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mode. We show that a combination of laboratory and ¢t rest frame observables display
large CP-sensitivity, exploring the spin correlations in the top decays. To efficiently re-
construct our final state, we present a method based on simple mass minimization and
prove its robustness to shower, hadronization and detector effects. In addition, the mass
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results, we demonstrate that the Higgs-top CP-phase («) can be probed up to cosa < 0.7
at the high luminosity LHC.
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1 Introduction

After the discovery of the Higgs boson at the Large Hadron Collider (LHC) [1, 2], the
determination of its properties has become a prominent path in the search for physics
beyond the Standard Model (SM) [3-5]. So far, measurements based on the Higgs signal
strengths conform to the SM predictions [6, 7]. However, the tensor structure of the Higgs
couplings to other matter fields remains relatively unconstrained. A particularly interesting
option is that the Higgs interactions present new sources of CP-violation, which could be
a key element in explaining the matter-antimatter unbalance in the Universe [8, 9].
CP-violation in the Higgs sector has been searched for at the LHC mostly via Higgs cou-
plings with W* and Z gauge bosons throughout the Higgs decays h — W+W ™ and ZZ [10-
19]. However, these possible CP-violating interactions are one-loop suppressed, arising only
via operators of dimension-6 or higher [20, 21]. On the other hand, CP-odd Higgs fermion
interactions could manifest already at the tree level, being naturally more sensitive to new
physics [22-40]. Of special interest is the Higgs coupling to top quarks, as y2™ ~ 1.
Relevant constraints to the CP-structure of the top-Higgs coupling can be indirectly
probed via loop-induced interactions in electric dipole moment (EDM) experiments and
gluon fusion hjj production at the LHC [13, 41-43]. While electron and neutron EDM can
set very stringent bounds on CP-mixed top Yukawa, it critically assumes the Yukawa cou-
pling with the first generation fermions the same as in the SM, and that new CP-violating
interactions are limited to the third generation. A minor modification on the strength and
CP-structure of the Higgs interactions to first generation can considerably degrade these
constraints [41]. Similarly, possible new physics loop-induced contributions can spoil the
measurement through gluon fusion hjj production [44—49]. Therefore, the direct measure-
ment of this coupling is required to disentangle potential additional new physics effects.



Analogously to the direct (model independent) measurement of the top Yukawa
strength, the direct measurement for its CP-phase also has the pp — tth channel as its most
natural path. Going beyond the signal strength analysis for this channel becomes even fur-
ther motivated given i) the recent CMS result, showing observation for the tth signal with
5.20 observed (4.20 expected) [50, 51]; and 47) the High-Lumi LHC (HL-LHC) projections,
indicating that this channel will be measured with a very high precision, dy; < 10% [52].
Hence, that is the approach which we follow in the present study, exploring the spin cor-
relations in the top pair decays.

The different Higgs-top CP-structure affects the top-spin correlation, that can propa-
gate to the top quark decay products. The most natural channel to perform such a study is
the dileptonic top decay, as the spin analyzing power for charged leptons is maximal. Spin
correlations can be enhanced looking at the tt rest frame, however the large experimental
uncertainties at hadron collider due to top reconstruction and frame change make this
measurement challenging. We will present a method for the top reconstruction that will
address these issues, allowing the construction of relevant CP observables at tt rest frame.

The aim of this paper is twofold. First, we will study direct Higgs-top CP measurement
via the tth production, exploiting full kinematic reconstruction in the dilepton channel. For
this purpose we adopt a kinematic reconstruction method presented in ref. [53]. Second,
since this reconstruction method was studied only at the parton-level, we would like to
investigate its performance further beyond the parton-level, including more realistic effects
such as parton-shower, hadronization and detector resolution. Although this reconstruction
method was initially presented for the top quark pair production tf, we will show that it
can be easily adopted to the tth channel.

This paper is structured as follows. In section 2, we will present our setup and the
kinematic observables to access the CP-phase. In section 3, we will discuss the method
for kinematic reconstruction of the dileptonic tops. In section 4.1, we show that the an-
gular correlations can be obtained via this method, presenting the results at the parton
level, while in section 4.2, we perform a full signal and background analysis, including
parton-shower, hadronization and detector effects, and discuss the prospects of the CP
measurement in the ¢tth channel with dileptonic top-quarks and h — bb decays.

2 Setup and angular observables
We start with the following Lagrangian containing the top Yukawa coupling
my o~ L
LD ——Kt(cosa+iyssina)th, (2.1)
v

where v = 246 GeV is the SM Higgs vacuum expectation value, K is a real number and «
represents the Higgs-top CP-phase. Hence, the SM Higgs-top interaction is represented by
the pure CP-even coupling (K, a) = (1,0), while (K, a = 7/2) parametrizes a pure CP-odd
Higgs boson.

