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ABSTRACT: A search for long-lived heavy neutrinos (N) in the decays of B mesons produced
in proton-proton collisions at /s = 13 TeV is presented. The data sample corresponds to an
integrated luminosity of 41.6 fb ™" collected in 2018 by the CMS experiment at the CERN
LHC, using a dedicated data stream that enhances the number of recorded events containing
B mesons. The search probes heavy neutrinos with masses in the range 1 < my < 3 GeV and
decay lengths in the range 1072 < Ty < 10* mm, where Ty is the N proper mean lifetime.
Signal events are defined by the signature B — (gNX; N — EinjF, where the leptons /p
and ¢ can be either a muon or an electron, provided that at least one of them is a muon.
The hadronic recoil system, X, is treated inclusively and is not reconstructed. No significant
excess of events over the standard model background is observed in any of the T invariant
mass distributions. Limits at 95% confidence level on the sum of the squares of the mixing
amplitudes between heavy and light neutrinos, ]VN\Q, and on ¢ty are obtained in different
mixing scenarios for both Majorana and Dirac-like N particles. The most stringent upper
limit |VN]2 < 2.0 x 1077 is obtained at my = 1.95GeV for the Majorana case where N mixes
exclusively with muon neutrinos. The limits on ]VN\Q for masses 1 < my < 1.7GeV are the
most stringent from a collider experiment to date.
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1 Introduction

The standard model (SM) of particle physics is a highly predictive and well-tested theoretical
framework that describes the electroweak and strong interactions, which together account
for the known fundamental forces of nature apart from gravity. Although its predictions
are in agreement with a vast number of experimental measurements, performed over a wide
range of energies, the SM is unable to provide explanations for many key questions, both
observational and theoretical. For example, the minimal SM does not account for the small,
but nonzero neutrino masses [1]; for the large amount of dark matter (DM) inferred from
astrophysical and cosmological measurements [2]; and for the asymmetry in the abundance of
matter and antimatter in the universe [3]. A central challenge of particle physics is therefore
to develop and experimentally test new theoretical frameworks that encompass the successful
predictions of the SM, but which also provide explanations for physics beyond the SM.
An example of such an extension of the SM is the neutrino minimal standard model
(vMSM) [4, 5]. This model predicts the existence of a new type of particle, the heavy neutral
lepton (HNL), also referred to as a heavy neutrino, denoted here by N. The dominant
component of such a particle has a right-handed chirality and does not have SM gauge
couplings, which is why it is often referred to as a sterile neutrino. Its interactions with SM
particles arise through the admixture of an SM neutrino. In the scenario in which three heavy



neutrinos are predicted, one with a mass in the keV range and the other two with nearly
degenerate masses in the GeV range, this model can provide not only a DM candidate [6]
but also a possible mechanism for baryogenesis [7], as well as a possible explanation for
the smallness of the masses of the SM neutrinos, through the Type I seesaw mechanism [8§].
An overview of theoretical models that predict the existence of HNLs is presented, e.g. in
ref. [9] and references therein.

The present search takes as a framework the phenomenology described in ref. [10]. The
underlying assumption is that the N states are not mass degenerate, which implies that they
are produced and decay independently, or, alternatively, that their degeneracy is so close
that they can be considered a single particle for all practical purposes in this search. This
search can be formulated in terms of a single N, parametrized by its mass my and its mixing
amplitudes to the three lepton flavour families, denoted as Von, Vyn, and Viy. The quantity
[V |? is defined as [Vi|* = |V |2+ ]VHN\Q—I- |Vex|?, and the mixing ratios 7, with £ = (e, 1, 7),
are defined as r, = \V}ZN]Q / ]VN\Q, with 7, + 7, + 7 = 1 by construction. The proper mean
lifetime of the heavy neutrino, Ty, depends on my and |Vi|? as Ty ~ [Va| 2mx°.

Searches for HNLs have been performed by several experiments using a wide range of
techniques. In the mass range investigated in the present analysis, 1 < my < 3 GeV, early
searches were performed in beam-dump experiments; e.g. the CHARM [11], the NuTeV [12],
and the BEBC [13, 14] experiments were sensitive to HNL masses up to about 2 GeV. Searches
have been performed by eTe™ B-factory experiments, such as Belle [15] and BaBar [16].
At the CERN LHC, limits on heavy neutral leptons have been set by the ATLAS [17, 18],
CMS [19-24], and LHCb [25, 26] experiments.

This search probes long-lived N states that can be produced in the leptonic or semileptonic
decays of B mesons, through the small admixture of SM neutrinos. A novel and key feature of
the analysis is the use of a special b-hadron-enriched sample of proton-proton (pp) collision
data, referred to as the B-parking data sample [27, 28], which was collected at a centre-of-mass
energy of 13 TeV by the CMS experiment. This data sample corresponds to an integrated
luminosity of 41.6 fb~' and contains of order 10'° bb events.

The use of B meson decays as the source of neutrinos provides sensitivity complementary
to that of previous CMS HNL searches [19-24], which have exploited on-shell W boson
decays as the source of neutrinos. The B mesons are more abundant in LHC events than
W bosons and, because mp < myy, N states produced in B decays generally have lower
momenta than those produced in W boson decays. For the long-lived HNLs considered in
this search, with ¢ty ranging from a few microns to a few metres, the softer momentum
spectrum leads to a higher fraction of heavy neutrinos decaying within the CMS tracker
volume. This volume corresponds to a distance, L,,, in the transverse plane between the
HNL decay vertex and the luminous region of L,, < 1m.

