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In this work, we explore a novel search strategy focusing on the decay channel 4 — Za — ({77, in
which the Higgs boson decays to a Z boson (with leptonic final states) and a light Beyond Standard
Model (BSM) pseudoscalar a subsequently decaying into a 7-lepton pair. After validating our
analysis framework against existing ATLAS and CMS searches in related exotic Higgs channels,
we project the sensitivity of this search at the High-Luminosity Large Hadron Collider (HL-
LHC), specifically targeting the two-body kinematic configuration of the Higgs decay. Our results
demonstrate sensitivity to pseudoscalar masses in the range m, € [5,33] GeV, by exploiting
both leptonic and hadronic 7 decays. We present model-independent 95% C.L. limits on the
branching ratio BR(2 — Za) X BR(a — 771), which establish a — 77 as a powerful probe of
light pseudoscalars. In certain well-motivated scenarios, the sensitivity obtained is stronger than
that from existing projections in the @ — pu and a — 7y final states. Finally, we assess the
implications of this search for an Axion-Like Particle (ALP) explanation of the muon (g - 2),
anomaly, showing that the proposed 7 — Za, a — 77 channel can set complementary constraints
to those derived from 4 — Za, a — 77y searches.
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1. Introduction

Unveiling exotic Higgs boson (%) decays stands out as a particularly promising direction at
the HL-LHC, where about ~ 3 x 10® Higgs bosons will be produced, opening unprecedented
opportunities for discovery. Once the Higgs mass is fixed, all its Standard Model (SM) couplings
are predicted with high precision, leaving little room for deviations in 4 interactions. However,
renormalizable interactions between the SM Higgs doublet and additional BSM states can naturally
open up new decay modes, known as exotic Higgs decay channels [1, 2]. Given the anticipated
number of SM Higgs bosons that will be produced at the HL-LHC, one can roughly estimate that,
depending on the decay channel under study, exotic branching ratios BR(A# — BSM) could be
probed down to the level of 1074107, On the other hand, while current global fits constrain non-
SM Higgs branching fractions only to BR(2 — X) < 12%, projections indicate that the HL-LHC
should improve this sensitivity to around 4% [3].

Most theoretical studies and experimental searches have focused on symmetric decays, such as
h — aa or h — ss, with a, s being light BSM pseudoscalars or scalars. In contrast, asymmetric
modes like &7 — Za have received less attention, despite being kinematically viable for m, <
my, —myz ~ 33 GeV, and well motivated in scenarios such as Axion-Like Particles (ALPs) [4, 5] or
extended Higgs sectors like 2HDM+a [6, 7].

So far, searches by ATLAS and CMS have targeted clean final states a — €€ (£ = e, u) [8—10]
or a — vy [11]. However, in realistic models, the pseudoscalar couples proportionally to fermion
masses, implying

2

BR(a = p) M 3651073, )

BR(a = 17)  m2

as long as m, = 3.5 GeV. This hierarchy makes the a — 77 decay highly relevant, even though

experimentally it is less clean than the dimuon final state. Indeed, searches in pu77 have already

shown competitive or superior sensitivity compared to fully leptonic channels [12]. Motivated by

this, we investigate the channel 4 — Za — {{771, which offers a sensitive and complementary probe

of light pseudoscalars at the HL-LHC. While a very preliminary study of this decay channel was

done in [13], this work presents its first dedicated phenomenological analysis. A detailed account
of the results discussed here is provided in the corresponding publication [14].

2. Analysis Setup

As a validation of our event generation pipeline, we start by reproducing two related exotic
searches: one performed by ATLAS [9], h — Za — ¢fuu (same intermediate state in the exotic
Higgs decay, where validation aims to study the relevant kinematic properties of the asymmetric
decay) and another one by CMS [12], in # — aa — putt (symmetric Higgs decay but with same
final state as the one in our proposal, which aims to calibrate our analysis at reco-level). Details
about the re-derivation of these searches can be found in [14].

Having validated the ATLAS and CMS related searches, we now perform a dedicated study of
the exotic Higgs decay

pp > h—Za— uurtr,
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targeting the kinematic region m, < 33 GeV where the decay proceeds on-shell. We consider all
four possible reconstructed 77 final states, considering both leptonic and hadronic decays, analogous
to those analyzed in the CMS search for h — aa — putt [12]: eu, etp, uty or 7;,7,. Although we
only present results for the pu7t channel, the inclusion of eert final states would straightforwardly
enhance the sensitivity.