Various observables have been explored in the literature to access the Higgs-top CP-
phase in tth events, e.g., total cross-section, transverse Higgs momentum, invariant ¢¢ mass,



and spin correlations in the top quark decay products [22-31]. The latter is specially inter-
esting as it can accurately probe the Higgs-top interaction, exploring the spin polarization
of the tf pair via a shape analysis.

While at hadron colliders the top quarks are unpolarized, the top and anti-top pair are
highly correlated. This fact can be experimentally revealed by spin correlations between
the top decay products [54]. The top-quark spin polarization is transferred to the top
decays, t — Wb with W+ — ¢*v or d + u, where the spin analyzing power is maximal
for the charged lepton ¢t and the down quark d. Exploring this, ref. [23] demonstrates
that the difference in azimuthal angle between the leptons Aqbﬁb (from top decays) in the
laboratory frame can directly reveal the CP-structure of the Higgs-top interaction with
the sensitivity of the measurement substantially enhanced in the boosted Higgs regime, as
shown in the left panel of figure 1. This study shows that the Higgs-top coupling strength
and the CP structure can be directly probed with achievable luminosity at the HL-LHC,
using boosted Higgs substructure in the dileptonic channel.

In the present paper, we would like to include observables in the center-of-mass frame of
tt system, exploiting novel kinematic reconstruction methods. Among several distributions
studied in the ¢t differential cross-section measurements, we find that the production angle
0* in the Collins-Soper reference frame brings an interesting correlation, as shown in figure 1
(middle). This 6* is a collision angle of the top with respect to a beam axis in the ¢t
center-of-mass frame and therefore the two top quarks have equal and opposite momenta,
with each making the same angle 8* with the beam direction [55]. See ref. [29] for a recent
application of a similar observable which probes the spin and parity of a new light resonance.

All these variables, including Agf)ﬁb and 6%, are sensitive only to the square terms cos? o
and sin? o (CP-even observables), providing only an indirect measure of CP-violation,
missing the interference term between CP-even and odd couplings, cos asina, that can
capture a relative coupling sign. To define CP-odd observables, we have to further ex-
plore the spin polarization of the ¢t pair. Remarkably, tensor product relations of the
top-pair and the final state particles, that follow from totally antisymmetric expressions
€(Pa, Pbs Pes Pd) = €upoDaPppep] (with €123 = 1), are examples of such observables.

In the present work, we will focus on a relevant tensor product that has information
on the top and anti-top and the charged leptons from top-quark decays, maximizing the
spin analyzing power: €(ps, py, o+, Pe— ). In general, this expression leads to several terms,
making it difficult to define an observable that extracts all its information. However, this
relation opportunely simplifies at the ¢t center of mass (CM) frame, resulting in a single
triple product

G(ptalfnpehpe*)hz CcM X DPt- (Pz+ X Pef) ) (2'2)

provided that we can fully reconstruct the t¢ CM frame. We further explore this relation
to define our CP-odd observable

AL, = sgn [py - (e x py-)] arccos [(Be x e+ ) - (e % Pp-)] (2.3)

that is defined in the [—m, 7] range. In figure 1 (right), we display the A(bZ distributions
at the parton-truth level for different CP hypotheses a. The CP-mixed cases o = 7/4
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Figure 1. Left: Agblg}b distribution between the two leptons from the ¢ decay in the laboratory
frame after pp(h) > 200 GeV and my, > 75 GeV selections. Middle: distribution of a collision angle
(0*) of the top with respect to a beam axis in the ¢t rest frame. Right: Acﬁ% distribution between
the two leptons in the tf rest frame for tth production. We display the SM a = 0 and beyond the
SM scenarios with o = £7/4,+7/2. The ratios of the different hypotheses to the SM are shown
in the sub-figure (top right). The results are at the parton-truth level, fully reconstructing the
particles’ momenta at the 14 TeV LHC.

from —7/4 display different distribution shapes, confirming that AQZ)Z is a truly CP-odd
observable.

One may quantify these differences via an asymmetry, comparing the number of events
with positive and negative Ag¢l, [25]:

_ N(Agf > 0) = N(Agj, < 0)
- N(Af, > 0) + N(AG, < 0)

Age (2.4)
where Ay € [-1,1]. While the asymmetry Ay, results in deviations from the SM hypothesis
of at maximum O(4%) (for a ~ £%), A¢}, presents parameter space regions that can

reach up to O(10%) of difference in ratio ((T(la) : ZZ(;%> / (a(lo) : 522%), as shown in the

subfigure of the right plot. The latter leads to a potentially stronger distinguishing power

that can be explored via a shape analysis. Due to difficulty in event reconstruction to go
to the tf rest frame, the AQSZ observable has not been investigated in a realistic analysis so
far. In this study, we shall attempt to reconstruct the 6* and Ad)?e variable at hadron-level
including detector resolution. We will then examine how these two observables (A¢Z and
0*) would improve the existing analysis with the laboratory angle (Aqbﬁb). We will make
a brief comment on the sign of CP angle as well.

