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1 Introduction

The Standard Model (SM) of particle physics, despite its remarkable success in describing the
fundamental forces and particles of the Universe, leaves several crucial questions unanswered,
including: the nature of dark matter [1], the matter-antimatter asymmetry in the Universe [2],
and the origin of neutrino masses [3]. These gaps in the current understanding suggest the
existence of new physics beyond the SM, already established by the discovery of neutrino
oscillations [4], which provided the experimental evidence for nonzero neutrino masses.

Heavy neutral leptons (HNLs, denoted by N) are hypothetical fermions that are singlets
under all SM gauge groups and appear as right-handed neutrinos in type-1 seesaw extensions
of the SM [5-7]. In these frameworks, the neutrino sector contains both Dirac and Majorana
mass terms, with the latter enabling lepton-number violation. The mixing between HNLs and
active neutrinos depends on the ratio of Dirac to Majorana mass scales, inducing suppressed
couplings Uyn (¢ = e, u,T) that permit HNL production in weak decays of hadrons and
gauge bosons, and subsequent decays back into SM particles via the same interaction [8, 9].
If the HNL is a Majorana particle, lepton-number-violating signatures such as same-sign
dimuons are possible.

The Minimal Neutrino Standard Model (vMSM) provides a benchmark framework, aug-
menting the SM with three singlet HNL states [6, 7]. In this model, two O(GeV) mass' HNLs
can generate the needed amount of baryon asymmetry via low-scale leptogenesis, while an
O(keV) state can account for dark matter through resonant production [10, 11]. However,
successful leptogenesis in the ¥MSM typically requires total mixing U? = 3, [Upn|? < 1076
for HNL masses, my, of O(GeV) [12, 13], below the sensitivity of this analysis. In contrast,

'Natural units with & = ¢ = 1 are used throughout.



scenarios with more HNLs or additional interactions, such as models with symmetry-protected
low-scale seesaw mechanisms (e.g. an inverse seesaw with approximate lepton-number sym-
metry), flavour-structured models with dominant muon mixing, or frameworks with gauged
difference between baryon and lepton number predict |U,n|? ~ 107°-107* for GeV-scale
HNLs while remaining consistent with light-neutrino masses and cosmological constraints [14—
16]. This search is therefore formulated in a model-agnostic way in the (mx;,|Uun|?) plane,
targeting the large-mixing regime relevant to these scenarios. The lifetime of a given HNL,
7~, depends on the HNL mass and the elements of the mixing matrix. In particular, the
lifetime varies as 7x ~ |Usn|"2my° [6]. Hence, for sufficiently low values of mixing-matrix
elements, even HNLs in the GeV-TeV range can be long-lived (7n 2 1ps).

Searches for HNLs have been performed by several experiments using a comprehensive set
of methodologies. The most stringent constraints on the mixing-matrix elements for HNLs
with masses up to about 2 GeV were set by beam-dump experiments looking at HNLs produced
from D and K meson decays, e.g. by the PS191 [17], E949 [18], CHARM [19], NuTeV [20]
and BEBC [21] experiments. Searches at B Factories were conducted by the BaBar [22] and
Belle [23, 24] experiments, searching for HNLs produced by B mesons (my < 6 GeV). At
the CERN Large Hadron Collider (LHC), limits on heavy neutral leptons have been set by
the CMS [25-31], ATLAS [32, 33] and LHCb [34, 35] experiments on HNLs produced from
B mesons, as well as from W and Z bosons (either real or virtual).

The search presented in this paper targets long-lived HNLs produced in B-meson decays
and with lifetimes corresponding to a significant decay probability within the LHCb detector’s
acceptance. The analysis is based on proton-proton (pp) collision data recorded at a centre-of-
mass energy of 13 TeV with the LHCb detector during 2016-2018 (Run 2), corresponding to
an integrated luminosity of £ = 5.04 & 0.10 fb~!. A search is performed for HNLs produced
in both fully reconstructed leptonic BEZ) — u™N and partially reconstructed semileptonic
B— utNX decays, where X represents additional unreconstructed particles, and where
the HNL decays to utm.2 The search takes the form of a bump hunt in the invariant
mass of the HNL decay products. A Feynman diagram for the searched HNL production
and decay modes is shown in figure 1. The muons from the B meson and N decays may
have the same sign, enabling sensitivity to lepton-number-violating processes induced by
a Majorana-type mass term. Majorana- and Dirac-like (i.e. lepton-number violating and
conserving) cases are treated independently in the search. The search is sensitive only to
HNLSs that mix with muon neutrinos, and therefore the results are interpreted in terms of
the |Uyn|? mixing-matrix element. Couplings with other lepton species are assumed to be
negligible, that is: Uen = Uny = 0.