Heavy neutrinos produced in B meson decays are kinematically constrained to have
a mass my S mp, with mp ranging from 5.27 GeV for the lighter B* and B mesons to

6.25 GeV for the heavier Bzc meson. However, heavy neutrino states with masses below 1 GeV
and above 3 GeV are not studied here, as this region of parameter space is well covered
by other searches [23, 29]. The B mesons considered for this search are Bi7 BO, Bg, and
B:I:

<, which we denote generically as B, with q = (u,d,s,c), respectively. Semileptonic



decays of b baryons are not included in the signal simulation; as a consequence of their
smaller fragmentation fraction [30], their contribution to the signal yield is expected to be
significantly smaller than that from B mesons. The production model is discussed in more
detail in section 7, where an explanation is also given of how the extracted signal yields are
normalized using the decay B* — JAy(1S)(— w " )K™, which has a similar topology.

The B meson decays considered are either semileptonic (figure 1, upper row), producing
a lepton, a neutrino, and an accompanying hadronic system, X, or leptonic (figure 1, lower
row), producing a lepton and a neutrino. The contribution to the expected signal yields of the
leptonic channel starts to become relevant for my > 2 GeV. To maximize the signal acceptance,
the semileptonic processes are treated inclusively, without attempting to reconstruct the
hadronic system X, which can involve complex decay chains. The charged-lepton candidate
from the B meson decay, ¢g, can either be a muon or an electron. In a signal event, the
neutrino flavour eigenstate, vy, from the B meson decay chain contains a small admixture of
an N mass eigenstate, which subsequently decays via its admixture of the same or another
neutrino flavour eigenstate, v, into a lepton Ki, which is also required to be a muon or an
electron, and a charged pion © 7. Together, these particles form a neutral rt system, which
can be reconstructed to obtain the invariant mass my = m(ﬁin:F). In the region of parameter
space probed here, the HNL is long lived, and its decay gives rise to a displaced vertex (DV),
which is a powerful feature of the search signature. Thus, the strategy is defined by three
main elements: the /g (ﬁinﬂ event topology, a signal peak in the invariant mass distribution
of the ¢n¥ system, and a DV associated with the two tracks that form this system. A
strength of this analysis is that the mass of the N can be directly probed if a signal is present.

The search is performed under the assumption that N is either a Majorana or a Dirac-
like neutrino [31]. For the case in which the N is assumed to be a Majorana particle, the
charge of ¢ is not constrained by that of /g, and both opposite-sign (OS) and same-sign
(SS) lepton combinations, corresponding to lepton-number-conserving (LNC) and lepton-
number-violating (LNV) decays, respectively, are considered. For the case in which two
quasi-degenerate Majorana states form a Dirac-like state, their destructive interference cancels
the LNV decays, constraining the two leptons to be OS [32].

The event sample used in this analysis was recorded using single muon triggers with
relatively low threshold on the muon transverse momentum, pr, as described in section 3.
The search algorithm requires that the trigger muon be part of the signal process, shown
in figure 1, either as fg, or as £. This muon trigger requirement leads to a classification of
events according to the flavour combinations of the leptons: (¢g, £) = (uu, ey, pe). The
pp channel is referred to as the dimuon channel, while the other two possibilities, i.e. (e
and ell, are referred to as the mixed-flavour channel.

This paper is organized as follows: the CMS detector is described in section 2, and the
data sample is discussed in section 3, which highlights the role of the special B-parking data
stream. The simulated samples, which are only used to model signal events, are described
in section 4. Sections 5 and 6 describe the event reconstruction and selection, respectively.
The signal normalization is discussed in section 7. Section 8 presents the signal extraction
method, which is performed using a parametric fit to the data, while section 9 discusses
the systematic uncertainties. The results are presented in section 10 and are interpreted
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Figure 1. Feynman diagrams showing the semileptonic (upper row) and leptonic (lower row) decay of
a B meson into a lepton (¢g), a hadronic system (X) in case of the semileptonic decay, and a neutrino
(Ve ), which contains a small admixture of a heavy neutrino (N). The N mass eigenstate propagates

and, according to its admixture of the neutrino flavour eigenstate (v,), decays weakly into a lepton *
and a charged pion w7 .

in the context of the theoretical framework described above. Section 11 summarizes the
principal results of the paper.
Tabulated results are provided in the HEPData record for this analysis [33].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass
and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity () coverage provided by the barrel
and endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid. Events of interest are selected using a two-tiered trigger
system. The first level (L1), composed of custom hardware processors, uses information from
the calorimeters and muon detectors to select events at a rate of around 100 kHz within a fixed
latency of 4 us [34]. The second level, known as the high-level trigger (HLT), consists of a farm



of processors running a version of the full event reconstruction software optimized for fast
processing, and reduces the event rate to around 1 kHz before data storage [35]. This analysis
utilized a special data stream collected at HLT rates up to a few kHz, described in more detail
in section 3. A more detailed description of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, can be found in ref. [36].

3 The B-parking data sample

The search uses the CMS B-parking data sample [27, 28], which was collected in 2018 using
a dedicated data stream to acquire of order 10'% bb events, corresponding to an integrated
luminosity of 41.6 fh! [37]. A set of single-muon triggers designed to record events containing
B meson semileptonic decays was used. A variety of requirements were placed on the
minimum muon pp and the muon transverse impact parameter significance d,,, / 04, where
gy,
is its uncertainty. More stringent requirements were in place during higher instantaneous

is the transverse impact parameter of the muon with respect to the beam axis and a4,

luminosity periods and were progressively relaxed at lower instantaneous luminosities to
exploit the spare capacity of the CMS data acquisition system and, therefore, maximize
the number of recorded bb events. To maintain good efficiency for muons produced in B
decays, the muon pr thresholds were kept low, from 7 to 12 GeV. To control trigger rates, the
minimum values used for d,, / 04,, Were relatively high, ranging from 3 to 6, thus reducing
contamination from prompt muons or muons from charm decays with minimal efficiency
penalty for muons from relatively long-lived b hadron decays. Trigger muons were also
required to have |n| < 1.5. The purity of this sample, i.e. the fraction of events containing a
bb pair, is approximately 80% [27]. Events in this sample, satisfying the HLT, were collected
at a peak rate exceeding 5 kHz, a much higher trigger rate than is normally possible. The
sample was stored temporarily in local buffers and then transferred to permanent storage
(“parked”), to be processed at the end of the 2018 data-taking period, when computing
resources previously allocated otherwise became available.