3 Brief review of kinematic reconstruction

In this section, we briefly review the reconstruction method that we adopt. Our algorithm
is entirely based on mass minimization. Thus, it is more flexible for new physics analyses
and robust for our spin-correlation study.! The event topology considered in this paper is
shown in figure 2, together with three possible subsystems. The blue dotted, the green dot-
dashed, and the black solid boxes indicate the subsystems (b), (¢), and (bf), respectively.

See refs. [56-59] for M2 and its various extensions and refs. [60-64] for four dimensional variables. We
refer to refs. [60, 65] for reviews on various kinematic variables.
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Figure 2. The event topology considered in this paper, together with the three possible subsystems.
The blue dotted, the green dot-dashed, and the black solid boxes indicate the subsystems (b), (¢),
and (bf), respectively.

We consider that the Higgs (denoted as h) is fully reconstructed, in which case the only
source of the missing transverse momentum is two neutrinos from the top decays.

In the presence of two missing particles at the end of a cascade decay, Mo provides
a good estimate of mass information in the involved decay [56, 58, 60, 65]. Following
notations and conventions of ref. [53], we define My as follows:

Mro(m) = min {max[Mrp,(¢i7, ™), Mrp,(Gor, )]}, (3.1)

Q17,9217

Gir + Gor = Pr,

where Mrp, (i = 1,2) is the transverse mass of the decaying particle in the i-th side and m
is a test mass, which we set to zero in our study. @7 is the unknown transverse momentum
of the i-th missing particle, which is a neutrino in this case. Individual values (g1 and gr)
are unknown and only their sum (¢17 + ¢ar) is constrained by the total missing transverse
momentum, ﬁT.

Another mass-constraining variable is the My [53, 60, 66], which is the (3+1)-
dimensional version of eq. (3.1):

MQ(m) = (%1’1(;21 {max [Mpl ((Tlvm% MPQ(Jva)]} ) (3'2)

Gir + Gor = Pr,

where the actual parent masses (Mp,) are considered instead of their transverse masses
(Mrp,). Note that the minimization is now performed over the 3-component momentum
vectors ¢1 and gz [60]. In fact, at this point the two definitions (3.1) and (3.2) are equivalent,
in the sense that the resulting two variables, M9 and Mo, will have the same numerical
value [60, 61, 67].

However, M» begins to differ from Mo when applying additional kinematic constraints
beyond the missing transverse momentum condition @17+ g = IBT. Then, the M5 variable



can be further refined and one can obtain non-trivial variants as shown below [61]:

Moyxx = I}ll_I‘l {max [Mpl (Jl7m)a MP2(§2>m)]} ) (33)
491,92
Gir + Gor = Pr

Mycx = }I}liqp {max [Mp, (q1,m), Mp,(G2,m)]}, (3.4)
1,492

QT + Gor = ﬁT

MP1 = MP2
Moxco = I_pl_r} {maX [MP1 (lem)a MP2((72777~/L)]}7 (3'5)
q1,92
Gir + or = Pr
Mp = M,
Mscc = min {max [Mp, (q1,m), Mp,(q2,m)]}. (3.6)
q1,92

Qir + r = Pr

MPl =5 MP2

Mp, = Mg,
Here Mp, (Mpg,) is the mass of the parent (relative) particle in the i-th decay chain and a
subscript “C” indicates that an equal mass constraint is applied for the two parents (when
“C” is in the first position) or for the relatives (when “C” is in the second position). A
subscript “X” simply means that no such constraint is applied. Note that Max x in eq. (3.3)
is the same as the original definition of M in eq. (3.2) and the subscript (X X) is added
explicitly to indicate that no extra constraints are imposed during the minimization. In
any given subsystem ((b), (¢) or (bf)), these variables (3.1)—(3.6) are related as follows [61]

M7y = Moxx = Macx < Maxc < Macc. (3.7)

More specifically, in the tt-like production (¢t + X where X is fully reconstructed), we
could use the experimentally measured W-boson mass, my,, and introduce the following
variable:

My = min {max [My, (1, m), Mey (32,)]} - (3.8)

q1,q2
QT + or = ﬁT
My, = M,

]\4']/[/1 = MW2 = mw

Similarly, taking the mass m; of the top quark in the minimization, we can define a new
variable in the (£) subsystem:

l . S~ - o~
My, = min {max [Myv, (31,17). Miv, (@2,m)]}. (3.9)
1,92
@it + @or = Pr
My, = My,

Mt1 = Mt2 = my



Although these mass-constraining variables are proposed for mass measurement orig-
inally, one could use them for other purposes such as measurement of spins and cou-
plings [68]. In our study, we use these variables to fully reconstruct the final state of our
interest, with the unknown momenta obtained via minimization procedure. These mo-
menta may or may not be true particle momenta but they provide important non-trivial
correlations with other visible particles in the final state, which helps reconstruction.