The search focuses on an HNL mass range extending from just above the charm-meson
mass, up to the mass of the Bf meson. For HNLs in this mass range, B-meson decays are
the dominant HNL production mode at the LHC [36]. The production of HNLs from beauty
baryons has been calculated in ref. [37] and is expected to be suppressed relative to production
from beauty mesons [36]. Baryonic production is therefore neglected in this analysis. Some
small peripheral sensitivity contribution is nonetheless expected, but is not considered in the
computed limits, making them somewhat conservative. Although the b-quark fragmentation

2The inclusion of charge-conjugate processes is implied throughout.



Figure 1. Feynman diagram for the inclusive HNL production from b quarks and its subsequent
decay N — p®mF. This diagram represents various decay channels depending on the hadronisation of
the b quark. The b quark and other quarks (¢ or T) can either form the initial-state meson or appear
in the final state. If the HNL is of a Majorana nature, the two muons in the final state can have the
same sign.

fraction to B mesons is small at the LHC [38], HNL production from leptonic B} decays is
enhanced by the ratio of the CKM matrix elements |V, |?/|V,,|? compared to production
from leptonic BT decays, and thus makes an important contribution to the analysis.

2 LHCD detector, trigger and simulation

The LHCb detector [39, 40] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < n < 5, designed for the study of particles containing b or ¢ quarks. The detector
used for this analysis includes a high-precision tracking system consisting of a silicon-strip
vertex detector (VELO) surrounding the pp interaction region [41], a large-area silicon-strip
detector (TT) located upstream of a dipole magnet with a bending power of about 4 T'm,
and three stations of silicon-strip detectors and straw drift tubes (IT and OT) [42] placed
downstream of the magnet. Different track types are reconstructed based on the subdetectors
registering charged particle hits. Tracks formed with the track segments in the vertex detector,
upstream and downstream tracking stations are referred to as long tracks, while those having
hits only in the upstream and downstream tracking stations are called downstream tracks.
Compared to downstream tracks, the long tracks have better momentum, p, and impact
parameter, IP, resolution relative to the primary pp collision, PV. For long tracks, the
momentum resolution varies from 0.5% at low momentum to 1.0% at 200 GeV, while the
impact parameter resolution is (15+29/pt) um, where pr is the component of the momentum
transverse to the beam, in GeV.

Different types of charged hadrons are distinguished using information from two ring-
imaging Cherenkov detectors [43], providing particle identification (PID). Muons are identified
by a system composed of alternating layers of iron and multiwire proportional chambers [44].
Photons, electrons and hadrons are identified by a calorimeter system consisting of scintillating-
pad (SPD) and preshower (PS) detectors, an electromagnetic and a hadronic calorimeter [45].
The SPD identifies charged particles, aids in separating electrons from photons, and measures
event multiplicity through the number of hits (ngpp).



The online event selection is performed by a trigger [46], which consists of a hardware
stage, based on information from the calorimeter and muon systems, followed by a software
stage, which applies a full event reconstruction. The variable ngpp is used in the hardware
trigger stage (LO) for a global event cut (GEC). Specifically, the single-muon lines apply
ngpp < 450 and dimuon lines ngpp < 900. To harmonise efficiencies, an offline ngpp < 450
requirement is imposed on all events. Triggered data further undergo a centralised, offline
processing step [47].

Simulation is used to model the effects of the detector acceptance and the imposed
selection requirements. In the simulation, pp collisions are generated using PYTHIA [48, 49]
with a specific LHCb configuration [50]. Decays of unstable particles are described by
EvTGEN [51], in which final-state radiation is generated using PHOTOS [52]. The interaction
of the generated particles with the detector, and its response, are implemented using the
GEANT4 toolkit [53, 54] as described in ref. [55].

Several simulated samples of HNL decays are produced considering different mass hy-
potheses, my = 1.6, 2.0, 3.0, 4.0, 5.0 and 5.5 GeV, and lifetimes, 7v = 10, 100 and 1000 ps.
This set of lifetimes has been chosen to cover the decay-time acceptance of the LHCb detector
for displaced HNL decays to long or downstream tracks. An independent sample is generated
for each HNL mass, lifetime and B-meson type: B®, B, BY or Bf. To model the total signal,
the relevant mesons and decay modes are merged together taking into account the relative
b-quark fragmentation fractions to the different B-meson species, fs/fy and f./f,, measured
by the LHCb collaboration [38, 56|, and the branching-ratio predictions of B decays to HNLs
taken from ref. [36]. The branching fractions of various decay channels, weighted by their
corresponding fragmentation fractions, are presented in figure 2. These values depend on the
HNL mass my, and are calculated for a mixing parameter of |Uyn|? = 1074,

Both the opposite sign (OS) lepton-number-conserving p*p~ and same sign (SS) lepton-
number-violating u*pu* decay channels are simulated. All B-meson decays involving HNLs
and N — um decays are simulated neglecting HNL spin and polarisation. The same simplified
model was used in previous searches of HNLs from B decays at the Belle [23], LHCDb [34],
and CMS [29] experiments.