4 Simulated event samples

Simulated signal event samples are used to design the event selection criteria, to extract the
signal shape in the m(ﬁin:F) distribution used for fitting the data, and to obtain the signal
efficiencies as functions of my and cty. Signal events involve quantum chromodynamics
(QCD) production of a b quark-antiquark pair, followed by the fragmentation of these quarks
into a variety of B mesons. In the simulation, one of these B mesons undergoes either
a semileptonic or a leptonic decay, as shown in figure 1, either of which yields an HNL
characterized by its mass, my, and its proper mean lifetime, Ty.

Two sets of signal samples are generated: the first corresponds to N production in
the decays of B,, By, and By mesons, while the second corresponds to N production in
B, meson decays. A dedicated simulation of B, decays is required because of its low
fragmentation fraction compared to other b hadron species [30, 38]. For the (B,, Bq, By)
samples, the pp collisions and hadronization are simulated with PYTHIA 8.230 [39], using the
underlying event tune CP5 [40], the parton distribution functions NNPDF3.1 [41], and the



SoftQCD:nonDiffractive process (aimed to inclusively reproduce minimum-bias interactions),
while the B meson and N decays are simulated using EVTGEN 1.30 [42], with a phase space
decay model (PHSP). For the B, samples, the pp collisions are first generated with the
BCVEGPY 2.2b generator [43], with one B, meson per event. The events are then passed
to PYTHIA and EVTGEN for the hadronization and signal decay, respectively, in a fashion
similar to that used for the (B,, Bq, By) samples. In both cases, the generated events
are then propagated through the simulated CMS detector using the GEANT4 package [44]
and eventually reconstructed using the standard CMS software. The presence of extra pp
collisions within the same or neighbouring bunch crossings (pileup) is taken into account in
these event samples by adding simulated minimum bias events. An event weight is applied
to correct the underlying pileup distribution to match that observed in the B-parking data,
which has an average of about 25 simultaneous collisions per event. In the signal samples,
the same triggers used to record the data are simulated. However, the dependence of the
trigger thresholds on the instantaneous luminosity present in data, as described in section 3,
is not accounted for in the simulated samples. Therefore, simulated events are weighted to
reproduce this effect, using corrections measured in data with the tag-and-probe method [45]
and the benchmark J/y(1S) — up process. Finally, weights are applied to improve the
modelling of the lepton identification algorithm.

Simulated signal event samples are generated with a range of different values of my
and cTy to span the accessible parameter space in these quantities. By default, the HNL is
assumed to be a Majorana fermion, allowing both N — ¢*n~ and N — ¢~ " decays with
equal probabilities. As will be discussed in section 10, these simulated samples can also be used
to model the Dirac-like case. Signal samples with 1.0 < my < 3.0 GeV are simulated with a
step size of 20 MeV for masses 1.0 < my < 1.5 GeV, 30 MeV for masses 1.5 < my < 2.0GeV,
and 50 MeV for masses 2.0 < my < 3.0GeV. This set contains more than 60 signal mass
hypotheses. The step size increases with the tested mass to match the detector resolution.
For each value of my, one to four samples with different ¢ty hypotheses are generated, with
1 < ety < 1000 mm. The grid of the values of ¢ty was chosen to be relatively coarse, because,
for each my, it is possible to obtain samples of events corresponding to different cty values
by applying an event weight correcting the decay length distribution of the generated sample
to a new cTy value. This procedure, referred to hereafter as cty-reweighting, is an important
tool in the analysis, as it allows a fine grid of ¢ty points to be tested.

Simulated background samples are not required, either for the design of the analysis
or the signal extraction.

5 Event reconstruction

The event reconstruction identifies candidates for the lepton originating from the B decay
(¢g), the displaced lepton (Zi), and the displaced charged pion (t7). We discuss the criteria
used to define each of these reconstructed objects, as well as the procedure used to reconstruct
the DV associated with the (=T system. At this stage, kinematic and topological selections
are applied to ensure the presence of a candidate event in the acceptance. Backgrounds are
further suppressed using the multivariate discriminator discussed in section 6.



Muons are reconstructed from the tracks measured in the silicon tracker system, together
with track segments measured in the muon detectors. The candidates must not have significant
associated energy deposits in the calorimeters [45]. Muons that satisfy the HLT requirements
for the B-parking data stream are required to have pp > 7GeV and |n| < 1.5, while other
muons are required to have pr > 2GeV and |n| < 2.

The muon candidates originating from the B vertex are required to satisfy the following
criteria: the associated track in the silicon tracker must correspond to a high-quality track [46,
47] (at least 5 hits in the silicon tracker and at least 1 hit in the pixel detector), and this
track must be matched to at least one muon segment in the muon spectrometer. The
track’s longitudinal impact parameter, d,, measured with respect to the primary vertex
(PV), defined as the vertex with the largest sum of square of the pr of its tracks, must be

less than 20 cm, and its transverse impact parameter, d,,, must be less than 0.3cm to be

zy>
consistent with a typical b hadron decay. For displaced ymuon candidates, a particle-flow
reconstruction algorithm [46] is used, and the candidates must satisfy loose displacement
criteria: d, > 15 um, d,, > 10 ym and d, /o4 > 1.0, dzy/adw > 1.5.