Based on ref. [53], we define the following parameter space:

] bl l
(z,y,2) = (m{fl}ax — mzax{ml()})}, my — MQ(C%V, mwy — Mégt) , (3.10)
where ml()? is the invariant mass of b and ¢ in i-th pairing (i = 1,2), and m™* =

m? —m¥, (in the m; — 0 limit). Since there are two possible ways of paring b and

¢ in the dilepton channel of the tt-like events, we repeat the same calculation for each par-
titioning. Then the correct combination would respect the anticipated end points of myy,
Mébcé‘)/v and Mééc)t, leading to positive x, y, and z. On the other hand, the wrong pairing
could give either sign. Finally, by requiring that the partition which gives more “plus” sign
as the “correct” one, we can resolve two-fold ambiguity. Then we treat the corresponding
momenta of two missing particles (which are obtained via the minimization procedure) as
“real” momenta of two missing neutrinos. If both partitions give the same numbers of pos-
itive and negative signs (called “unresolved case”), we discard those events. From ref. [53],
the efficiency of this method is known to be about 88%, including unresolved events with
a coin flip, 50% probability of picking the right combination. Since we ignore those events
to obtain a high-purity sample, the corresponding efficiency becomes 83%. We also note
that we assign the negative sign for a partitioning, if a viable solution is not found during
minimization. This is because the wrong pairing would fail more often than the correct
paring. With the obtained neutrino momenta, now we can reconstruct momenta of W's
and top quarks for the CP measurement of the top-Yukawa coupling.

4 Top-Higgs Yukawa coupling with M,-assisted reconstruction

We show our parton-level results in section 4.1, and detector-level (including parton-shower,
hadronization, and detector resolution for signal and backgrounds) in section 4.2. For our
parton-level study, we assume that the Higgs is fully reconstructed. We separate these semi-
realistic effects to better examine the capability and feasibility of reconstruction methods
in the dileptonic ¢th production. Throughout our study, we use OPTIMASS [62] to obtain
momenta of two invisible neutrinos, following the reconstruction method described in the
previous section.

4.1 Parton-level analysis

Parton level events are generated at leading order by MadGraph5_aMCONLO [69] in chain
with FEYNRULES package [70] without any generation level cuts. We use the default
NNPDF2. 3QED parton distribution function [71] with dynamical renormalization and factor-
ization scales set to m2 (transverse mass of the visible system) at the 14 TeV LHC. In this



parton level (resolved)

““““

00000

iy

(/o) do/

““““

g [GeV] Mg, [GeV My [GeV

Figure 3. Distributions of my (left), Mé?t (middle), and MQ(bCQ,V (right) for different CP phases.

section, we focus on comparison between Monte-Carlo truth and parton-level results with-
out worrying about effects of hadronization and parton-shower, which will be the topic in
the next section. Performing the procedure described in the previous section, we obtain the
momenta of two neutrinos and also resolve two fold ambiguity in the dilepton final state,
which allows full reconstruction of the final state. No cuts are employed for parton-level

studies, unless we mention explicitly. Distributions of mgy, Méé)t, and M2(bC£I)/V are shown in

figure 3 for different values of a. Note that, by construction, Mz(é)t and MQ(ZQV are bounded

above by the mass of the W boson and top quark, Mé?t < my and MQ%I)/V < my. A
small fraction of events which leak beyond the expected mass bounds is due to finite width
effects of the top quark and W boson. Also there is small contamination coming from
wrong pair of b-quark and ¢, although the purity of the samples is known to be 96% [53].
Note that, throughout this paper, all plots are generated with the “resolved” events, after
discarding “unresolved” ones. We find that the efficiency of our method is ¢ = 81.38%,
which is consistent with 83% as in ref. [53]. The resolved events contain both correct and
wrong combinations and the fraction of the correct combination out of the resolved events

is defined as purity.

To examine performance of momentum reconstruction, we show in figure 4 correlations
between Ap, = pu true — Pz and Ap, = Py true — P2, and between the difference in magnitude
|0’ | = |Pirue| and the direction mismatch AR(D, Pirue) for MQ(ZQV for the SM case (o = 0).
Other CP angles show similar results. Here piye is the true momentum of a neutrino and
P is the momentum from the minimization using OPTIMASS. In the upper panel, the scatter
plots are generated without any cuts, while a mass cut (165 GeV < Mé%l)/v < 175GeV) is
applied in the bottom panel, leading to the ¢ = 24.86% efficiency with 97.9% of purity.
A relaxed cut, 160 GeV< Mégl)/v < 175 GeV, gives a slightly higher efficiency ¢ = 35.82 %
with 97.7% of purity. At this point, purity of the resolved sample is already high but the
momentum resolution gets improved with a tighter mass cut. Similar results are expected
when using Mégt.