3 Event selection

The flight distance of the HNL is a key observable for identifying displaced decays in the LHCb
detector. It is defined as FD(N) = /(zn — )% + (yn — yB)? + (2nx — 2B)?2, representing the
spatial separation between the B-meson and N decay vertices. Owing to the forward geometry

of the detector, the longitudinal component, FD,(N) = zy — 2B, provides an effective proxy
for the full three-dimensional distance.

In each event, multiple pp interactions are reconstructed. The PV that fits best to the
flight direction of the B candidate is taken as the PV associated to the B decay.

Candidate B— uN(— um)(X) decays are separated into two analysis categories, referred
to as long and downstream. The long category includes N — um decays that occur within
the VELO and are reconstructed with long tracks, which offer superior mass, momentum,
and vertex resolution. In this category, candidates must have FD,(N) greater than 20 mm.
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Figure 2. Branching fractions of various B-meson channels corresponding to different B-meson types,
B? B*, BY or Bf, weighted by the corresponding fragmentation fraction. These values depend on
the HNL mass, my, and are calculated for a mixing parameter of |U,n|?> = 107*. The solid red
“Semileptonic” line is the sum of all semileptonic decay channels, i.e. the sum of all the specific decays
below the semileptonic line in the legend.

The downstream category is composed of candidates that decay after the VELO and are
reconstructed using downstream tracks. This is sensitive to HNLs with FD,(N) 2 70 cm.

The muon candidates from the signal decay are required to pass the muon-based L0
hardware trigger lines. These trigger lines accept events with either one or two muon candidates
having a pt above specific thresholds. For single muon candidates, the thresholds are 1.30 GeV
in 2016, 1.70 GeV in 2017, and 1.75 GeV in 2018. For dimuon candidates, the product of their
transverse momenta must exceed 1.69 GeV? in 2016 and 3.24 GeV? in 2017 and 2018.

In the subsequent software trigger, at least one of the muon candidates is required to
have pr > 1.1 GeV and p > 6.0 GeV. The muon candidates that satisfy these momentum
criteria are also required to have associated tracks with good track-fit quality and to be
inconsistent with originating from any PV in the event.?

At the second software trigger stage, the long category is required to pass either an
inclusive topological selection targeting displaced b-hadron vertices or an inclusive selection
for displaced N — u7t decays. The downstream category is selected with a trigger specifically
developed for this analysis that selects B— uN(— um) candidates with same-sign muons. In
this trigger, the pion and muon candidates that form the HNL candidate are required to
have pt > 250 MeV and a momentum exceeding 2 GeV and 3 GeV, respectively. The resulting
HNL candidate must have pt > 700 MeV and is combined with a long muon candidate to
form a B candidate. The reconstructed B momentum is required to be aligned with the
displacement vector from the associated PV to the B secondary vertex, in the sense that the

3The size of the impact parameter is measured relative to its uncertainty with the variable x%p, defined as
the difference in the vertex-fit x? of a given PV reconstructed with and without the particle being considered.



relative angle 6 satisfies cos 6 > 0.99. This trigger is prescaled by a factor of five, effectively
analysing 20% of these candidates.

In the offline selection, a B— uN(— um)(X) candidate must satisfy loose kinematic
and PID requirements before being processed by a dedicated and bespoke multivariate
analysis (MVA). The N candidate is formed from two oppositely charged tracks, which
must be either both long tracks or both downstream tracks. These tracks, identified as
a pion candidate and a muon candidate, are required to pass the same momentum and
transverse momentum selections as in the downstream trigger for the second software stage,
and to have a large impact parameter with respect to the associated PV, selecting those
consistent with a long-lived N and rejecting prompt tracks from the primary pp interaction.
The two tracks are required to originate from a common vertex with good fit x2, and the
vertex is required to be significantly displaced from the associated PV, as quantified by
FD,(N). The N candidate with pr > 700 MeV and my > 1.5 GeV is combined with a long
1 candidate to form a B candidate, requiring a common vertex with good fit x?. The B
momentum is required to pass the same alignment criteria with the associated PV as in the
downstream trigger. The mass of the B candidate, m(puum), should be in the wide range
1.5 < m(ppm) < 6.5GeV. These requirements are sufficiently loose to still select partially
reconstructed B— uN(— pm)(X) decays efficiently.

A fiducial volume (FV) selection removes candidates in low-acceptance regions, requiring
final-state tracks with 2.0 < n < 4.5 and N candidates with ptr > 1GeV and p > 15GeV.
This selection achieves an efficiency exceeding 90% for my = 2 GeV.

A multivariate analysis is performed to suppress combinatorial background, which dom-
inates in the whole pum mass range, except for the region below 2 GeV, where peaking
backgrounds from charm meson decays are also present. A neural network (NN) classifier,
implemented using PYTORCH [57], is trained for each reconstruction category in the analysis.
These reconstruction categories are defined by each of the two muon charge configurations
(SS and OS), three B-decay modes (B— uNX, BT — uN, and B — uN), and two analysis
displacement categories (long and downstream). This gives nine reconstruction categories
in total (no OS downstream data are collected). Each classifier is trained using simulated
HNL samples as signal proxy and candidates in the upper m(pum) sideband in data as
background proxy. The fully reconstructed leptonic BT — uN, and BF — uN categories are
combined for the purpose of the NN training.