Electrons are reconstructed from energy clusters deposited in the ECAL and the track in
the silicon tracker, using a procedure [48] that recovers the energy lost via bremsstrahlung.
Electron candidates are required to have pp > 1.5GeV and to be within the ECAL barrel,
i.e. |n| < 1.48. To improve the selection efficiency of real electrons relative to the background,
the electrons, either originating from the B or N vertex, are identified with a multivariate
discriminant [48], based on a boosted decision tree (BDT) architecture. The algorithm uses
the properties of the reconstructed electron, including the electromagnetic shower shape,
the track-cluster matching, the ECAL/HCAL energy ratio, the track quality, and the track
impact parameters with respect to the PV. This BDT discriminant, widely used in CMS,
was optimized for electrons with transverse momentum greater than 10 GeV; thus it has been
retrained to focus on electrons with comparatively lower pr, down to 1.5 GeV, and improve
its performance in the context of this analysis [28]. The displaced electrons are further
required to satisfy minimal displacement criteria and to have d, > 15 um and d, > 10 ym,
as well as d. /oy > 1.0 and dacy/‘fdzy > 1.5.

Displaced pions are reconstructed from high-quality tracks to which the pion mass is
assigned. They must have pp > 1.0 GeV, |n| < 2, as well as d, > 50 um, d,,, > 50 um, and
d,/oq, > 1.5, dxy/dey > 5.0.

Given that the HNL is electrically neutral, the charges of the displaced lepton and pion
are required to be opposite. A common DV associated with the intersection of the ¢ and T
tracks is computed using a kinematic vertex fit [49], which is based on a least mean square
minimization with Lagrange multipliers and Kalman filter techniques. The momenta of the
displaced lepton and pion are then recomputed using the DV as a constraint, improving the
resolution. The p-value associated with the fit’s X2 is required to be greater than 0.01.

Since only HNLs decaying into visible particles are considered as signal, the reconstructed
transverse momentum pr of the ErF system is aligned with the projection of the direction
of flight of the HNL in the transverse plane @y. However, the exact HNL direction of flight is
not known, as we do not identify the B decay vertex. Nevertheless, given that, in the most
relevant part of the tested phase space, the parent B meson travels a significantly shorter



distance than an HNL, we assume, with good approximation, that uy is represented by the
vector joining the luminous region and the DV. The angle 6 between these two vectors iy
and p, referred to as the back-pointing angle, peaks at small values and is required to satisfy
cos 6 > 0.999. Finally, the significance of the transverse displacement of the DV with respect
to the luminous region, L,/ OL,, is required to be greater than 15.

As the displacement L, increases, the tracking and DV reconstruction efficiencies
decrease, limiting the acceptance for long-lived candidates. The efficiency of the signal
candidate reconstruction reaches a few percent for L,, > 50cm.

The event reconstruction requirements described above are referred to hereafter as the
baseline event selection. This selection consists only of requirements designed to ensure that
the two leptons and the charged pion are well reconstructed, the relative charges of the ErF
system are compatible with the signal hypothesis, and the tracks associated with the Ert
system are consistent with a common, displaced decay vertex. For simulated signal events,
the reconstructed candidates are matched to the generator-level particles, to ensure that
the signal candidates are genuine. For moderate decay lengths, background events passing
the baseline selection arise primarily from QCD processes, which can lead to cascade decays
of B mesons that mimic certain features of the signal signature. In addition, a variety of
other combinatorial backgrounds can enter the signal region, and detector reconstruction
effects, including particle misidentification, secondary interactions in the tracker material,
and pileup, can also play a role.

Figure 2 shows distributions of the key variables m(¢*n7) and Ly,/ or,, for events in the
dimuon channel in data and in simulated signal samples, after imposing the baseline event
selection. Two examples of the corresponding distributions for signal events in simulation are
shown. These signals peak sharply at the assumed masses of the N, in this case, my = 1.0
and 2.0 GeV, as shown in figure 2 (left). The distributions of L,, /oy, are shown in figure 2
(right). The data distribution falls with increasing values of L, / or,,, 88 expected from its
dominant composition of promptly decaying and short-lived particles.

A number of peaks are observed in the reconstructed invariant mass distributions that
are associated with known decay modes of SM particles. The peaks can occur in the two-body
systems Up ui, uBn:F, and egT", which sometimes result from particle misidentification. To
suppress backgrounds in which such resonances are present, a set of vetoes is applied, as
listed in table 1. The only residual peaking background in the F1F mass spectra consists of
the DY — K*n¥ process, where one hadron (typically the kaon) is misidentified as a lepton.
Therefore, to avoid the possible contamination from two-body D? meson decays, no signal
extraction, described in detail in section 8, is performed between 1.74 and 1.80 GeV. The
vetoed region does not centre on the nominal D" meson mass owing to mass shift effects
related to the final state misidentification.

6 Event categories and selection

After the baseline selection described in section 5, events are assigned to categories according
to (i) three ranges in the significance of the transverse decay length, L, /o Ly, of the (T
system, (ii) two possibilities for the relative sign of the charged leptons, (iii) two ranges in
the invariant mass of the (5= system, and (iv) the dimuon and mixed-flavour channels
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Figure 2. Distribution of the displaced p™n¥ invariant mass (left) and Lyy/or,, (right) in data
and in simulated event samples corresponding to two different signal hypotheses, in the Majorana
scenario, and with the N mixing exclusively with the muon sector: my = 1GeV, ¢ty = 1000 mm,
IV l? = [Vin|* = 5.4 x 107%; and my = 2GeV, ety = 100mm, Vx| = [Vyn|? = 1.7 x 107%. The
signal distributions are scaled with factors given in the legend. The vertical lines show the statistical
uncertainty in each bin.

Mass spectrum Process Veto (GeV) Categories Misidentification

m(ugh™)  0(1020) = up  |m(ugh®) — 1.02] > 0.01 0S 0
JW(1S) — pp |m(uBu ) —3.10] > 0.15 0Ss 0
y(2S) — up  |jm(ugp ) - 3.69| > 0.08 OS 0

m(ugn™) J(1S) — up |m(pugn™) — 3.10] > 0.05 SS 1 misid.