As shown in ref. [23], the difference in azimuthal angles of two isolated leptons in
the laboratory frame Acbﬁb provides a good discrimination of different CP angles at the
boosted regime. We reproduce this result as already shown in the left panel of figure 1.
Once the cuts of pr(h) > 200 GeV and my, > 75 GeV are applied, the distributions acquire

high distinguishing power, as shown in the figure. Thanks to the fact that it depends only



400

0.00036
0.027
200 0.00032 0.024
2
. 0.00028 0.021
0.00024
100 _ z: 0018 _
e |51 g
o o, <
z 0.00020 .5 = 0.015 =
ST E g B
. g 1S g
5 0.00016 = = 0012 5
~100 - ! g
=
0.00012 =N 0.009
~200
0.00008 0.006
~300f - 0.00004 0.003
—400 0.00000 0.000
! —100 0 100 200 300
Ap, [GeV]
o0 parton level (resolved) , @ =0
) 0.0009
0.072
300
0.0008
0.064
200 0.0007
! 0.056
N -
_w 00006 _ g 0,018
Z 5 = =
3 0.000 E 0.040 =
o = I~ 5]
2 S - S
0.0004 3 .
F . . | 0032 >
=
0.0003 = 0.024
~200
0.0002 0.016
~300 0.0001 0.008
0.0000

—400
—400

S b L 0.000
—300 200 100 200 300 400

Ap, [GeV] AR

Figure 4. Correlation between Ap, and Ap,, and |p'| — |Pirue| and AR(P, Ptrue) for MQ(%I)/V (top)
(b0)

without and (bottom) with a mass cut 165 GeV < My, < 175 GeV. The corresponding efficien-
cies are 81.38% with 96.4% of purity and 24.86% with 97.9% purity, respectively.

on the leptons, and it is reconstructed at the laboratory frame, this observable displays
small uncertainties.

Having reconstructed full four-momenta of each top, we form 6* shown in figure 5,
which is the production angle in the Collins-Soper reference frame [55]. This distribution
exhibits very little sensitivity to the adopted reconstruction procedure and retains the
corresponding shape at Mone-Carlo truth (see the middle plot in figure 1 for comparison).
This is partially due to a much simpler structure of 8* as compared to the shape of other
distributions such as AqﬁZ.

In figure 6, we present Ad)Z in the center-of-mass frame of the tt system (see eq. 2.3)
for various values of . While figure 1 assumes prior knowledge (parton-truth) of cor-
rect final state particles pairs, figure 6 is obtained via the My reconstruction. This dis-
tribution gets degraded as shown in the left panel of figure 6, once we include all the
resolved events (admixture of both correct and wrong combinations). However, one can
make an improvement with a mass cut on Mz(bé‘),v (see the bottom panel of figure 4.),
165 GeV < M2(b0£‘),v < 175 GeV, and restore their original shapes, as shown in the right
panel of figure 6.
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In the case of CP mixed eigenstate (e.g. @ = +m/4), the A¢l, distributions are asym-
metric with respect to A(ﬁZ = 0. On the other hand, 6* distributions are symmetric.
Numerical values of Agbﬁ asymmetry are summarized in table 1. Ay(a =0,+7/2) =0 is
expected but we obtain nonzero values due to statistical uncert%i?ties. We observe that
C

the wrong combinatorics can be further suppressed with the M2( i cut and the resolved

results become closer to the idealistic parton-truth asymmetries.

4.2 Detector level analysis and LHC sensitivity

After proving that our top mass reconstruction method dovetails nicely with CP-sensitive
observables at the tf rest frame, we perform a full Monte Carlo study, including the Higgs
boson decay to a pair of b-quarks. We require four bottom tagged jets and two opposite
sign leptons in our signal. The major backgrounds for this signature in order of relevance
are ttbb and ttZ.

~10 -



CP-phase | Ay (parton-truth) | Ay (resolved) | Ay (resolved, cut)
a = %W 0.001 0.0005 0.0004
a=1ir 0.032 0.021 0.027

a = 0.001 —0.0002 —0.0005

o= —1im —0.036 —0.024 —0.031

a= —%ﬂ —0.001 —0.0008 —0.001

Table 1. Asymmetry variable Ay, for different CP phases calculated for three different samples at
parton-level. Here “resolved” samples include basic cuts only, while “resolved, cut” samples include
the mass cut 165 < my, , = Mé%{)/v < 175 GeV.

Both signal and SM backgrounds are simulated by the MadGraph5_aMCONLO with lead-
ing order accuracy in QCD at /s = 14 TeV. Higher order effects are included by normalizing
the tth rate to the next-to-leading order (NLO) QCD+EW cross-section 614 fb [72], and
the ¢tbb and t1Z to their NLO QCD predictions 2.64 pb [73] and 1.06 pb [74], respectively.
At generation level, we demand all partons to pass the following cuts:

pr > 20 GeV, and |n <5, (4.1)
while leptons are required to have
ph>20GeV, and |nf|<25. (4.2)

Both signal and background events are showered and hadronized by PYTHIA 6 [75].
Jets are clustered with the FastJet [76] implementation of the anti-kp algorithm [77] with
a fixed cone size of R = 0.4 (1.2) for a slim (fat) jet. We include simple detector effects
based on the ATLAS detector performances [78], and smear momenta and energies of recon-
structed jets and leptons according to their energy values. See appendix A for more details.