For fully reconstructed leptonic decays, the upper sideband corresponds to the m(pum)
region at least 30 (55.5 MeV) above the BT mass peak, excluding the B signal region defined
as £30 (£76.8 MeV) around the B} peak, with o the mass resolution. Partially reconstructed
B — uNX semileptonic decays are dominated by modes involving an unreconstructed D
meson; therefore, the sideband is defined as the region where m(puum) > mp+ — mpo. A
small fraction of signal B— uNX decays, with X = 71, p, may enter this sideband, but their
contribution is expected to be negligible. To avoid biases, a 15% portion of both the signal
and background proxy datasets is reserved from training, and used solely to evaluate the
NN’s classification performance.

Variables with high discrimination power are used to train the classifiers. These include the
B-candidate flight distance, the pt of all final-state particles, the X%P of the N candidate and



its decay products, the N-candidate decay vertex x?, and the angle between the momentum
and displacement vector from the origin vertex to the decay vertex for the N candidate.
For fully reconstructed leptonic decays, the angle between the momentum and displacement
vector for the B-meson candidate is also used. The simulated signal samples for the SS
and OS categories show no significant differences and are therefore combined for training.
In contrast, background samples show different kinematic characteristics between SS and
OS categories and are treated separately.

To maximise discrimination power across the full mass range, particularly between
simulated mass values, a novel NN-based approach is employed, in which the classifier is
parametrised by a physics variable, the HNL mass [58]. In the NN training, the parametrised
mass feature is set to the true value of the generated HNL mass for the signal proxy, while,
for the background, it is arbitrarily sampled from the simulated mass values. This approach
allows the classifier to smoothly interpolate between simulated mass values and eliminates the
need for separate classifiers trained at individual masses. The NN hyperparameters are tuned
via Bayesian optimisation employing a Gaussian process [59], using classification accuracy as
the optimisation metric. An independent set of optimal hyperparameter values is determined
for each category. No sign of overtraining is observed in the classifier outputs.

Since the level of combinatorial background changes with the probed my values, multiple
working points are defined to optimise the classifier’s performance. For each simulated
my value, the optimal requirement on the classifier output is determined and interpolated
across the mass range. The working point is selected to maximise the Punzi figure of
merit [60], defined as

e(mn)

FOM(mN) = 9
Nikg(mx) + 3

(3.1)

where e(my) is the signal efficiency for a given my value. The expected background yield,
Nikg(mn), is extrapolated from the m(uu7) upper mass sideband into a window of mx=+30y,,,
with o, = 25MeV, corresponding to the largest mass resolution measured in fits across
the simulated HNL mass values. Variations of oy, yield consistent results. The optimal
requirements are then relaxed, if necessary, to ensure that at least approximately 30 candidates
are selected in the signal region, to ensure stable fits, even if this leads to a suboptimal FOM.

4 Signal description

The signal yield Ny, expected in the selected data sample for each of the considered
Bq— uN(X) decays, where q indicates the non-b quark flavour, is given by

f E(FVN)
Nye = L — B*) 29 B(Bq — uN(X)) B(N = um) ———% €gel, 4.1
sig = Lo(pp )%, BBa=n (X)) B( “ﬂ)s(FVBi) Esel (4.1)
where the various factors are explained in the following.
The total integrated luminosity of the analysed data samples is £ = 5.04 + 0.10fb~!.
The inclusive cross-section at /s =13TeV, o(pp— B¥) = 86.6 &+ 6.4 ub, was measured
by the LHCb experiment [61] in the fiducial volume FVg=+ defined by 2.0 < y(B*) < 4.5



and pr(B*) < 40GeV, where y is the rapidity. The ratio of geometrical acceptances
e(FVn)/e(FVgz) is introduced to correct for the small mismatch between the fiducial volume
selections. Imposing the B* fiducial requirements on top of the analysis selection is found to
be > 99.5% efficient, indicating that any residual effect is negligible. The ratio is determined
using the RapidSim fast-simulation toolkit [62]. For this, B mesons are generated with a
momentum spectrum predicted by fixed-order next-to-leading-log (FONLL) calculations [63],
and RapidSim subsequently models the detector’s geometric acceptance. This fast-simulation
approach makes it feasible to determine the acceptance in fine steps of my, which is crucial
for modelling the sharp acceptance drops near phase-space boundaries. As only the ratio is
used, common assumptions largely cancel, reducing uncertainties in the modelled B-meson
production spectrum. The statistical uncertainty on the acceptance ratio is approximately
0.5%, and the results are validated against the full LHCb simulation at several benchmark
my values.

