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1. Introduction

The observed asymmetry between matter and antimatter in the Universe remains one of the
major open questions in fundamental physics. Explaining this imbalance requires violation of the
combined charge conjugation and parity (CP) symmetry. Within the SM, the known sources of CP
violation are insufficient, implying the existence of additional CP-violating interactions beyond the
SM (BSM). The Higgs boson (H), discovered in 2012 [1-3], is predicted to be a spin-zero, CP-even
scalar with quantum numbers J CP — 0**, but a small CP-odd admixture is not yet excluded [4, 5].
Any evidence of CP violation in the Higgs sector would thus provide a direct probe of BSM physics
and could shed light on the origin of the matter—antimatter asymmetry observed in the universe.
In the following, recent CMS [6] studies are presented that investigate anomalous Higgs boson
couplings and explore its CP structure.

2. Higgs to vector boson couplings

The interaction of the Higgs boson (H) to vector bosons (V = W, Z) can be expressed in terms
of a scattering amplitude of the form [7]:
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where a;| denotes the Standard Model-like CP-even coupling, while « and a;/ V parametrize

action. For the effective Higgs—gluon coupling, the terms a;, «; ", and K;/ V' vanish in order to
preserve gauge invariance.
Experimentally, the relative strength of each anomalous contribution is expressed in terms of
a cross section fraction,
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where o; denotes the effective cross section corresponding to a pure anomalous coupling a; = 1,
with all other contributions set to zero.

2.1 Anomalous Higgs to electroweak vector boson couplings

Anomalous interactions of the Higgs boson with electroweak vector bosons are probed using
the Higgs boson production via vector boson fusion (VBF) and decay into four leptons (H —
ZZ* — 4¢) or into 7 pairs (H — 77) [9, 10]. The 4¢ final state provides a clean signature
with excellent mass resolution, while the 77 channel benefits from a larger branching fraction and
sensitivity to different production modes.

The matrix element likelihood approach (MELA) [8] is used to construct discriminants sen-
sitive to CP-even and CP-odd anomalous contributions and their interference with the SM. In the
77 analysis, events are categorized by 7 decay modes and a VBF-sensitive discriminant (DvygF)
separates VBF from gluon-fusion production. The 4¢ analysis exploits MELA discriminants to
distinguish production mechanisms and isolate anomalous coupling effects.
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Combined results of the 4¢ and 77 channels provide constraints on the fractional contributions
of anomalous couplings to the Higgs boson production cross section. Sensitivity at small fraction
values is dominated by the VBF production in the 77 channel, whereas the 4¢ decay kinematics
improve the sensitivity at larger fraction values. The distributions of the MELA discriminants and
the negative log-likelihood scans are shown in Fig. 1, illustrating the separation of the pure CP-odd
contributions and the combined constraints from both channels [10].

CMS 138 fb* (13 TeV) CMS 138 fb* (13 TeV)
S A A A A SN AR AR i N ) N A AL R SRS AN AL R R
c 0 oo Approach 1, Tt + 41 B c 0 F . Approach 1, 11 + 4I',"
< 18F —— Observed e < 18F ‘, — Observed  ; B
N o N d ] N E /
| 16F Expected | 16F E

%..-... Expected

4x10°

Figure 1: Observed and expected negative log-likelihood scans as functions of the cross section fractions
of CP-even and CP-odd anomalous H-V couplings obtained from the combination of H — 77 and H — 4¢
analyses. All figures are from Ref. [10].

2.2 Higgs to gluon effective couplings

Anomalous CP-odd contributions in the effective Higgs—gluon (Hgg) coupling are probed
primarily through the gluon-fusion (ggF) production mode using the H — 77 and H — 4¢ final
states [9, 10]. In the 77 channel, the sensitivity is driven by the azimuthal separation (A¢;;) of
the two forward jets, which exhibit characteristic modulations due to interference between CP-even
and CP-odd amplitudes. Additional sensitivity is obtained using MELA discriminants optimized
to separate CP-even and CP-odd contributions.

Combined results from the H — 4¢ and H — 77 analyses disfavor a pure CP-odd Hgg coupling
at the level of 2.4 standard deviations. The observed and expected negative log-likelihood scans as
a function of the CP-odd Hgg cross section fraction are shown in Fig. 2 (left), while Fig. 2 (right)
shows the analogous results for the CP-odd H-top coupling combining H — 4¢, H — vy, and
H — 77 channels. No significant deviations from the SM CP-even expectation are observed, and
stringent limits on CP-odd admixtures are set.

3. CP violation in Yukawa couplings

The Higgs—fermion interaction can include both CP-even (scalar) and CP-odd (pseudoscalar)
components, described by
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Figure 2: Observed and expected negative log-likelihood scans are shown as a function of the cross section
fraction for the CP-odd H-gluon coupling, combining results from the H — 77 and H — 4¢ analyses (left),
and for the CP-odd H-top coupling, combining H — 4¢, H — yy, and H — 77 results (right) [8]. All
figures from Ref. [10].

where k¢ and K¢ are the CP-even and CP-odd coupling modifiers. In the SM, xy = 1 and &y = 0;
deviations indicate new physics.
CP violation can be expressed either as the CP-odd cross section fraction,
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or equivalently via the CP-mixing angle,
g
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with g sy = 0 for a pure scalar and ag sy = /2 for a pure pseudoscalar.

These observables are constrained using decay and production processes sensitive to spin
correlations and angular distributions of the final-state fermions, most notably in H — 771 decays
and t7H production.

3.1 CP Violation in the Top Yukawa Coupling

The top Yukawa coupling is probed via ggH and Higgs production in association with top
quarks (¢1tH and tH), where a CP-violating component affects both production rates and angular
correlations [11]. In tzH, CP information is encoded in top-quark polarization and spin correlations,
exploited using MELA and multivariate techniques to separate the CP-even and the CP-odd contri-
butions [9, 10, 12, 13]. The tH process provides complementary sensitivity, as its cross section is
linearly sensitive to the CP phase.

The combined analyses exclude a purely CP-odd H —¢ coupling at 3.70", with no significant
deviation from the SM, though moderate CP-odd admixtures remain allowed.
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3.2 Search for CP violation in H — 77 decay

The CP structure of the Higgs— coupling is probed using the acoplanarity angle ¢cp, defined
between the decay planes of the two 7 leptons. Analyses consider multiple 7 decay channels,
including leptonic and hadronic modes [14]. Due to the correlation between the 7 spin and its decay
products, the differential cross section exhibits a sinusoidal dependence:
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where a;, encodes the CP-mixing angle.
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Figure 3: Weighted distribution of the acoplanarity angle in data after background subtraction (left) and
the corresponding negative log-likelihood scan for the pure CP-even and CP-odd Higgs—t Yukawa couplings
(right) [14]. All figures are from Ref. [14].

The CP mixing angle ¢, is extracted from a template fit across several production modes
(ggH, VBF, and VH) and several 77 final states (ut, et,77). The measurement shown in Fig. 3
yields

¢rr = (4 £ 17 (stat.) = 2 (bin-by-bin) + 1 (syst.) = 1 (theory))°, @)

consistent with a pure CP-even coupling. The pure CP-odd scenario is excluded at 99.7% confidence
level, placing stringent limits on CP violation in the Higgs—7 sector [14].

4. Conclusion

CMS Run 2 measurements have significantly improved constraints on the Higgs boson cou-
plings to vector bosons, gluons, and third-generation fermions, and their CP structure. Advanced
analysis techniques and larger datasets show no significant deviation from the Standard Model,
placing stringent limits on anomalous and CP-violating contributions.
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