In the phase space where the Higgs is kinematically boosted, its decay products are
collimated in the same direction. In this regime, the Higgs can be better reconstructed
using a single fat jet evading its possible intervention to the t¢-system. Therefore, our
previous method of resolving a combinatorial problem can be repeatedly applicable in the
boosted Higgs configuration.

The boosted Higgs jet with a two-pronged substructure is a rare feature that the SM
backgrounds retain. Thus, it delivers a further handle to disentangle the backgrounds from
our signal events. The first demonstration of the use of a jet substructure technique in the
dileptonic t#h(bb) channel can be found in ref. [23], where it effectively kills both tbb and t#Z
backgrounds. Here we follow similar steps, employing the TemplateTagger v.1.0 [79]
implementation of the Template Overlap Method (TOM) [80, 81] as a boosted Higgs tagger,
due to its robustness against pile-up contaminations.

We first require at least one R = 1.2 fat jet with

pF >200CeV, and |n’| <2.5. (4.3)
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For a fat jet to be tagged as a Higgs, we demand a two-pronged Higgs template overlap
score
Ovh > 0.5. (4.4)

We require exactly one Higgs-tagged fat jet that passes the cuts in eqs. (4.3)—(4.4) and has
2b-tagged slim jets inside:?
N, =1. (4.5)

Additionally, we require at least two slim jets that are isolated from the Higgs-tagged fat jet
pr>30GeV, and || < 2.5, (4.6)

in which we require exactly two b-tagged slim jets. We demand exactly two isolated
leptons passing the cuts in eq. (4.2) and

pr/pr > 0.7, (4.7)

where pZ is the sum of transverse momenta of final state particles (including a lepton)
within AR = 0.3 isolation cone.

In figure 7 (upper-left), we show the reconstructed invariant mass distributions for
Higgs-tagged fat jet, laid out with the dominant ¢£bb background. The distributions are
insensitive to different CP structures, but provide more separation from the background.
Hence, we select the Higgs mass window

105 GeV < my < 145 GeV . (4.8)

The other reconstructed invariant mass distributions my, (upper-right), Mégt (lower-left)
and MQ(ZQV (lower-right) are also shown in figure 7. The distribution of reconstructed
Mz(bcé‘),v becomes broader due to parton shower, hadronization and detector resolution ef-
fects, compared to parton-level results in figure 3, but the basic shape remains the same.

We resolve the combinatorial ambiguity of the two b-lepton pairs based on the pre-
scription in eq. (3.10). The efficiency of the method for our signal is 82% (comparable
to the efficiency at parton level), yet at the same time tfbb and fZ backgrounds are cut
down to 64% and 70%, respectively. Hence, the top mass reconstruction method works as
an extra relevant handle in the background suppression, eliminating wrong combinations
from b-jets that are not from the top decays.

Momentum reconstructions of two neutrinos are displayed in figure 8. The level of
accuracy in reconstructing neutrino momenta also degrades to some extent, where the un-
certainty in p, direction is greater than the transverse components. Additional mass cut

2In our b-tagging algorithm, R = 0.4 jets are classified into three categories: if a b-hadron (c-hadron) is
found inside a slim jet, it is classified as a b-jet (c-jet). The remaining unmatched jets are called light-jets.
Each jet candidate is multiplied by an appropriate tag-rate [82]. We apply a flat b-tag rate of e,—p = 0.7
and a mis-tag rate that a c-jet (light-jet) is misidentified as a b-jet of €.y, = 0.2 (ej, = 0.01). For a
R = 1.2 fat jet to be b-tagged, we require that a b-tagged slim jet is found inside a fat jet. To take into
account the case where more than one b-jet lands inside a fat jet, we reweight a b-tagging efficiency based
on a scheme described in ref. [83].
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Figure 7. Higgs tagged fat jet reconstructed mass my (upper-left) and my, (upper-right) dis-
tributions after the boosted selection for different CP phases. We also show fully reconstructed
Méec)t (lower-left) and Mébcel)/v (lower-right) distributions. All plots are generated after resolving the
combinatorial problem and 4b-tagging.

155 GeV < MQ(ZQ,V < 180 GeV reduces the reconstruction efficiency to € = 32%, but would
increase the purity of the sample and improve the momentum resolution. We observe that
the reconstruction method is robust to parton-shower, hadronization, and detector resolu-
tion effects, presenting similar efficiencies to the parton level analysis. Our reconstruction
is better than (or comparable to) existing results. For example, ref. [84] performs a conven-
tional kinematic mass reconstruction with the missing transverse momentum and attempts
resolving the two-fold sign ambiguity using a likelihood based on transverse momenta of
the involved particles. This method leads to 62% efficiency with 50% purity for signal, and
51% efficiency for backgrounds. Since our method is purely based on mass minimization,
it is less sensitive to new physics modifications and is a suitable element for a robust spin-
correlation analysis. We note that one can further improve the efficiency of our method by
utilizing those discarded “unresolved” events and deploying a hybrid method [53] together
with M5 reconstruction.