The factor fy/fu denotes the ratio of fragmentation fractions of the b quark to the By and
B* mesons. The ratio f/f, is assumed to be unity due to isospin symmetry, while fs/f, =
0.244 +0.012 and f./f, = (7.56 4 1.78) x 1073 are taken from LHCb measurements [38, 56].
The BY and B} fragmentation fractions are determined in the range 4 < pr < 25GeV
and in the ranges 2.0 < n < 5.0 and 2.5 < 1 < 4.5, respectively. These fiducial volumes
are then slightly different to the BT cross-section fiducial volume. The dependence of the
fragmentation functions on pr and 7 is small [38, 56], and thus any residual bias due to the
fiducial volume difference is subleading compared to the quoted experimental uncertainties
on fq/fu. As a result, the fiducial volume difference is neglected.

The signal selection efficiency e encodes the effects of all online and offline requirements
for signal decays produced within the FV of the analysis and is determined in simulation
as a function of HNL mass and lifetime. Efficiencies for alternative lifetimes are obtained
from simulated samples through a weighting procedure, in which each candidate 7 is assigned
a weight

(4.2)

based on the generated lifetime of the sample, Tgen, the target lifetime, 7/ and the true decay
time of the candidate in the event, t;.

To ensure the realistic modelling of the detector and trigger responses, several corrections
are applied. The simulation of the hardware trigger is corrected to match the performance
observed in data. This correction is determined using a control sample of events containing
muon pairs that were collected using triggers independent of those muons, ensuring an
unbiased dataset for the efficiency measurement. The hardware trigger efficiency, €1, is then
measured on this control sample by calculating the fraction of events in which the muons
under study also satisfy the hardware trigger requirements. By comparing the efficiencies
measured in data and simulation, correction weights, wyg, are derived. These weights are
parametrised as a function of the maximum and minimum prt of the two signal muons to
accurately adjust the simulation.

The efficiency of the GEC on the number of SPD hits, ngpp, is determined from simulation
that is corrected to match the distribution in data. Specifically, the simulated SPD multiplicity



is rescaled event-by-event by a global factor, k chosen such that the efficiency of the

NSPD?
ngpp < 450 requirement matches that observed in data measured with dimuon triggers
using ngpp < 900. After this correction, a 10% relative uncertainty is assigned to the
GEC efficiency to cover residual data-simulation differences; this is treated as a correlated
nuisance across categories.

To correct for differences in the PID response between data and simulation, per-particle
calibration weights, denoted as wpip, are applied to the final-state particles of each simulated
signal candidate. These weights are derived from high-statistics control samples [64] and are
defined as the ratio of the PID efficiency measured in data to that in simulation. The weights
are determined as a function of each particle’s momentum and pseudorapidity to account
for kinematic variations in the detector performance. The muon identification weights are
calibrated using a pure sample of JAb — putu~ decays, while the pion weights are derived using
pions from D** — D%(— K~7t")ntt decays selected only applying kinematic requirements.
The total PID correction for a given signal candidate, w]"PID, is the product of the individual
weights applied to each of its three final-state particles.

The total selection efficiency e for a sample of a given HNL mass and lifetime is
therefore defined as

Zivsel wh,wioWhip

5se1(mNa T/) = N ) (4'3)
gen

where Ngen and Ny are the number of generated and selected signal events within the FV,
respectively. A cubic spline is employed to interpolate e between simulated HNL mass
points. The selection efficiencies are determined for all reconstruction categories scanning
the 2D plane of relevant HNL masses and lifetimes, in the ranges my € [1.6,5.5] GeV and
T~ € [1ps,10ns], respectively.

For the long categories, the selection efficiencies eg. are maximal for values of my between
3 and 4 GeV where the HNL is heavy enough to provide high transverse momentum to the
secondary muon, yet light enough to allow the primary muon (from the B meson) to also
have a relatively large pt. Moreover, the efficiencies are significantly larger for Bt — u™N
than for B — pu™N because the BT lifetime is about three times larger than the BY lifetime,
making the impact parameter requirements more effective. On the other hand, the efficiency
for the downstream category is larger for low my as the primary muon gets a larger share
of the energy, and the first-stage software trigger is more efficient.