D’ 5 Kn  |m(ugn™) —1.76/ > 0.05 SS 1 misid. @

m(egm™) J(18) = ee |m(egm™) —3.10| > 0.05 SS 1 misid. =

D’ - Kn  |m(egn™) —1.76] > 0.05 SS 1 misid. e

m(uFr) D’ > Kn  |mu*n¥) - 1.77 > 0.03 all 1 misid. u

m(etnT) D’ - Kn  |m(e*nT)—1.77] > 0.03 all 1 misid. e

Table 1. List of considered SM resonances and the corresponding vetoes in the various two-particle in-
variant mass spectra. The first seven lines consider any possible opposite-sign pair comprising the lepton
originating from the B decay and either of the displaced ¢* and 1T, Events that fail the veto conditions
are removed from the analysis. The last two lines pertain to the displaced ¢*1F candidate and indicate
that the signal extraction is not performed and exclusion limits are not provided for my in the vetoed
regions. The presence of misidentified particles is also indicated. For the D" meson vetoes, the mass
range is adjusted to account for the incorrect mass hypothesis assigned to the misidentified particle.



Quantity Label Definition

Lmy/aLzy low Lmy/aLzy Lzy/aLzy <50
medium La:y/ULmy 50 < ny/fszy < 150
hlgh L$y/0Lzy ny/O'Lzy > 150
Relative lepton sign 0OS {5 charge # /¢ charge
SS {p charge = ¢ charge
€B€i7ﬁ mass low ﬁBEiJﬁ mass ﬁBﬁiTC:F mass < 5.7 GeV

high (¢ 1T mass fpf nT mass > 5.7GeV

Flavour channel dimuon lgl = up

mixed-flavour gl = (ue, ep)

Table 2. Summary of the event categorization. The events are classified into 24 mutually exclusive
categories.

introduced in section 1. Table 2 lists the categories associated with these quantities, as well
as the three lepton-flavour categories allowed for the selected ¢g¢ combinations. Combining
these criteria leads to an event classification in terms of 24 mutually exclusive categories.
The category based on L,/ or,, provides a way to increase the sensitivity to different cty
hypotheses. Because the dominant backgrounds arise from promptly or quasi-promptly
decaying QCD processes (relative to the N lifetime), the background falls with L,/ 0L,
as seen in figure 2 (right). The relative sign of the candidate leptons originating from the
B and N decay vertex is also a useful quantity for event classification: signal events can
contain either SS or OS leptons, while background events are predominantly OS, e.g. B to D
cascade decays. Finally, the categorization in the g 1T mass provides a way to discriminate
signals originating from a B,, By, or By meson from those originating from a B, meson.
In fact, heavy neutrinos from B. mesons are produced almost exclusively through leptonic
decays, where all three final state particles, /g, Ei, and ©T, are reconstructed, allowing the
reconstruction of the B. invariant mass.

To further improve the sensitivity of the search, a multivariate discriminator is constructed
using a wide range of event variables that distinguish statistically between signal and
background processes. Because the signal distributions of these variables generally depend
on my, a method is needed to allow the discriminator quantity to incorporate a functional
dependence on my. This capability is provided by a parametric neural network (pNN) [50].
Such a neural network (NN) has, in addition to a set of input variables, Z, a set of discrete
parameters, 5, and it returns a score that is a function of the full variable set f (f, 5) For
this analysis, only a single parameter, my, is used. By incorporating my as a parameter,
the need for separate trainings for different values of my (more than 60 in this analysis) is
avoided, and the pNN behaves smoothly for mass values between those used in the training
sample. The mass parameters chosen for the training are my = 1.0, 1.5, 2.0, and 3.0 GeV
for both signal and background. The signal signatures also depend on the value of cty.
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However, this variable is not used as an additional parameter of the pNN, as it was found that
training the pNN separately in the different categories of L,/ or,, ensures good performance
for all of the cty hypotheses.

The pNN is trained separately in each of the categories defined in table 2. The baseline
event selection described in section 5 is applied to all training samples. The simulated signal
event samples for my = 1.0, 1.5, 2.0, and 3.0 GeV are aggregated into a common signal
training sample in which the discrete my values are provided to the pNN as a parameter.
Because simulating the large cross section background processes is too resource intensive, the
background training sample is taken from data but comprises less than one thousandth of all
the available data events. The use of a limited data set ensures that the contamination from
a hypothetical N signal would be negligible, while not impacting the performance of the pNN
in any significant way. To properly train the pNN, it is important to ensure that, for each
value of the parameter my, the events in the background sample have kinematic properties
that correspond to the background events in the m(ﬁin:F) invariant mass region near my.
Therefore, selected background events lie within a +£100 window around the my mass peak,
where o is the mass resolution obtained in the reconstruction of the simulated signal events.

The pNN is trained using input variables that provide a good discrimination between
signal and background. These variables, which are discussed in more detail below, are

1. Transverse momenta: pr(¢p), pT(fi), pr(n™).
2. Invariant-masses: m(lpnT), m(lgl™), m(lgln¥).

3. Track separation in the n-¢ space (where ¢ is the azimuthal angle), AR =

v (An)z + (AQO)Q AR(£B76i)7 AR(€B7R$)'
4. Displaced vertex properties: cos#, fit p-value.
5. Displacement-related quantities: L,/ OL,, and d, / a4, of the pion.

6. Track-related information: number of layers of the CMS silicon pixel and strip tracker
traversed by the lepton(s) and pion from the DV.