Signal and background generation. Signal events are generated at /s = 14 TeV with a modified
UFO model adopted from an effective field theory extension (EFT) of the SM via an ALP [5], and
subsequently interfaced with MADGRrRAPHS_AMC@NLO [15], PyTHIA8 [16], and DeLPHES [17].
Detector simulation employs the same DeLpHEs card from the validation of [12], except for the
7-tagging efficiency e(7), updated to the HL-LHC Phase-2 CMS parametrization [18]. Higgs
boson production is restricted to gluon-fusion, with a N3LO value for the cross-section of o (pp —
h) = 54.67 pb at \/s = 14 TeV [19].

The dominant irreducible backgrounds are pp — ZZ ) - uutt, gg = h — ZZ* — uurt,
and pp — Zh with Z — pu and h — tr. The ZZ™) contribution is generated with MLM jet
matching up to one hard jet. Reducible backgrounds such as t#Z (with Z — pu) and purt + X
(X = 2¢, 2v) were simulated and found to yield fewer than 0.1 expected events in our proposed
signal region, and are thus neglected in what follows.

Event selection. Following ATLAS [9] and CMS [12] strategies, our baseline selection requires
muons with pr > 5 GeV and || < 2.4, electrons with p7 > 7 GeV and || < 2.5, and hadronically
decaying 7 leptons (1) with pr > 18.5 GeV and |p| < 2.3. It is worth emphasizing that the
pr threshold applied to 7, leptons, originally tuned for CMS Run 2, is the main factor behind
the reduced sensitivity of our analysis at low m,. A possible lowering of this requirement at
the HL-LHC would substantially broaden the reach of our proposed search in channels involving
7, candidates. We also applied additional cuts on the pr of muons fulfilling online and offline
triggers in the related CMS search [12]. Isolation criteria are imposed through a minimum angular
separation AR > 0.3 between charged leptons and AR > 0.4 between leptons and 7;, candidates.
Each selected event is further required to contain an opposite-sign di-muon pair, which is used to
reconstruct the parton level Z boson, together with an opposite-sign 7-candidate pair.

Beyond these baseline requirements, additional kinematic constraints are imposed. The visible

vis

invariant mass of the 7 pair is required to satisfy mY};

< myy, while the reconstructed di-muon mass
is constrained within a broad window 50 GeV < m,, < 106 GeV, ensuring sufficient background
statistics throughout the probed m,, range. The four-body visible invariant mass of the yut7 system,
Mmyis, 18 also required to lie below a final-state dependent threshold: m;s < 110 GeV for uu + ey,
myis < 120 GeV for puu + ety and pu + uty, and myis < 130 GeV for yu + 1, 7,. The cut on mys
renders the pp — Zh background negligible. Finally, events containing b-tagged jets with pr > 20

GeV are vetoed in order to suppress backgrounds, such as #7.

Interpretation. The analysis is presented in a model-independent way, with sensitivity expressed

in terms of
Ny =0(pp = h) XxBR(Z — up) x BR(h — Za, a - 17) X L X e(my), (2)

where €(m,) denotes the signal efficiency after all selections, and £ the luminosity. This provides
direct limits on BR(2 — Za) x BR(a — 77) as a function of m,. For BR(Z — uu), we take the
SM value of 0.0337 [20].
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Figure 1: pp — h — Za — up t7 signal (with m, = 20 GeV and BR(h — Za)xBR(a — 77) = 4x107%)
and dominant irreducible backgrounds after event selection criteria.

3. Results

Figure 1 shows the distribution of signal and background events in the mfj = ms3y variable,
after applying the full selection, for the four possible final states: uu + ey, pu + ety, pp + uty, and
uu + 7. A binned-likelihood fit is then performed in m34, using the binning shown in the same
figure, in order to extract the 95% C.L. sensitivity to BR(h2 — Za) X BR(a — 7). The resulting
limits for each final state, together with their combination, are presented in Figure 2 (left) for the
HL-LHC scenario with 3 ab~!. For comparison, Figure 2 (right) contrasts the combined HL-LHC
reach with the one expected for 300 fb~!. In all cases, a pronounced reduction in sensitivity is
observed for m, < 10 GeV, which can be attributed to the significantly suppressed signal efficiencies
within this mass range.

We next compare the projected sensitivity of our # — Za, a — 77 search with existing
analyses targeting a — pu [9] and a — yy [11]. To this end, we extrapolate their current 95%
C.L. limits at 139 fb~! to the HL-LHC 3 ab~!, by rescaling with luminosity. For simplicity, we
assume that only the three decay modes a — 77, a — uu, and a — 7y contribute, and express
their relative sizes through

_ BR(a = yy) _ BR(a = pp)

=—_——" 777 =—. 3
"y BR(a — 11)’ Tu BR(a — 77) 3)