As an example, the total selection efficiencies for the different same-sign reconstruction
modes are shown in figure 3 for HNL lifetimes of 10 ps and 1 ns as a function of my. Opposite-
sign efficiencies are similar. For a lifetime of 10 ps, HNLs are sufficiently short-lived that
downstream reconstruction is not efficient. At a lifetime of 1 ns, the analysis is only sensitive
to the more abundantly-produced light (myx < 3GeV) HNLs due to a weaker HNL-SM
coupling. In this regime, HNL production is dominated by By qs— pTNX decays. As a
result, and for reasons of legibility, the downstream category is not shown on figure 3 (left),
and, similarly, the decays B — u*tN and BT — pu*N are not shown on figure 3 (right). An
efficiency of the order of 0.5% is achieved for the 10 ps lifetime, with comparable values for
all production modes of the long category. For the 1 ns lifetime, the total efficiency is highly
reduced. After correcting for the prescale factor of five, and at low my;, the downstream-track
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Figure 3. Total selection efficiency for HNL events with two same-sign muons, shown for HNL lifetimes
of (left) 10ps and (right) 1ns. Coloured bands represent the allowed range of values within +1o of
the combined statistical and systematic uncertainties. For a direct comparison between reconstruction
categories, the downstream-track efficiency is multiplied by a factor of five, corresponding to the
rescaling factor of the dedicated trigger.

selection is approximately three times as efficient as the long-track selection for an HNL
lifetime of 1ns. Due to the relatively large b— ¢ coupling, most By 45— " NX decays will
include a charm meson in the B decay products when kinematically allowed. This produces a
softer momentum spectrum for HNL masses below this kinematic threshold, and a harder
spectrum for those above, where the accompanying decay products are much lighter. This is
the cause of the kink in the By qs— utNX efficiency at around 3 GeV.

Figure 4 shows the sensitivity of each reconstruction category, obtained assuming no
background. Below 3 GeV, the semileptonic long categories are expected to have the most
competitive sensitivity in both SS and OS signatures. The contribution of the downstream
category is significant for HNL masses of about 2 GeV. The sensitivity from fully reconstructed
leptonic categories becomes dominant above 3 GeV.

5 Background estimation

The combinatorial background is described by a simple smooth function (exponential or
linear), whose parameters are determined in the final fit in a sliding pumt mass window, as
described in section 6. A peaking background contribution due to D® — K=zt and D — w7t
decays is estimated for the semileptonic long category. In these D decays, a peak appears
in the um invariant mass through the misidentification of the K=, 7t~ or " as a muon. In
fully reconstructed leptonic decays, more stringent requirements on the pps invariant mass
suppress the misidentified background. The peaking background contribution is found to
be negligible for the semileptonic downstream category due to the short lifetime of charm
mesons. A data-driven ABCD method [65-67] (named after the four subsamples used in this
approach, labelled A, B, C, and D) is employed to estimate these charm peaking background
yields. The background levels from a control region of prompt-like decays, i.e. candidates with
FD, < 20 mm, are extrapolated into the signal region. The use of this prompt control region
is justified because the parameter space for prompt HNLs with masses up to 2 GeV is already
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Figure 4. Sensitivity estimate of various reconstruction categories of the analysis for the (left) OS
and (right) SS event categories, assuming no background. Lifetimes, shown by the grey contours, and
previous limits are for a Majorana-natured HNL. The most stringent limits in this mass range are
from the CMS and BEBC collaborations.

strongly constrained by dedicated searches at other experiments [23-25, 32]. Therefore,
any prompt candidates in this mass range are expected to originate predominantly from
charm meson decays rather than genuine HNL signals, making this region suitable as a
background-dominated control sample for the ABCD method.

The signal and control regions are defined using two statistically independent variables:
the HNL flight distance FD,(N) and the invariant mass m(pp). The FD,(N) variable divides
the sample into displaced (regions A and C, with FD,(N) > 20 mm) and prompt (regions
B and D, with FD,(N) < 20 mm) categories, while the invariant mass m(uumn) divides the
sample into signal (regions A and B) and sideband (regions C and D) regions. Mass peaks
from D? — K—7rt and D?— 77t are observed in the control regions. The two peaks in
the pum spectrum in these categories are described with two Johnson Sy distributions [68],
while the combinatorial background is modelled with an exponential function (two for the
OS case). Figure 5 shows the data distributions in region D for the SS and OS categories,
with the corresponding fits.

Peaking-background yields in region A are predicted with an ABCD extrapolation, Ngred =
Np x (N¢/Np), where Nx are the peaking yields obtained from invariant-mass fits in regions

X. Their full uncertainties are propagated. As a result, Ngred

is found to be consistent with
zero, but is nonetheless used as a constrained nuisance parameter in the final mass fit. The
shape parameters of the Johnson Sy probability density function (PDF) are measured in
the most populated region D and fixed when fitting regions A, B, and C. The exponential
shape parameters are free to vary in each region. The statistical independence of FD,(N)

and m(pupm) is verified by applying the ABCD method to a subdivision of regions B and D.

6 Signal extraction

To search for evidence of HNLs, a bump hunt is performed blindly in sliding windows across
the whole m(um) spectrum. The HNL mass hypotheses in this spectrum, my, are scanned
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Figure 5. Distribution of the pum mass in the control region D for the (left) SS and (right) OS long
categories, showing fits with two Johnson Sy distributions for peaking backgrounds from charm meson
decays and either one (left) or two (right) exponentials for the combinatorial background.

in steps of %O’mN, where o,,, is the mass resolution at each my value. For each hypothesis,
the local search window is defined as |m — my| < Topy.

