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We present a search for long-lived heavy neutral leptons (HNLs) using proton-proton collision
data corresponding to an integrated luminosity of 138 fb~! collected at /s = 13 TeV with the
CMS detector at the CERN LHC. The analysis selects events featuring a charged lepton originating
from the primary vertex associated with the proton-proton interaction, along with a second charged
lepton and a hadronic jet linked to a secondary vertex corresponding to the semileptonic decay
of a long-lived HNL. No excess of events above the Standard Model expectation is observed.
Exclusion limits at a 95% confidence level are evaluated for HNLs mixing with electron and/or
muon neutrinos, presented in the mass range of 1-16.5 GeV, with excluded square mixing parameter
values reaching as low as 2 X 1077, For masses above 11 GeV, the presented limits exceed all
previous results in the semileptonic decay channel, making them among the strongest to date for

certain scenarios.
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1. Analysis Strategy

The analysis strategy involves several key steps: triggering on the prompt lepton using the
High-Level Trigger (HLT) at CMS (see Figure 1), reconstructing the secondary vertex from the
displaced lepton (/>) and the displaced jet using the Inclusive Vertex Finder (IVF), utilizing machine
learning (ML) for signal extraction through a Particle Flow Network (PFN), as HNL decays have
a distinct signature similar to that of heavy flavor jets, and performing data-driven background
estimation using the ABCD method.

Figure 1: Feynman diagram illustrating the production and decay of a heavy neutral lepton (HNL), denoted
as N, leading to a final state comprising two charged leptons and two quarks. In the first case, the HNL
is treated as a Dirac particle, requiring that the two charged leptons have opposite charges. In the second
case, when the HNL is considered a Majorana particle, the two charged leptons are allowed to have the same
charge.

2. Machine Learning Model

In this analysis, we focus exclusively on the displaced components of the event, specifically the
Secondary Vertex (SV), the displaced lepton (/»), and the displaced jet. The Particle Flow Network
(PFN) [2] is a neural network architecture based on the Deep Sets Framework that integrates
information from individual particles within the displaced jet, along with high-level variables
associated with the SV, /5, and the jet. Figure 2 shows the PFN score distribution of predicted event
yields after applying the event selections mentioned in Section 1

3. Result

We present limits for Dirac (LNC) and Majorana (LNV/LNC) HNLs using the entire Run-2
data set of 138 fb~!. No deviations from the Standard Model (SM) are observed. The exclusion
region corresponds to the area inside the curve, and upper limits are set on the coupling strengths
[v|? of the heavy neutral leptons (HNLs) figure 3.
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Figure 2: The PFN score distribution of predicted events yields after applying the event selections, for the
combined ee (left) or pu (right) categories, using high-mass lower PFNs. The filled histograms display the
predicted background yields, where the QCD multijet background displays huge statistical fluctuations for
PFN scores above 0.2. The lines show the predicted yields for two HNL signal scenarios, with mpy = 6GeV
and |v|> = 2.0 x 107 (HNL6), and mp = 10GeV and |v|?> = 5.7 x 107 (HNL10). The HNL signal yield is
normalized to the total background yield.

4. Conclusion

We presented the search for displaced heavy neutral leptons (HNLs) using a displaced lepton-
jet pair final state with Run-2 data. Machine learning techniques, specifically the Particle Flow
Network (PFN), were employed for effective signal-background separation.

This analysis improved upon previous CMS limits on HNL couplings in the high mass range,
thereby enhancing the current state-of-the-art exclusion limits. Furthermore, we accessed a phase
space that has not been explored by other experiments. Notably, no excess was observed.
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Figure 3: Exclusion limits at 95% CL on |v.|* (upper-left row), |v ,,|2 (upper-right row), and %
e M

(lower row) as functions of mp for a Majorana HNL. The solid (dashed) black curve indicates the observed

(expected) exclusion, where the parameter combinations inside the curve are excluded.
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