Figure 3 summarizes the comparison. For r, = r,, = 1, the muon and photon channels remain
more sensitive due to superior reconstruction efficiencies. However, such ratios are generally not
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Figure 2: Left: Projected 95% C.L. sensitivities on BR(h — Za,a — 271) for the \/s = 14 TeV and 3 ab™!
HL-LHC, as a function of m,, for all possible final states, and their total combination. Right: 300 b1 vs
3 ab~! total projected 95% C.L. sensitivities on BR(h — Za,a — 27).
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Figure 3: 95% C.L. expected limits on BR(2 — Za) as a function of m,. Shown are the current ATLAS
results in @ — yy and a — up, their extrapolations to HL-LHC with 3 ab~!, and our projected sensitivity
in a — v7. The dash-dotted grey line indicates the expected 4% sensitivity from a global fit to Higgs data at
HL-LHC. Left: r, = r, = 1. Right: SM-like case, with r,, = mlzl/sz and ry, = RY(mg).

realized in BSM scenarios, where one expects r,, < 1 and r,, < 1. In particular, values close to the
SM hierarchies, r,, = mfl /m? and ry = R (my), strongly favor the 77 channel. Indeed, as shown in
Fig. 3 (right), for an SM-like ALP, the h — Za, a — 77 search clearly outperforms both a — uu
and a — yvy, providing the most powerful probe of this exotic decay.

Accessing the (g — 2), parameter space of ALPs via exotic Higgs decays

The long-standing discrepancy in the muon anomalous magnetic moment, da,, = affp - aZM =

(24.9 £ 4.8) x 10719, currently at the 5o level, can be explained, when taken face value, by the
presence of a light ALP coupled to photons (c,, ), leptons (c¢¢), and the Higgs boson,
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Ja

with f, the EFT cut-off scale. We have assumed in (4) that the ALP couples to £ = e, u, T via
a universal Wilson coefficient c,¢. Besides the interactions in (4), in this work we also include a

C ~ C _
Lawe > FaFu P+ 25 ) (0"a) Eruyst, @)
4

possible coupling of the ALP with the Higgs boson and the Z boson. We describe this interaction
through a dimensionless parameter, the Wilson coefficient cjz,, which summarizes the details of
how the ALP and the Higgs interact within the EFT. In this setup, the ALP provides additional loop
contributions to (g — 2), that can account for the observed deviation (day) if the relevant Wilson
coeflicients have opposite signs,

2 2
Say =~ —m? {(4262) F Z—gﬂ} NG)

This makes the ALP framework an attractive benchmark to explore exotic Higgs decays as a

2 2

2

& + aEM@ In Q_2 +62+3_F2
my, T 1 my,

complementary probe of the parameter space favored by (g — 2),. The description of the loop
functions F(x) and F»(x), the parameter space favored region, and more details about the model,
can be found in [14].

In particular, the decay h — Za — {¢{v7 offers unique sensitivity in regions where a — 77
dominates over a — pu and a — yy, as expected in realistic scenarios, where [ce¢| > |cyy|. As
shown in Fig. 4 (considering a fixed value of czj; of 0.015), our proposed HL-LHC search can
probe part of the parameter space compatible with the muon anomaly, in strong complementarity
with existing & — Za, a — vy searches. This highlights the relevance of including the £¢77 final
state in future experimental programs targeting exotic Higgs decays.
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Figure 4: 95% C.L. sensitivity to f, ! as a function of m, (with ¢,z fixed at 0.015), derived from current
ATLAS searches for h — Za, a — 77y [11], their projected sensitivity at the HL-LHC, and our proposed
HL-LHC search for h — Za, a — t7. The preferred regions for the muon g — 2 anomaly at the 20 level are
also indicated. Left: cs¢ = =5, ¢y, = 0.1. Right: ¢, = 0.1, ¢y = =5.
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4. Conclusions

Exotic decays of the Higgs boson offer a unique opportunity to probe light new states. In
this work, we have explored a dedicated search for h — Za — {{r7, focusing on pseudoscalar
masses m, < 33 GeV. Validating and building upon existing ATLAS and CMS analyses, we
successfully defined a robust signal region that allows us to set model-independent 95% C.L. limits
on BR(4 — Za) x BR(a — 771). These projections reach below the expected sensitivity of global
Higgs fits and are, in many scenarios, more constraining than current searches in a — pu or
a — vy final states.

We have further provided a model-dependent interpretation in the context of an ALP, showing
that our proposed search can significantly improve the sensitivity to ALP scenarios compatible with
the (g — 2), anomaly, complementing existing 7 — Za, a — yy studies.

Looking ahead, the HL-LHC dataset together with improved 7 reconstruction and machine-
learning-based techniques for signal discrimination (e.g. [21]), could substantially enhance the
discovery potential of this channel. We therefore encourage its inclusion in future LHC experimental
programs as a powerful probe of light pseudoscalars with dominant couplings to 7 leptons.
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