The size of the local search window, the signal mass model, and the mass steps depend
on the value of my. For a set of mass points, the signal mass model is extracted from
simulated samples and modelled by a modified Crystal Ball function [69] with tails on both
sides of the peak. Between simulated mass points, the signal PDF is interpolated using the
moment-morphing technique [70]. No dependence of the signal shape on lifetime is observed.

The combinatorial background is modelled using an exponential function,
Beomb (M, Neombs Qcomb) X €~ ¥emb™ - which is treated as the baseline model. For a
small decay constant, this function approximates a linear shape. To assess the sys-
tematic uncertainty associated with this choice, an alternative, explicitly linear, model,
Beomb (1M, Neombs Qcomb) X (1 + acombm), is used. The difference between the results obtained
with the baseline and alternative models is used to quantify the corresponding systematic, as
detailed in section 7. In both cases, the normalisation Ncomp, and the shape parameter agomp
are allowed to vary in each fit and are independent between the analysis categories.

When the search window overlaps with the peaking background region, defined between
1650 and 1950 MeV, two peaking background PDFs are also included for the semileptonic long
categories of the search (both SS and OS). Their shape parameters are fixed as described
in the previous section, while the expected yield from the ABCD method is incorporated
as a Gaussian prior.

For each interpretation of the HNL nature (Dirac or Majorana), the different reconstruction
categories, ¢, are fitted simultaneously using a common yield parameter, Ngg. The total
PDF for each reconstruction category is expressed as

Nsigei,P‘Sig(mS mn, esig) + Z%:l kag,k:ipgokgk (m; mn, ebkg)

P;(m; mx, Neig, ) = i ) 6.1
i ( N, Nig, 0) Nsig€i+2%:1kagvk:i o

with & distinguishing the three components of background: combinatorial (k = 1), and the
two peaking backgrounds (k = 2,3). In this equation, P;® and the set of Plb K&k are the

(2
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signal and background model PDFs, ¢; is the fraction of all HNL candidates that are in
reconstruction category i, the set of Ny, ki are the background yields in category 7 and
background component k, and the nuisance parameters (exponential slopes, etc.) are denoted
by 6 = (bsig, Obke). When peaking background is not present, i.e. for all reconstruction
categories except the semileptonic long categories, or when the peaking background is outside
of the HNL mass window, the peaking background yield is forced to be identically zero,
i.e. Npkgoi = Npkgsq = 0.
The extended likelihood is

NNobs:ie—Ni Nobs:i
Li(mx, Neig, 0) = —-———Ce, (0sig)Corg:i(Ovkg) [ Pi(mj;mn, Nig,0) . (6.2)
NObSIi! jil

where Ngps.; is the observed number of candidates in the reconstruction category, IV; is the
total yield; N; = Ngjg; + Zizl Nypkg ki, and m; the invariant mass of observed event j. The
C, factor represents the Gaussian prior on the event fraction in reconstruction category ¢

1 (:uei - Ei)2
\/ﬁaei exp < Tezz 5 (63)

where the central value, p.,;, and uncertainty, o, of ¢; are obtained from simulation. The

CEi (esig) =

factors Cpkg:; are the Gaussian priors on the peaking backgrounds normalisations, defined as

(_ (’LLkag,k:'L - kag,kz)2>

exp (6.4)

2
Ukag,k:i

Cpkg:i (0
bkg Z bkg H \/%Jkag ki
when reconstruction categories contain peaking background, and set to one elsewhere. In
this definition, un,,, ., and on,,, .. are the central values and uncertainties of the peaking
background yield.
The combined likelihood for the simultaneous fit of different reconstruction categories
is expressed by

Neat
L’(mN,NSig,H) = H £¢(mN,Nsig,9). (6.5)

i=1
The fit is implemented using the zFIT library [71], and yields are not constrained to be
positive. Examples of fits to the um mass spectra in the signal region are shown in figure 6 for
two mass ranges: one with peaking background contributions (left) and one without (right).
For each mass hypothesis, several values of the |UuN]2 coupling are tested to determine
upper limits. These tested couplings, denoted |UuN]2(tested), are used to compute the signal
efficiency in each reconstruction category, which depends on the HNL lifetime and therefore
on |Uyn|?. The CLg method [72] is used to translate the fitted signal yield Ny into a 95%
confidence level (CL) upper limit on the muonic HNL coupling, |U,n|?, evaluated at the fixed
signal efficiency. This value is denoted as |Uyn|?(measured). The 95% CL exclusion region
is defined as the region where |Uy,x|?(measured) lies below |Uyn|?(tested). To determine
the global significance of any deviation, the look-elsewhere effect is accounted for following
the method of ref. [73]. In essence, the number of crossings of the observed limit curve
over the expected limit is used to estimate the effective number of statistically independent

test masses considered.
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Figure 6. Examples of mass distributions obtained in the signal region for the OS long category,
with fits for Majorana HNLs. The plots correspond to the inclusive (left) and the leptonic BT (right)
reconstruction categories.

