitting the events only according to the angular variable cpe;. On the right we show the
significances for the analysis that utilises only the angular variable cpqp,-

where the expected m,; distributions of the events and the ratio of the distributions including
the H — AZ or A — HZ signals to the SM prediction are displayed for the different regions
in Cpep O Cpgyp for an integrated luminosity of 3/ab. The choice of using three regions for
Chel OF Chan rather than a finer binning was made in order to ensure that the resulting m,;
bins are not depleted of background events. The m,; binning of 50 GeV has been kept as for
the case of section 3.1 where no angular variable is utilised. In line with the expectations
from figure 5, for the case where ¢y is utilised as angular variable one observes a higher
ratio of A — HZ events with respect to the SM for the cpy < —0.33 region. In contrast,
H — AZ yields a higher ratio w.r.t. the SM for ¢pe; > 0.33. The highest value of the ratio
across all regions is obtained for the H — AZ signal in this case. A similar pattern can also
be observed for the cpq, regions, albeit in this case the ratio to the SM across all the regions
reaches higher values for A — HZ. This indicates that cpe and cpe, have discriminating
power allowing the separation between the A — HZ and H — AZ signals, in contrast to the
case where one uses only the cross section rates or only the m,; distribution.

In order to further quantify the sensitivity to the two signals, we evaluate the statistical
significance in each my; distribution according to eq. (3.1) and then obtain the combined
significance for each bin of the angular observable. The results are displayed in figure 8.
We find that both cases, i.e. utilising only the angular variable cpe; or only the angular
variable cpqn, yield high significances for both signals H — AZ and A — HZ. For the two
cases the combined significances follow a similar pattern across the three bins of the angular
variable. Furthermore, the two types of signals can be distinguished and thus, assuming that
a potential signal consists of a CP eigenstate, the CP nature of this state can be determined.
If in this case the highest significance is obtained from utilising a binning in cpe; and arises
mostly from events with cpe; > 0.33, then evidently the signal is due to the production of
a CP-even state, gg — H. The opposite is true for a signal that originates from a CP-odd
state, gg — A, for which the highest significance would occur in the region c¢pq, < —0.33.
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Figure 9. Significances for the approach where a simultaneous binning in both cpe; and cpep is
utilised to define different regions. On the left we show the results for A — HZ and on the right for
H — AZ for 3/ab with 10% smearing.

We furthermore note that utilising the angular observables has the potential to yield
a higher significance compared to simply using the m,; distribution. We find that the
significance of the two signals does not surpass 6 ¢ for the case where the spin-correlation
observables are not taken into account. In contrast, binning in cpe; (Chan) gives rise to a
significance of more than 6o for the H — AZ (A — HZ) signal, as shown in figure 8. We
checked that this remains true even if one increases the number of bins in the m,; distribution
(we tried this for two cases by reducing the bin-size to 25 GeV and to 16.7 GeV). We note
that this improvement of the significance of a detected signal will only occur in the data set
where both top quarks decay leptonically, while signal regions based on semileptonically or
hadronically decaying top-quark pairs will not be affected.

We now turn to the case where the two angular observables are exploited simultaneously.
Thus, instead of only binning in either cpe; Or Charn, We now use nine different regions arising
from a simultaneous binning in both cpe; and cpqy, and construct my; distributions within each
region. For this purpose we readjust the number of bins in the my; distribution to 80 GeV in
order to avoid depleting any bin of background events and compute the combined significances
in each region for the H —+ AZ and A — HZ signals. These results are shown in figure 9.
We find similar conclusions to the case where only one of the angular observables is employed.
The simultaneous binning in both observables yields a high sensitivity for distinguishing
between the A — HZ and H — AZ signals, where the former is expected to have the highest
significance in the (cpe; < —0.33, chan < —0.33) bin while the latter is expected to occur with
the highest significance in the (0.33 < cper, 0.33 < Chan) bin. The overall significances for
each of the two signals are found to be similar as for the case where only one of the angular
observables is employed if the significances in the different regions are combined. Ultimately,
the appropriate choice for the binning in the angular observables and the m,; distribution
will depend on the number of events that are obtained in the actual analysis at the HL-LHC.

