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Abstract

The Large Hadron Collider (LHC) offers a unique opportunity to investigate CP viola-
tion in the Yukawa coupling between the Higgs boson and the top quark by studying
Higgs production in association with top quarks; this is of fundamental importance,
seeing that the CP properties of the Higgs boson are yet to measure with high preci-
sion. To address this, the focus of this work has been an extension of the simplified
template cross-section (STXS) framework, devised to be sensitive to CP effects. Our
study focused on CP-sensitive observables across multiple Higgs decay channels, com-
paring their performances. The result indicates that the most efficient extension of the
current binning used in the STXS framework, which currently uses the Higgs boson’s
transverse momentum pr y, requires adding one further split using C’P-sensitive observ-
ables. Between these observables, one of the best is the Collins-Soper angle |cos 0*|, a
variable derived from momenta information of the top quarks. We have investigated the
improvement brought by our two-dimensional STXS setup and compared it to the cur-
rently employed methodologies, finding an increase in performances at an integrated
luminosity of 300 fb~!. Moreover, our results highlight that this advantage seems to be
present also at 3000 fb—.
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1 Introduction

Current observations indicate a baryon asymmetry in our Universe [1,2], an asymmetry that
can not be described by the Standard Model (SM) of particle physics. New sources of CP viola-
tion not expected by the current SM theory are then needed and the search for corresponding
C’P-violating interactions is an essential target for searches beyond the SM (BSM) at the LHC.
Recently, the CP structure of the Higgs—fermion interactions has started to be probed [3,4].

021.1


https://scipost.org
https://scipost.org/SciPostPhysProc.18.021
mailto:alberto.carnelli@cern.ch
https://doi.org/10.21468/SciPostPhysProc.18
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=10.21468/SciPostPhysProc.18.021&amp;domain=pdf&amp;date_stamp=2026-01-29
https://doi.org/10.21468/SciPostPhysProc.18.021

e SciPost Phys. Proc. 18, 021 (2026)

It has to be noted that BSM theories allow for a larger amount of C/P violation in the Yukawa
couplings with respect to other possible sources, like, for example, coming from interactions
with massive vector bosons that are loop-suppressed. It is then of high importance to focus on
identifying the CP situation of Higgs—fermion interactions, and of these, the top-Yukawa cou-
pling has a special relevance being the highest. The Higgs Characterization Model [5] allows
us to describe possible CP violation by varying the SM interaction as follows:

Mg
Liopyuk = tff (cosa, +iyssina,)tH. D

In this parametrization:
. ytSM is the SM top-Yukawa coupling,
* g, acts as modifier of the strength of the top-Yukawa coupling,
* a, is the C’P-mixing angle.

We retrieve the SM here if we consider g, = 1 and a, = 0. This model has been used for direct
searches in different Higgs decay channels. These searches have brought some initial limits
but usually have used a strategy focusing on the specific Higgs decay channels under study,
its detector environments, and with the channels specific background assumptions. These
analyses also have been constructed on particular signal models, so they became dependent on
assumptions of other involved couplings done in these models. The simplified template cross-
section (STXS) framework [6] has been explicitly established to mitigate issues like channel-
specific setup. The objective of this work is, using C’P observables, to enhance the sensitivity
in CP of the STXS framework for the ttH production by adding an additional variable to the
Higgs boson’s transverse momentum pry currently employed.

2 Study setup

Using MadGraph5_aMC@NLO [7] (version 3.3.2) we produced parton-level events for the
pp — ttH process at a center-of-mass energy of /s = 13 TeV. All samples were produced
at leading order (LO) with one million events each, applying a scaling factor of 1.14 [8] as a
next-to-leading-order (NLO) correction. The effect of NLO correction to the ttH total cross-
section, as explained in [8, 9], is only weakly dependent on the CP part of the top-Yukawa
coupling. This observation is still valid when considering the various kinematic distributions
in this channel. We evaluate 11 C’P-discriminating observables across four reference frames:

* The laboratory frame (lab frame),
* the tt rest frame, where p, + p; = 0 (tt frame),
* the H rest frame, where p;; = 0 (H frame),

* the ttH rest frame, where p, + p; + py =0 (ttH frame).