We acknowledge that there is a certain degree of uncertainty in the precision compared
to parton-level results in figure 4, where the peaks are broadened. We attribute this change
to contaminations in the total missing transverse momentum where additional neutrinos

~13 -



400

0.00018 0.0105
300
0.00016
0.0090

200 0.00014

0.0075,

100 0.00012

_ 3 _
= g S g
(] = —_— 1
(I 000010 5 g 0.0060 5
o g i g
& = = =
0.00008 ,2 =4
< “ ! 0.0045 7.
=
0.00006 -
~200 0.0030
0.00004
—300 0.00002 0.0015
—400 L L - - L N
—400 =300 —200 —100 O 100 200 300 400
Ap, [GeV]
400 0.0225
0.00032 200}
300 0.0200
0.00028 _
200 0.0175
100
0.00024 = )
100 _ z 00150
= o O, 51
< 0.00020 X = o1z S
D = B ; 5
[~ < ] 0 i i
N E & E
= 0.00016 5 = =
. 0.0100 .2
< & ‘ 'z
0.00012 =
~100 0.0075
~200
0.00008
0.0050
~300
0.00004 —2
00 0.0025
—400
~400

=300 =200 —100 0 100 200 300 400

Ap, [GeV]

Figure 8. Correlations between (left panels) Ap, and Ap, and (right panels) [p' | — |Ptrue| and
AR(P, Prrue) for Mz(gi)/v with respect to @ = 0 case. All plots are generated after resolving the

combinatorial problem, 4b-tagging and 105 GeV < m;, < 145 GeV, without (top panels) and with

(bottom panels) an additional mass cut 155 GeV < Mé%&v < 180 GeV.

from h — bb system, via the semi-leptonic decays of the b-hadrons, can disrupt the relations
in egs. (3.8)-(3.9), in combination with detector effects. Nevertheless, overall net shapes
stay the same showing its resilience over the procedures.

Distributions of A(blj}b, AqﬁZ, and 0* are presented in figures 9 and 10. The 6* and
Aqﬁl&b distributions remain very similar to those at parton level (figure 1 and figure 5),
while Aqﬁfe distribution gets more distorted (see figure 6).

Table 2 summarizes the impact of a series of cuts for the signal (aw = 0) and background
cross sections. In the last column, we show the significances (o), which are calculated for
a luminosity of 3 ab™!, using the expression

B L(B|S+B) _ e
g = 2 In <m) y with L(:c|n) = n‘ e N (49)

where S and B are the expected number of signal and background events, respectively [85].
We find that our results are roughly in agreement with those from ref. [23]. Although
we obtain high significance as shown in the first row of table 2, we would impose more
stringent cuts for high-purity sample of tth production. We obtain ¢ = 8.1 with the
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cuts tth (= 0) | ttbb ttZ S/B o
Ny, = 1, 4b-tags, p& > 20GeV, |nf| < 2.5
o> 30CeV. Inj|T< 25 N, =2, Ny — 2 0.075 0.25 | 0.012 | 0.23 | 6.64
105 GeV < my, < 145 GeV 0.056 0.12 | 0.0067 | 0.35 7.00
Resolving combinatorics 0.046 0.077 | 0.0047 | 0.45 7.07
myp > 75 GeV 0.038 0.058 | 0.0038 | 0.49 6.68

Table 2. Cumulative cut-flow table showing the SM background and signal (o = 0) cross sections
in fb. Significances (o) are calculated for a luminosity of 3 ab™'.

CP-phase Ay Ay (cut)
a=gm | 0.001 | —0.004
a=qgm | 0.015 | 0.024

a=0 | 0.007 | —0.001

a=—3m | —0.021 | —0.020

a=—3m | 0.001 | —0.003

Table 3. Asymmetry variables Ay, after resolving the combinatorial problem, 4b-tagging and
105 GeV < my, < 145 GeV, without and with an additional mass cut 155 GeV < Még‘),v < 180 GeV.

resolved combinatorics. For an additional mass cut, we could retrieve even higher purity
but we would suffer from statistics. In the following analysis, we do not impose this mass
cut but instead require the dilepton invariant mass cut, myg > 75 GeV. The asymmetry
results at detector-level are summarized in table 3. They can be compared against those
at parton-level in tables 1.