4 Summary and conclusions

In this work, we have focused on (HL-)LHC searches for a new spin-0 boson, produced
through gluon fusion, that decays into a Z boson and a lighter new spin-0 boson of opposite
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CP character, where the latter decays into a pair of top quarks. Such a signal has been
identified as a “smoking-gun” signature for a first-order EW phase transition in extended
Higgs sectors like the Two Higgs doublet model (2HDM). In the absence of CP violation,
the two spin-0 resonances involved in this process will be a CP-even state, H, and a CP-odd
state, A, which can occur either as parent or daughter particle in the decay. Thus, the process
can give rise to two possible signals, gg -+ A — ZH — Ztt and g9 — H — ZA — Ztt. The
current experimental searches performed by ATLAS and CMS lack sensitivity to the CP
properties of the spin-0 bosons. Therefore, these searches cannot distinguish between the two
kinds of possible signals if the total production rates for the Ztt final state are predicted to
be the same within the involved theoretical and experimental uncertainties.

We have proposed here a method to distinguish between the A — ZH and H — ZA
signals that exploits the spin correlations of the tt system. To achieve this, we utilise the
observables cpq, and cpe (defined in eq. (2.5)), which are reconstructed from the angular
distributions of the two leptons produced in the fully leptonic decays of the two top quarks.
These observables were previously applied in LHC searches for a single new resonance in
the tt channel. We have demonstrated that the application of these angular observables
can successfully be extended to signatures involving two BSM particles. In particular we
have shown that exploiting the t¢ spin correlations is valuable in the Zt#t channel both
for determining the CP properties of new spin-0 resonances and to increase the overall
experimental sensitivity.

We have used the CP-conserving 2HDM as a minimal UV-complete BSM framework
that predicts two neutral BSM Higgs bosons H and A, which are CP-even and CP-odd,
respectively. Therefore, our analysis then focuses on discriminating between the signals
H — ZA and A — ZH, which is phenomenologically of great interest since the presence of
the latter is more favourable for a realisation of a strong first-order EW phase transition
in the 2HDM. Such a phase transition is required for an explanation of the observed
matter-antimatter asymmetry of the universe via EW baryogenesis, and it gives rise to a
primordial gravitational-wave background that might be detectable with future space-based
gravitational-wave experiments, such as LISA.

For our numerical analysis, we have defined two benchmark scenarios featuring a resonant
Ztt production cross section of 0.1 pb and masses of 800 GeV and 600 GeV for the two Higgs
bosons. While these rates are currently below the experimental sensitivity of the searches
at the LHC in the Ztt channel, they are expected to be within the reach of the HL-LHC.
In a first step, we have evaluated the statistical significance of the A — HZ — ttZ and
H — AZ — ttZ signals from the cross section distributions w.r.t. the top-quark pair invariant
mass, m,;. We have then explored the impact of considering the spin correlations from the
di-top system by considering either a binning for one of the angular observables cpe; Or Chan
or a simultaneous binning for both of the angular observables.

Our results show that the signal A — HZ yields contributions to the angular observables
that predominantly occur in the regions where cpe; and cpq, are negative, while for H — AZ
the largest contributions occur in the regions where both cpe; and cp,, are positive. This
behaviour allows one to infer information about the CP nature of the produced states,
which is not possible with the current search strategy applied by ATLAS and CMS. In this
way, a distinction between the two signals A — HZ and H — AZ is possible with high
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statistical significance, which has important implications for assessing the possible realisation
of EW baryogenesis and the prospects for a future detection of gravitational waves with
observatories such as LISA.

It should be noted that the realisation of EW baryogenesis also requires new sources of
CP violation. Therefore, in the future it would be worthwhile to investigate how precisely
the CP properties of the produced new states could be determined if they are not CP
eigenstates but a mixture of CP-even and CP-odd components. Such an analysis is beyond
the scope of the present paper.