3 Performance evaluation

To extend the STXS framework, we focus on the three channels studied in current ttH
analyses at the LHC that target different Higgs final states: ttH(— yy), ttH(— bb), and
ttH (multilep.), which is a way to group together H(— 77), H(— W*W~™) and H(— ZZ)
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decays considering multiple leptons in the final state. We take the assumption to have access
to measurements of the ttH distributions in each channel in order to measure the sensitivity
of the observables discussed in Section 2 to CP violation. The effect of reconstruction effects
(detector performance, etc) are taken into account by using scaling and smearing factors to
the parton-level ttH events to produce realistic yields. These effects are obtained from the
most recent results of the ATLAS and CMS collaborations in each of the studied channels and
can be consulted in [3,4,10-13].

The sensitivity of an observable to a given BSM model is quantified through a significance S,
as utilized by the ATLAS collaboration [14]. This significance reflects the power to distinguish
the BSM hypothesis, parameterized by g, and a,, from the SM hypothesis, which implies
g;=1land a, =0.

4 Results

The result presented here considers the whole dataset expected to be available at the end
of LHC Run-3, corresponding to a luminosity of 300 fb~1. The current experimental limits
exclude g, = 1 and a, = 43° at the 95% CL with 139 fb™! [4], as consequence a benchmark of
g: = 1 and a, = 35° was chosen. We calculate the significance for all the studied observables
and the associated two-dimensional observable combinations using 6 bins for every observable.
The results indicate that using a combination of two observables gives higher performances.
We favor combinations with pry due to the existing STXS binning and seeing that the results
are similar to the optimal combination of the other two observables, choosing the binning
of a further observable, ensuring that each bin remains populated by at least a few events.
The best observables to combine with pyy are: Ad)gb, bllab, b12ab ([15D, Ang and | cos 6*|
([16,17]). After further bin optimization and background studies, we further reduced the

candidate observables to blzab, An'L, and | cos 6*| with the following binning:

te’
* bE: [-1,-0.6,-0.4,-0.2, 0., 0.3, 1.0],

« An'L: [0,05,1,1.5,2,3,5],

* |cos6*|: [0, 0.2, 0.4, 0.55, 0.7, 0.85, 1].

Based on this, we propose to extend the current STXS binning by adding one of the above
observables; an example showing the improvement in exclusion limits adding | cos 6% is pre-
sented in Fig 1. The results show that further splitting the current STXS py 4 using the | cos 6|
observable, then there is a 12% improvement in the combined limit at g, = 1, allowing to reach
an exclusion limit for |a,| < 36°. In this scenario, we have a maximum 40% improvement and
is reached at g, = 1.24 considering the ttH(— yy) standalone limit. We also use a simplistic
extrapolation to quantify the impact of this expanded framework on the exclusion limits at
3000 fb!, observing similar improvement. We performed a further study with Boosted De-
cision Trees (BDT), taking advantage of all the available CP observables, trying to obtain the
maximal discrimination, showing only ~ 10% improvement in performances.

5 Conclusion
To propose an extension of the current STXS v1.2 binning in pry, we selected CP observables

and studied their performances and combination; the results highlight that is ideal to extend
the current STXS binning that uses the pry by combining with: Amn,;, |cos 6*|, and b,. In the
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Figure 1: Limits obtained using our samples at the 95% confidence level in the plane
(a,, g,) expected at the end of LHC Run-3 £ = 300 fb™! with the current pru STXS
setup (left) and the improvement obtained with one of our 2-dimensional STXS ex-
tension: (pry,|cos6*|) (right).

(g:>a;) plane, we have evaluated the exclusion limits using our proposed STXS extension ver-
sus the current STXS. For both 300 fb~! and 3000 fb™ of data, the proposed two-dimensional
binning outperforms the current STXS binning and we also evaluate the result that can be
obtained by employing a different methodology, a BDT, observing similar performances.
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