In figure 11 (left panel) we display the 95% C.L. bound to distinguish the CP-
a Higgs-top interaction from the SM via tth production. Our limits are based on a
binned log-likelihood analysis invoking the CL; method for (AgkP, 6*) (blue dashed), and
(ApEP, 0%, Agz%) (blue full) [86]. The bounds are obtained, including backgrounds, parton-
shower, hadronization and semi-realistic detector effects. To illustrate the robustness of
the top reconstruction method when going from the parton to the detector level, we also
show the bounds using the parton-level distributions (Agblﬁb, 0*) with the rates rescaled to
the full detector analysis (black full). The red-solid curve, labelled as “(A¢iEP, Ad,;)”, was
extracted for comparison from ref. [23], which runs a different analysis. To focus only on
measurement of the CP-phase, we fix the number of signal tth events to the SM prediction
a = 0, comparing only the shapes between the null and pseudo-hypotheses. We note that
the top reconstruction in the dileptonic channel, where the top spin analyzing power is
maximal, results in relevant sensitivity improvements for the direct Higgs-top CP-phase
measurement. While the lab-observables (Aqﬁﬁb, A¢jj) result in the limit cosa < 0.5 at
95% CL for the high-lumi LHC with 3 ab™!, the addition of our observables defined at
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Figure 11. Left: luminosity required to distinguish an arbitrary CP-« state from the SM Higgs
via tth production. Our limits are based on a binned log-likelihood analysis for (A¢iP, Ag;;) (red
full), (A¢EP,6*) (blue dashed), and (AP, 6%, A¢lh) (blue full), accounting for the full detector
level analysis. To illustrate the robustness of the top reconstruction method when going from the
parton to the detector level, we also show the bounds using the parton-level distributions (A(;Slj}b, 0*)
with the rates rescaled to the full detector analysis (black full). Right: CLjs as a function of the
luminosity to distinguish CP(7/4) from CP(—7/4) state, based on A, distribution.

the top pair rest frame in two scenarios (Agf)lﬁb, 6*) and (Agf)lﬁb, ch)ii, *), result in relevant
improvements of cos a < 0.65 and cos a < 0.7, respectively.

As we are able to probe Ad)?g, that is sensitive to the sign of «, we can go beyond and
inquire if the LHC will be able to capture also the CP-phase sign. In figure 11 (right panel),
we show the luminosity needed to disentangle the CP(a = %) from the CP(a = —7%) state
based on Aq% distribution. We chose &7 for an illustration, since they give the largest
difference. The observation of the sign for the maximal CP violation case requires at least
8 ab~! of data at the 14 TeV LHC even at 1o-level.

5 Summary

Characterizing the Higgs boson is a critical component of the LHC program. In this paper,
we have studied the direct Higgs-top CP-phase determination via the tth channel with
Higgs decaying to bottom quarks and the top-quarks in the dileptonic mode. Although
this ¢t decay mode leads to maximal spin analyzing power, it always accompanies two
neutrinos in the final state, making the analysis and reconstruction challenging.

We show that kinematic reconstruction can be obtained via the My algorithm. This
method is entirely based on mass minimization, being more flexible for new physics stud-
ies and robust for our spin-correlation analysis. We expanded the previous Ms-assisted
reconstruction studies, investigating effects of parton-shower, hadronization and detector
resolution. We found that the algorithm performance in resolving two fold ambiguity still
remains superior despite the slightly worse momentum reconstruction when compared to
the parton level. We prove however that an additional mass selection on MQ(bCE‘),V can effi-

ciently improve the reconstruction efficiencies.
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We then studied the Higgs-top CP-phase discrimination via a realistic Monte Carlo
analysis. We show that the CP sensitivity of the azimuthal angle between two leptons in

the laboratory frame Agf)l&b can be relevantly enhanced when combined with ¢t rest of frame

observables: top quark production angle 8* and Agf)ﬁi, where the latter is a truly CP-odd ob-
servable, sensitive to the sign of the CP-phase. Including the relevant backgrounds, we have
performed a binned log-likelihood analysis and computed the luminosity required to distin-
guish the SM Higgs from an arbitrary CP-phase at 95% confidence level. Based on our re-

sults, the Higgs-top CP-phase can be probed up to cos a < 0.7 at the high luminosity LHC.
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A Parameterization of detector resolution effects

The jet energy resolution is parametrized by a noise (IV), a stochastic (.5), and a constant

(C) terms
(G e

where in our analysis we use N = 5.3, S = 0.74 and C' = 0.05 respectively [78].

The electron energy resolution is based on the parameterization

0.3 0.1
=2 2 fo01. (A.2)

E-E ' VE

The muon energy resolution is derived by the Inner Detector (ID) and Muon Spec-
trometer (MS) resolution functions

_ 01D OMS (A 3)
\/ UIQD "’Jl%/ls
where

op = F a% + (aqg E)2 (A.4)

2
oms = F \/(2) —I—b% + (bg E)2 . (A5)

We choose a1 = 0.023035, as = 0.000347, bg = 0.12, by = 0.03278 and b, = 0.00014 in our
study [78].
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