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We investigate the C# structure of the Higgs couplings to fermions and gluons by using constraints
from LHC measurements and the electric dipole moment of the electron. We further use these
constraints to assess how much of the observed baryon asymmetry of the universe can be explained
by C® violation in the Higgs sector. Additionally, our expected limits on the CP phase of the

top-Yukawa coupling from both a global fit and a multivariate approach are stronger than currently
existing measurements.

The Eleventh Annual Conference on Large Hadron Collider Physics (LHCP2023)
22-26 May 2023

Belgrade, Serbia

*Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/


mailto:h.bahl@thphys.uni-heidelberg.de
mailto:elina.fuchs@cern.ch
mailto:marc.hannig@stud.uni-hannover.de
mailto:sven.heinemeyer@cern.ch
mailto:judith.katzy@desy.de
mailto:marco.menen@itp.uni-hannover.de
mailto:krisztian.peters@desy.de
mailto:matthias.saimpert@cern.ch
mailto:georg.weiglein@desy.de
https://pos.sissa.it/

Higgs Yukawa CP and baryon asymmetry M. Menen

1. Introduction

In 2012 the ATLAS and CMS collaborations discovered a new particle which properties were
in agreement with the predictions from the Standard Model (SM) for the Higgs boson [1, 2]. In
the following years a large number of experimental studies was conducted at the LHC which so
far showed no strong sign of physics beyond the Standard Model (BSM). One important and so
far comparibly unconstrained property of the discovered particle is its C# nature. While the
possibility of a pure CP-odd Higgs was already ruled out experimentally [3, 4], C# violation in
the Yukawa-couplings is still only constrained to & < 45° @ 95% C.L. in terms of the C# mixing
angle « [5].

Constraints on the C® structure of the Higgs boson couplings to SM particles can be obtained in
multiple complementary ways. The methods used in our works include a global fit to the production
and decay rates of the Higgs boson, separation of the C# states by using kinematic information of
specific processes and machine learning techniques, as well as information from the electric dipole
moment of the electron (eEDM). Since C# violation is a necessary ingredient for baryogenesis, we
also examine how much of the observed baryon asymmetry of the universe (BAU) can be obtained
within the current constraints.

2. Effective model and constraints

In our work, we use the Higgs characterization model [6] which assumes that the Higgs boson
at 125 GeV is of a mixed C# state. The Yukawa couplings can the be written as

SM

M
Lyuk == —f (Cf+1756f) fH, (1
27

with the C#-even coupling modifier c¢ ¢ and the C#-odd coupling modifier ¢ . It is also possible
to introduce new, effective couplings such as an effective Higgs-gluon coupling via

Ligg = —%H (—%cgc;zvca’“v + ;—;5gGZV5aW) 2)
where ¢, and ¢, are the CP-even and C#-odd coupling modifiers, respectively.

In the first part of our work on this topic, we concentrated on the C# structure of the Yukawa
couplings [7]. The modified Yukawa couplings can affect multiple Higgs production and decay
rates, such as gluon fusion or the Higgs decay into two fermions. We perform a global fit to
all available relevant production and decay rate measurements using the program HiggsSignals
(version 2.5.0) [8], which has since been incorporated into the HiggsTools library [9]. Additional
C®P violation beyond the SM typically also leads to enhanced EDMs of fundamental particles. For
the eEDM, the leading order contributions come from the so-called Barr-Zee diagrams, which were
analytically evaluated in Refs. [10—-12]. We use these analytical expressions to assess the relative
importance of the different Yukawa couplings. Finally, another “constraint” can be obtained
by requiring that the observed BAU should be epxlainable by a given BSM model and within the
experimental constraints. For this, we make use of the evaluation of the vev-insertion approximation
(VIA) to describe baryogenesis from Refs. [13, 14].
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Figure 1: Constraints on the C#-even and CP-odd modifiers of (left) the tau-Yukawa, and (right) the top-
Yukawa interactions based on LHC measurements (black), eEDM limits (red), and the ratio Yg’lA / Yl‘;bs (blue
contours and vertical scale on the right). The green colored areas indicate the parameter regions satisfying
the LHC and eEDM constraints for which Y3 /Y > 1.

