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Rare decays of the SM Higgs to light pseudoscalars in the CMS experiment

1. Introduction

A recent CMS measurement sets a limit of 12% at 95% CL on the decay of the Standard
Model (SM) Higgs boson to beyond SM particles [1, 2]. The SM Higgs boson has a narrow
decay width ~ 4.07 MeV, which implies that even exotic processes with small branching fractions
become relevant for new physics searches [3]. Interpreting extended Higgs-sector models provides
a simple and well-motivated approach to exploring new physics. Such models may address several
shortcomings of the SM, including the hierarchy problem, matter—antimatter asymmetry, and the
nature of dark matter.

This article will focus on exotic searches in the CMS detector where the SM Higgs boson
decays to two light pseudoscalars, referred to as a, with each a boson further decaying to SM
particles. One popular theory for the interpretation of these searches is the 2 Higgs Doublet model
(2HDM+S) [4].

2. Recent i — aa results at CMS Experiment
CMS has arich program of 7 — aa searches. In this article, selected recent results that analyze
the full Run-2 data for 10 MeV < m, < 60 GeV are discussed.

21 h— aa — 4de

This analysis probes 7 — aa with 4e in the final state, i.e, each a — ee where 10 < m, <
100 MeV [5]. The results are interpreted in Axion-Like Particle (ALP) models, where the a
pseudoscalars are potential dark matter candidates.

Since the a’s have very low masses, the final state e’s are highly collimated, and the search is
limited by the resolution of the ECAL detector of CMS. Selected events are required to have two
Merged Electron Pairs (MEPs), which are reconstructed from pairs of tracks in the silicon tracker
matched to ECAL super clusters within a distance of AR < 0.015. In addition, an Adaptive Vertex
Fitter is used to fit the vertex of the selected MEPs. Isolation cuts are applied to the selected MEPs
to further suppress the background from QCD activity.

Major backgrounds in the analysis are SM photon conversions, SM processes with electrons
and QCD multijet. To optimize signal extraction and background suppression, a multivariate
identification technique is used, taking as input various characteristics of the MEPs.

The signal is extracted from the reconstructed Higgs boson mass of the two MEP system by
fitting the data to a set of parametric shapes depending on the physics process. Stringent limits are
set on the B(h — aa — 4e) for different lifetimes of the ALP, with lower lifetimes being the most
sensitive as shown in Fig. 1.

22 h—aa—4y

A search is performed for & — aa — 4y, where one pair of yy is reconstructed as fully resolved
photons and the other pair is reconstructed as a merged photon [6]. The analysis is interpreted in
NMSSM, ALP, and 2HDM theories.

Events are required to pass diphoton triggers. Selected events require exactly 3 reconstructed
v, where the invariant mass of the y, m,,, > 90 GeV. The analysis strategy is to extract the
h — aa — 4y signal from the 2D m, spectra in the signal region defined by Am, < 2GeV and
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Figure 1: Left: Feynmann diagram of 7 — aa — 4e where the Higgs is produced by gluon-gluon fusion.
Middle: Invariant mass distribution of the 2 MEPs (4¢) system compared to a fit of the background (red)
and signal (blue) for m; = 20 GeV and ct = 10um. Right: The observed limits at 95% CL on the
B(h — aa — 4e) in the 2D decay length vs m, plane [5].

100 < m,, < 140 GeV. The a decaying to resolved yy is reconstructed from the four-momentum
sum of the resolved photons. To reconstruct the merged yy pair, a Graphical Neural Network
(GNN) is used, with energy deposit maps from the ECAL as input.

A side-band region is used for estimating the dominant backgrounds, such as QCD multijet,
photon+jet and prompt diphoton, from data. This analysis sets an upper limit at 95% CL on the
B(h — aa — 4y) 0f 0.264 t0 0.008 pb for 1 < m, < 15 GeV as shown in Fig. 2.
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Figure 2: Left: Unrolled 2D-m, spectra in the final signal region obtained by fixing m 4 1, while scanning
along increasing bins of m 4 5. Right: Observed and median expected upper limits at 95% CL for 7 — aa —
4y [6].

23 h > aa — 41/2u2t

This analysis probes &7 — aa decay, where one a decays to 77 and the other a decays to either
77 or upu [7]. The final state iS (7, T1-prong) (T T1-prong)s i.€., for each a, one 7 decays into a u and
the other is a leptonic or 1-prong hadronic 7 decay. Since the light a bosons are Lorentz boosted,
the final products are highly collimated.