7 Systematic uncertainties

The systematic uncertainties are summarised in table 1. Relative uncertainties are quoted on
the squared coupling, |UHN\2, except for the fragmentation fractions, which are given relative
to their baseline values (since their impact on |Uyn|? is mass dependent). All systematic
uncertainties enter the likelihood as Gaussian priors.

The leading external systematic uncertainties arise from the inclusive o(pp— B¥) cross-
section (7.4%) and the BY fragmentation fraction (24% for HNLs from B). The integrated
luminosity (2.0%) and the BY fragmentation ratio (4.9%) are also included as external
constraints. The leading detector-related uncertainty is assigned to the GEC efficiency
(10%), derived from the data-driven ky,-scaling procedure and the observed spread across
HNL masses.

The contribution due to the signal mass modelling is evaluated with pseudoexperiments
by varying the signal-shape parameters according to their covariance from simulation fits;
this yields a 5.9% relative impact on ]UHN|2. The background parametrisation uncertainty
is assessed by generating samples with one functional form and fitting with an alternative
form, giving a contribution of 2.0%.

Statistical uncertainties in the efficiency corrections (L0, PID) are propagated as additional
Gaussian nuisances. External inputs and the GEC efficiency are taken as correlated across
categories; shape-related nuisances are treated as uncorrelated between categories.

8 Results and conclusions

A search for HNLs has been performed using a dataset corresponding to an integrated
luminosity of £ = 5.04 + 0.10fb~! of proton-proton collision data collected with the LHCb
detector between 2016 and 2018. The search targets HNLs produced in beauty-meson decays
with subsequent decays into a pTmT final state, probing HNL masses in the range of 1.6
to 5.5 GeV and their coupling to muon neutrinos.

— 14 —



Source Baseline value Rel. uncertainty [%)]

o(pp — BY) [ub] 86.6 & 6.4 7.4
Integrated luminosity [fb~] 5.04 £0.10 2.0
B fragmentation fraction (f./fy) [x1073] 7.6+1.8 —
BY fragmentation fraction (fs/fu) 0.244 4 0.012 —
GEC efficiency — 10
Signal shape modelling — 5.9
Background shape modelling — 2.0

Table 1. Summary of systematic uncertainties on the HNL coupling |U,~|?, including baseline values
and relative uncertainties in percent. Relative uncertainties, when reported, are defined based on the
impact on |U, HN|2. Relative uncertainties for fragmentation functions are not reported as this depends
on the HNL mass considered.
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Figure 7. (Left) Combination of all the OS search categories that corresponds to a Dirac-like HNL.
(Right) Combination of all the SS and OS search categories that corresponds to a Majorana-like HNL.
Lifetime contours are shown in grey.

The analysis combines fully reconstructed leptonic decays, B(t) — u™N, and partially
reconstructed inclusive semileptonic decays, B— pTNX. Analysing final states with both
same-sign and opposite-sign muons ensures sensitivity to both Majorana and Dirac HNL
scenarios. A machine learning approach, featuring a neural network parametrised by the
HNL mass, enhances signal discrimination. Using both long and downstream track categories
provides sensitivity across a wide range of HNL lifetimes, corresponding to decay lengths
from approximately 2cm to 2m.

The highest local excess has a 2.50 significance and is observed at my = 2.93 GeV
in the Dirac OS case. Taking into account the look-elsewhere effect, the probability of
observing a local fluctuation of at least 2.50 is estimated to be 38%, lowering it to a global
statistical significance of 0.30 (one-sided). Therefore, the observed results are compatible
with statistical fluctuations.

Upper limits are set at the 95% confidence level on the mixing parameter squared, |U,n|?,
as a function of the HNL mass my, and are reported in figure 7. These limits exclude values
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of |Uyn|? down to the 1075-107* level. This represents more than an order of magnitude
improvement over past LHCb limits. The limits are a valuable cross-check to the existing
limits in this region. They also complement searches from ATLAS and CMS which are
typically more sensitive at higher masses from on-shell W boson decays, and previous fixed-
target experiments where all masses above the D-meson threshold (~ 1.7 GeV) are inaccessible.
The limits reported here do not probe the leptogenesis-favoured vMSM region but exclude
significant parameter space in scenarios with three HNLs or additional interactions, such
as symmetry-protected low-scale seesaws, flavour-structured models with dominant muon
mixing, or frameworks with gauged B — L (baryon minus lepton number), which predict
larger mixings compatible with light-neutrino masses and cosmological constraints [14, 15].

The techniques developed, including peaking background control in inclusive B decays, the
treatment of downstream tracks, and a mass-parametrised neural network, provide a robust
framework for future HNL searches. Significant sensitivity improvements [74] are expected
utilising advancements in displaced vertex reconstruction [75] and the larger datasets from
the LHCb Upgrade I [76] and II [77].
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