7. Lepton isolation, defined in a cone of AR smaller than 0.3 around the lepton momentum
vector [45, 48].

Comparisons of signal and background distributions for some of these variables are
given in figure 3, for representative signals (i) in the dimuon channel, with my = 2 GeV
and ¢ty = 100mm and (ii) in the category with high ny/aLzy, 0OS, and low €B€i7t¥ mass.
Because the pr distribution of the background is typically softer than that of the signal,
as can be seen in figure 3 (upper left) for the displaced pion, the transverse momentum
of the three particles in the final state is added to the variable set. The separation power
offered by these quantities depends on the value of my. For example, the pp of the displaced
particles /* and ©F gets harder as my gets larger, offering even greater discrimination
between the signal and the background.

The set of discriminating variables listed above includes the invariant masses m(ﬂBéi),
m(lpn™), and m(fs ¢ nT). Figure 3 (upper right) shows the distribution of m(¢g¢*n¥). For
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lower values of my, the B meson decays predominantly via semileptonic processes, while
for large values, the semileptonic decay rate falls rapidly and the leptonic rate becomes
dominant. In the case where B decays via a semileptonic process, m(ﬁBKinjF) does not
peak at the mass of the B meson, my, as the accompanying hadronic system X, introduced
in section 1, is not reconstructed. In the leptonic case, a peak at mp is observed, which
provides further background rejection.

Because the momenta of the HNL’s decay products typically have similar directions in the
laboratory frame, the pNN is also trained on the track separation in 7-¢ space, AR(EB,Zi),
and AR({g,nT). The quantity AR(¢*,n7) is not added to the training variable set, as,
otherwise, the signal mass my could be learned by the pNN during training because of the
addition of the transverse momenta.

The pNN uses two quantities that characterize the N decay vertex, providing additional
sensitivity to the cty hypothesis within each bin of L,, /o Ly, These quantities are cos®6,
where 6 is the back-pointing angle defined in section 5, and the DV fit p-value. Figure 3
(lower left) shows signal and background distributions of the quantity cos#, which typically
peaks at 1 more steeply for signal than for background. As shown in the list above, the
pNN is also trained on the L,/ or,, and the d,, / o4, of the pion. The distribution of the
latter quantity is shown in figure 3 (lower right), in which we can see that the long-lived
signal reaches larger values compared to the background.

Because the signal is a long-lived particle, additional information on the tracks is provided
to the pNN. In particular, the number of layers in the silicon pixel and strip tracker traversed
by the charged particles provides good signal-to-background discrimination. Larger values of
cTy typically correspond to fewer tracker layers traversed by the daughter lepton and charged
pion from the N decay. Finally, the lepton isolation is added to the training variable set, as
leptons in a signal event tend to be more isolated than leptons in a background event. This
quantity is defined, for both the muon and the electron, as the energy sum of the charged
and neutral particles lying in a cone within a distance AR = 0.3 from the lepton, from which
the contribution from pileup particles is subtracted.

For each mass hypothesis, my, the pNN score assigned to an event can be interpreted as
an estimate of the probability that the event was produced by the signal process with HNL
mass my. This quantity is therefore used to enhance the signal significance with respect
to the background. In each mass window, introduced in section 8, and in each category,
listed in table 2, the events are selected by requiring the pNN score to be greater than
0.99. This threshold was obtained from a dedicated study in which the performance of the
tested thresholds was evaluated based on the median expected exclusion limit of benchmark
signal hypotheses. To avoid bias, this optimization was performed without viewing the
complete data sample.

The pNN architecture is that of a fully connected NN with three layers:

1. Input layer: contains as many nodes as the number of input features, plus one extra
node for the mass parameter my.

2. Hidden layer: contains 64 nodes and is activated by the rectified linear unit (ReLU)
function [51, 52], defined as ReLU(z) = max(0, z), with = € R.
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Figure 3. The distributions of the pion pp (upper left),
and pion d, / o4, (lower right) are shown for data, as well as for a signal hypothesis of my
and ¢ty = 100 mm. The data correspond to an integrated luminosity of 5.2 fb™
the mass window of size 100 around my = 2 GeV. The distributions, which are normalized to unit
area, are shown for the dimuon channel in category with high Lzy/aLzy, 0OS, and low EBEinjF mass.

The vertical lines show the statistical uncertainty in each bin.

3. Output layer: returns the pNN score, normalized to unity through the sigmoid activation
function.

The training is performed using the TENSORFLOW package [53], with the KERAS inter-
face [52] and the ADAM optimizer [54]. The training aims at minimising the cross-entropy
loss function, and the weights are updated using batch gradient descent. The batch size is
chosen to be 32 and the initial learning rate to be 0.01. The input features are normalized
using the ROBUSTSCALER [55] before the training.

The performance of the pNN is quantified using the area under the ROC curve (AUC),
as shown, for example, in figure 4 (left) for events in the dimuon channel, and in the category
with medium L,/ 0L, OS, and low KBEichF mass. The AUC is given as a function of the
signal mass for different cty hypotheses. The large values of the AUC show that the pNN

,13,



5.2 (13 TeV) 521" (13 TeV)
g T T3 g T T3
< 1.05; CMS E < 1.05:* CMS E
-———————— - ——————
0955 & 4 0.95 — & 3
F ] F . —e
: ] P ST N
0.9— - 0.9 / -
g ] g o AN
0.85- = 085 O~ 7 N
C ] C ~ \O ]
0.8 3 0.8 =
0755 50 <L, /o, < 150,08 cty=10mm E 0755 50 <L, /o, < 150,08 —@- pNN (point trained on) 7
] P = e T o —©- pNN (point not trained o)
F + <5.7 GeV - ] E * <5.7 GeV E
C ,u?,u 7 mass <5.7 Ge ~® oty =100 mm 1 C ,u?p 7 mass <5.7 Ge —o - NN (point trained on) 7
0.7F Dimuon channel -8 o7, =1000mm 0.7E= Dimuon channel -&- NN (point not trained on)
E L v b b b | 4 E b b b b Ly o
1 15 2 2.5 3 1 1.5 2 25 3
my (GeV) my, (GeV)

Figure 4. (Left) Performance of the pNN as a function of signal mass for events in the 50 <
Lzy/aLmy < 150, OS, and low ZBEiTﬁ mass category in the dimuon channel. The performance is
shown by the AUC curve, where a value at unity corresponds to a perfect separation between signal and
background. The different coloured curves correspond to different ¢ty hypotheses. (Right) Validation
of the use of a pNN for intermediate my mass points, for events in the 50 < ny/ULwy < 150, OS

and low KBFEW$ mass category in the dimuon channel: a pNN trained on masses my = 1.0, 1.5, 2.0,
and 3.0 GeV (blue) and a NN trained on mass my = 2 GeV (red). All the points have ¢ty = 10 mm.
The full circles correspond to mass points on which the pNN and NN were trained on, while the open
circles show mass points that have not been trained on.

performs well for the various signal hypotheses. The pNN performs well for a wide range of
cty values, with marginal degradation for signals with a smaller decay length.