Events must pass dimuon trigger. Selected events require two same-signed muons that are
well-separated, i.e. AR > 1.5 and a charged track in the vicinity of each of these muons. Depending
on the isolation and kinematics, these tracks are classified into "isolation" and "signal" (with tighter
cuts) tracks. The "isolation" tracks are used for background estimation and "signal" tracks are used
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in signal region. The signal is extracted from a 2D map filled with ordered pairs of (m,m,) where
my > mj.

The major background is QCD multijet, with minor contributions from ¢7, W+Jets, Z+Jets, and
diboson processes. These are modeled in the 2D distribution from 1-D distributions of the u-track
system transformed by a matrix dependent on the correlation between the 2 reconstructed a bosons.

The model independent observed limits at 95% CL on the o (pp — H+ X)B(h — aa)B(a —
77) relative to the SM Higgs boson production cross section (gsps) ranges from 0.007 to 0.079 for
4 < mg < 15 GeV. Most stringent limits are set in the Type III of the 2HDM+S interpretation as
shown in Fig. 3.
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Figure 3: Left: Signal topology for i — aa — 47 /2u27. Middle: Normalized invariant mass distribution
of the u-track system for events passing signal selection. Right: Observed and median expected upper limits
at 95% CL for o (pp — H + X)B(h — aa)B(a — 77) relative to the SM Higgs boson production cross
section (ospr) [7].

24 h — aa — bbrt

A search is performed for # — aa — bbrt where 12 < m, < 60 GeV [8]. The 7s decay
further and hence, three channels are considered: eu, ety, and uty,. The bbtt final state is chosen
for it’s favourable predicted branching fraction when interpreted in the 2HDM+S theory.

Selected events must pass either single lepton or di-lepton triggers depending on the channel.
Each event must have exactly one 77 pair and at least one b-tagged jet. The two legs of the 77 pair
must have opposite charges and a AR > 0.4. The major backgrounds are QCD multijet background,
jets misidentified as 7, fakes, Z — 77, tf and are estimated from a combination of data-driven
methods and simulation.

Deep Neural Networks (DNN) are trained for each channel for the purpose of signal optimiza-
tion, taking advantage of several distinguishing kinematic features between signal and background.
The signal regions are defined by cutting on the transformed DNN score. The signal is then extracted
from the invariant mass distribution of the reconstructed 77 system in the signal region using a
maximum likelihood fit method.

This analysis sets an upper limit at 95% CL on the B(h — aa — bbt7) at 1.8-7.7% for
12 < m, < 60 GeV for observed data. The results are interpreted in the 2HDM+S theory and also
shown in combination with the bbuu final state as shown in Fig. 4.
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Figure 4: Left: m ., distribution for ut channel in one of the signal regions. Middle: Observed and median
expected upper limits at 95% CL for & — aa — 2b27 for the combination of all 3 channels: ey, ety and
uty. Right: Observed upper limits at 95% CL for 7 — aa obtained from the combination of 2b27 and uubb
final states for 2HDM+S Type I (independent of tan b), Type II (tan b = 2.0%), Type III (tan b = 2.0), and
Type IV (tan b = 0.6), respectively [8].

3. Conclusion
The h — aa — 4e result is the first A — aa search in CMS to set limits for 10 < m, < 100

MeV. The analysis with 1 — aa — 4y bridges the gap between two previous analyses in CMS
(one with fully merged and the other with fully resolved final state [9, 10]). The h — aa —
41 [2u27 result shows improvements over the previous CMS result [11] by a factor of 2. Similarly,
h — aa — bbt7t in combination with bbupu sets stringent limits for B(h — aa — bbll) in the
2HDM+S model interpretation, for 12—-60 GeV.

While several i — aa searches with different final states have been performed in CMS, no
significant deviation from the SM have been observed. However, there is potential for other final
states to be explored in the future, including searches with asymmetric decays, i.e. h — aja; where
ai, a; have different masses.
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Figure 5: Left: CMS results for & — aa — 4y in different mass ranges shown in comparison with results
from the ATLAS experiment [6, 9, 10]. Right: CMS summary plot of recent 4 — aa results for 2HDM+S
Type I interpretation [12].
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