The second part of our work concentrates on the C# structure of the Higgs-gluon coupling and
its connection to the top-Yukawa coupling [15]. For this, we make use of kinematic information in
the Higgs production via gluon fusion with two additional jets (ggF2j). The underlying events are
generated with MadGraph5 (version 3.4.0) [16] and are passed on to Pythia8 (version 8.306) [17]
and Delphes3 (version 3.4.2) [18] for parton showering, hadronisation and detector simulation.
The events are split into the signal process ggF2j, and the background processes VBF and VH. The
ggF2j events are further split into the three C# contributions to the total cross section: a squared
CP-even, squared CP-odd and interference term. The CP classification is based on a machine
learning approach using the Gradient Boosting Classifier from the scikit-learn package [19].

3. Results

The constraints based on our global fit, the eEDM measurement and the explainable amount
of the BAU are shown in Fig. 1. The left plot shows the constraints in the case of a free 7-Yukawa
coupling, where every other Higgs coupling is fixed to its SM value. The black, solid lines show
the constraints from LHC measurement, which include the H — 77~ decay, as well as a dedicated
C®P measurement from CMS [5]. The red, solid lines show the constraints from the 2018 eEDM
measurement by the ACME collaboration [20] and the blue, dashed line shows the amount of CP
violation needed in this coupling to explain the observed BAU. The green area corresponds to
the allowed region by all three constraints. It should be noted however, that this area is almost
completely excluded when incorporating the latest eEDM measurement from 2022 [21]. The
right plot of Fig. 1 shows the same contraints but for the top-Yukawa coupling. Here, the eEDM
constraint dominates and the blue, dashed line shown in the plot now only corresponds to 1% of
the observed BAU. However, lifting the assumption that the e-Yukawa coupling is SM-like leads to
greatly enhanced values of the BAU being explainable with just a free top-Yukawa coupling. For
more details on this, we refer to Ref. [7].
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Figure 2: Constraints on the CP-even and CP-odd modifiers of the effective Higgs-gluon coupling based
on (left) the CP-odd observable A¢; ; and (right) the combined output of a C#-even and a CP-odd classifier.
The white, grey and black dashed lines correspond to the 1o, 20~ and 30 regions, respectively.

For the constraints on the C# structure of the effective Higgs-gluon coupling, we compare
the constraints from A¢;;, a C#-odd and widely used observable in experimental analysis, to
a multivariate approach in which two classifiers, one C#-even and one C#-odd, are trained to
distinguish between the two C® hypotheses. The results can be seen in Fig. 2. On the left, the
constraints from A¢;; are shown which form an ellipse in the cg, ¢, plane, mostly corresponding
to the rate information from ggF2j. The combined limits from the two classifiers are plotted on the
right and show much tighter constraints, as the ellipse is split into two symmetric regions. In terms
of the C# mixing angle, these results correspond to agge < 25° @ 95% C.L. for the C# state of
the Higgs-gluon coupling.

Our analysis is designed in a way that the contribution from top-quarks is included in the
effective Higgs-gluon coupling and concentrates on a kinematic region in which the infinite top
assumption is valid. With the additional assumption that no low-mass colored BSM particle affects
the loop in the gluon fusion process, we can set ¢, = ¢; and ¢, = ctt and therefore obtain
apg S 25° @ 95% C.L.. The so obtained projected limits for the C#P state of the top-Yukawa
coupling are stronger than existing limits based on the ggF2j channel [22, 23] and also stronger than
direct searches in top-associated Higgs production [24]. Our global fit approach gives a comparable
constraint of a;, g < 28° @ 95% C.L.. For more details, we refer to Ref. [15].
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