To validate the use of pNNs instead of regular NNs trained for specific masses, we
compare the AUC values obtained for the two approaches. The results of this study are
summarized in figure 4 (right) for events in the dimuon channel, in the medium L, /o,
OS, and low EBEiTﬁ mass category. The first set of AUC values shown corresponds to the
PNN described above and trained on signal masses of my = 1.0, 1.5, 2.0, and 3.0 GeV. The
second set of AUC values was obtained using a NN with the same architecture and training
conditions as the pNN, but instead trained only on the mass my = 2GeV sample. The
different points have ¢ty = 10mm and are obtained from a corresponding simulated sample,
without the use of the cty-reweighting procedure introduced in section 4. We conclude that
the pNN and NN yield the same AUC score for my = 2 GeV, the common mass they are
trained on. Furthermore, the pNN performance remains approximately constant for masses
lying between those used for the training, in contrast to the performance loss of the NN
for masses other than my = 2 GeV.

7 Signal normalization

The number of expected signal events, N, in the flavour channel ¢g¢ = (uu, ey, pe), for a

ig»
given N hypothesis specified by my and cty, and mixing scenario specified by "= (7,7, 7¢),
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is given by

O_eff
B:I:

fu

Ny (eBg my, ety 7 )_ LY Fg (EBE,mN,crN,F) €l (eBz,mN,mN), (7.1)
q

where J;fi is the effective total cross section for both BT and B~ meson production, extrap-

olated from the measured fiducial cross section of the process BT — JAp(1S)(— ptu K™
in the phase space covered by the trigger conditions described in section 3; f, is the fragmen-
tation fraction of the charged B meson B, ; £ is the integrated luminosity for the B-parking
data sample; the quark flavour index, q, runs over (u, d, s, ¢); Fy is the product of the N
production rate and decay branching fractions associated with a signal originating from the
decay of a meson B; and 651g is the associated signal efficiency, incorporating the acceptance,
reconstruction, trigger, and selection efficiencies. The signal factor, FY, in eq. (7.1) is defined as

I'(B, — (gNX T(N— ¢
FY (KBE,mN,c’CN,T) Z q & b)TgB|VN|2 = ( M ™) = .
Bq) rel'e (N) + Turu (N) + 7't (N)
N production N decay
(7.2)

In the N production term, the sum runs over the possible hadronic systems, X, , associated
with the decay of the meson Bg; f, is the fragmentation fraction of the meson B; F(Bq)
is the SM B, decay width [30]; and I'(B, — ¢gNXj,) is the partial decay rate for inclusive
production of the N with lepton of flavour /g (as computed from ref. [10]) divided by [V~ 2,

which is factored out and written explicitly as ry, |VN|2. In the N decay term, the factor

I'(N — ¢m) is the partial decay width with |V,x|? factored out, and I',(N) is the total decay
width for an N decaying into a charged or neutral lepton of flavour a = (e, W, t), with |Vx|*
factored out. In the ratio between |Vyy|* and [Vox|?, the factor [Vy|? cancels out, leaving
the mixing ratio r,, in the numerator, and the mixing ratios, r,, in the denominator. The
N decay widths are computed based on ref. [10].

The quantities |VN|2, €Ty, and 7 are linked to each other by the following relation:

1

ety = Wl* ( rele (N) + 7Ty (N) + 72T (N)), (7.3)

which implies that different combinations of 7 and \VNIQ yield the same N lifetime cty. This
property underpins the interpretations of the results in various flavour mixing, as well as
in the Majorana or Dirac-like scenarios, discussed in section 10.

The decay branching fractions multiplied by the fragmentation fractions, f, for the four
B meson species are shown in figure 5 as a function of my for the scenario in which N can
only couple to muons. For masses approaching my = 3 GeV, the B, meson contribution
becomes significant, despite its low fragmentation fraction, because of the predominance of
leptonic decays and the larger B, mass. For smaller masses, the dominant contribution is
from the B,, By, and By mesons. The branching fractions for the process N — uinjF range
from 22% down to 2.4% for my masses from 1.0 to 3.0 GeV, respectively, in the scenario
where the N couples exclusively to muons.
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Figure 5. Branching fractions as functions of my for B, — UNX decays, q = (u,d,s,c), multiplied
by the corresponding fragmentation fraction, f,. Both leptonic and semileptonic decays are considered.
The results are shown for the mixing scenario |Vy|> = |VHN|2 = 1. The branching fractions are
computed based on the method described in ref. [10].