We have also shown that applying a binning of events with respect to either one of the
angular variables (with an appropriate choice of cpe; Or cpqyp for the two signals) or both of
them yields a higher statistical significance for the signals compared to the SM background
for both A - HZ and H — AZ. For our chosen benchmark scenarios, we find an enhanced
statistical significance of 6.4-6.5 for the case where the information from the angular variables
Chel and Cpgy is included, compared to 5.5-5.9 for the case where this information is not
taken into account. Hence, the separation of events in different bins of ¢, and cpe; is also
promising for increasing the overall experimental sensitivity of the experimental searches,
irrespective of whether the signature originates from the A — ZH or the H — Z A decay.
It should be kept in mind, however, that our proposed analysis strategy is only directly
applicable to the data set where both top quarks decay leptonically.

While the significances obtained in an actual experimental analysis may turn out to be
somewhat smaller (due to systematic uncertainties not considered in our analysis) or larger
(due to other systematic improvements in future CMS and/or ATLAS analyses) compared to
our estimates, our results for the relative differences, which are the basis for demonstrating the
discriminating power of our method, should provide reliable information about the potential
of employing the spin correlation variables. In addition, since we have accounted for several
sources of experimental uncertainties in our analysis, such as smearing of the m,; distributions,
our results should be unlikely to be significantly altered by detector effects.

In summary, we find that exploiting the information from top-quark spin correlations,
through the observables cpe; and cpqn, can provide crucial sensitivity to the CP properties of
BSM states that are detectable in current and future Ztt searches at the (HL-)LHC, while
the current searches carried out by ATLAS and CMS are insensitive to the CP nature of
the produced states. We encourage the experimental collaborations to make use of this
important source of information in their future Higgs-boson searches in the Ztt final state
(and other tt+X final states) at the LHC by improving their search strategies along the
lines that have been proposed in this paper.
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A Impact of box-diagram contribution

The ZH and Z A final states considered here can also be produced via contributions involv-
ing a box-diagram. The corresponding type of Feynman diagram is depicted in figure 10.
In order to assess the relevance of these contributions, we simulated events with MAD-
GrAPHS5_AMC@NLO including the box-diagrams at the ttZ parton level (not including
the decays of the top quarks) with a loop-ready model file produced with NLOCT [67].
In figure 11 we show the cross section distributions for the A — ZH signal (left) and the
H — Z A signal (right) as a function of the invariant mass of the top-quark pair (top row) and
the invariant mass of the t£Z state (bottom row) for different contributions: the total signal
(green), the interference between the resonant production and the box-diagram leading to HZ
production (red), and the interference between the resonant production and the box-diagram
leading to AZ production (blue). Overall, we find that the interference effects (blue and
red lines) are small compared to the signal (green line). Our findings are in agreement with
refs. [6, 21, 22]. We therefore do not take into account the production of a spin-0 resonance
in association with a Z-boson via the box diagrams in our Monte-Carlo simulations.

B Impact of smearing top-quark momenta on ¢ and cpqy,

In experimental analyses, the need to reconstruct the top-quark momenta in final states
involving neutrinos through algebraic reconstruction methods can lead to uncertainties in the
components of the reconstructed momenta with respect to the actual momenta of the top
quarks. This is not taken into account in our analysis since we use the MC-truth top-quark
momenta and only apply a reconstruction efficiency to accommodate the case where top
quarks could not be reconstructed. Here we investigate how sensitive the cpe; and cpan
observables are to shifts of the components of the top-quark momenta caused by the finite
detector resolution. To simulate detector effects, we perform a conservative 20% and 30%
Gaussian smearing on the p;, py, p. components of the four-momenta for both the top and
anti-top quarks and subsequently re-compute the cpe; and cpg, variables for the events in our
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Figure 11. Distributions for the invariant mass of the top-quark pair, m,;, (top) and for the total
invariant mass of the process, m,;, (bottom). On the left (right) the pure signal contribution, S,
to the A - HZ (H — AZ) channel is shown, where H (A) decays to top quarks. The interference
between the signal and box contributions is denoted by I.
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signal and background samples. We note that we do not smear the mass of the individual top
quarks since it is usually kept fixed when experiments perform the algebraic reconstruction
of the momenta [72]. The cpe and cpqy distributions for A - HZ — ttZ, H — AZ — ttZ
and ttZ are shown in figure 12 (we additionally show the distributions for tt and tth for
comparison). Overall, the impact from such shifts of the top-quark four-momenta is found to
be small and we therefore do not include these effects in our analysis.
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