The total effective cross section, a;ﬁl, is extrapolated from the measurement of the

cross section for the SM control process B¥ — JAp(1S)(— pnu™)K™, performed in the
fiducial phase space imposed by the trigger requirements of the B-parking sample, discussed
in section 3. In particular, the leading muon must have pr > 7GeV and |n| < 1.5. We
note that a similar measurement has already been performed by CMS, within a defined
fiducial phase space [56]. In a manner similar to eq. (7.1), the expected number of control
events is computed as the product of the cross section, U]e;i; the relevant SM branching
fractions; the integrated luminosity; and the efficiency of the SM decay, accounting for the
acceptance, selection, and trigger effects. The efficiency is obtained from a simulation of the
control process. The associated sample is simulated using the same generator conditions as
for the signal samples described in section 4, such that the measurement of afﬁt using the

control process can be extrapolated to the signal process. The cross section a;fft is then
obtained by measuring the number of control events in data. The event yield is extracted
from the data using an extended unbinned maximum likelihood fit, shown in figure 6. The
total fit accounts for three components: (i) the signal peak, (ii) the background arising from
misreconstructed b hadron decays, such as B — J/y(1S) + hadrons (partially reconstructed
background), and (iii) the background originating from a spurious combination of a J/y(1S)
meson and an uncorrelated track (combinatorial background). The sample used for this
purpose has an integrated luminosity of 0.77 fb_l, a fraction of that of the full event sample.
However, the statistical uncertainty in the yield for the control process is much smaller than
the systematic uncertainty (discussed in section 9). No theoretical uncertainty for the PYTHIA
model used for the extrapolation is considered here, since the fiducial phase space selected
in this ancillary measurement is close to that covered by the signal in the analysis, such
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Figure 6. Distribution of the K* ' invariant mass for a luminosity of 0.77 ™' A large signal is
observed at the B, mass. The blue curve shows the fit to signal plus background, while the orange,
green, and red curves show the contributions from the signal, composite background, and combinatorial
background, respectively.

that this uncertainty cancels out in the signal normalization procedure. The measured value
is 0% = (572.0 + 4.9 (stat) + 85.8 (syst)) ub.

8 Signal extraction

The signal event yield for each heavy-neutrino mass hypothesis, my, is extracted from a
simultaneous parametric fit to the m(fiﬂ:jF) distributions in data in the different categories
listed in table 2. The baseline selections, the 2-body resonance vetoes listed in table 1, and
the requirement on the pNN score to be greater than 0.99 are all applied before these fits are
performed. Because my is not predicted and can assume any value allowed by the kinematics
of the decays under study in this analysis, we perform the fits to the data in a series of
sliding m(ﬁinjF) mass windows centred around a set of closely spaced trial mass values. The
separation of these trial values is about twice the mass resolution, ¢, and the window around
each trial mass value is £100. The values of ¢ range approximately from 9 MeV to 25 MeV
for signal masses of 1.0 and 3.0 GeV, respectively.

The sum of signal plus background models is fitted to the mass distributions. The signal
mass shape is parametrized, in all the categories, and for all N hypotheses, with a double-sided
Crystal Ball function [57, 58]. While the parameters describing the power-law tails of the
function are fixed, the signal mass resolution, o, increases linearly with the signal mass my.

As anticipated in section 5, the background is generally falling; however, its shape is not
known a priori, and it is allowed to vary in the different mass windows and categories. The
background shape is studied prior to the final fit in the sidebands, defined as the regions outside
the signal window of size £30 around the mass hypothesis my. The parameters controlling
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the background shapes used in the fit are free-floating and are treated as uncorrelated for
the 24 categories and the different mass windows.

To account for possible background shape variations, the discrete profiling method [59]
is used. This method employs a set of alternative background shape functions in each mass
window and category. The method also provides a way to incorporate a systematic uncertainty
associated with the choice of functional form for the background shape by treating this choice
as a discrete nuisance parameter (NP). During the fit, at each point of the scan over the signal
strength, the profile-likelihood is evaluated for each function indexed by NP and the best
fit one is chosen. The final set of functions considered consists of three families: power-law
polynomials, Laurent-series polynomials, and a sum of exponentials. Initially, each family
contemplates all functions of any order N.

To avoid overfitting, the maximum order, N, of the function that is considered in each
family, in the sense that a higher order function would not improve the fit, is assessed using
a Fisher test [60]. To determine the value of Ny, for a given family of functions, successive
orders are tested iteratively. If the function at order N provides an adequate fit, or IV is the
lowest order, the function of order N +1 is tested by computing ANLL = 2(NLLy —NLLy 1),
with NLL  being the negative log-likelihood of the fit with the function of order N. According
to Wilk’s theorem [61], ANLL behaves asymptotically as a X2 with one degree of freedom,
allowing one to compute the associated p-value of the test as pF = p(x2 > ANLL). If
pF < 0.05, the function of order N + 1 is supported by the data, and the same test will
be run for the next-order function. If not, then the testing stops and N, ,, = N + 1. For
each family, the functional form of order N, is directly added to the final set of functions,
as well as the functions with lower order, provided that their associated X2-goodness of
fit probability exceeds 0.01.

Figure 7 shows an example of a background-only fit in a mass window around 1.5 GeV, in
the high L,, /o Lyy: 0OS, and low /g T mass category in the dimuon channel. The functional
form of the background is the one in the set returned as having the best X2—goodness of fit.
The invariant mass distribution expected for a representative signal is overlaid.

9 Systematic uncertainties

The systematic uncertainty in the signal event yield due to the modelling of the background is
assessed using the discrete profiling method in the signal extraction, as described in section 8.
All of the other uncertainties are summarized in table 3 and are associated with the shape
parametrization of the signal invariant mass and the normalization of the signal event yield.
These uncertainties are discussed below and are small compared to the uncertainties arising
from the size of the event sample or from the fit procedure.

The first source of systematic uncertainty listed in table 3 is associated with parametriza-
tion of the shape of the signal invariant mass distribution. As discussed in section 8, the
signal mass distribution is parametrized using a double-sided Crystal Ball function. In
each flavour channel, the parameters of the power-law tails are fixed and the resolution is
parametrized linearly in the signal mass, while being treated inclusively between the different
cty hypotheses; the flavour channels; and the categories in L,/ 0L, relative lepton sign,
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Figure 7. Distribution of the uinjF invariant mass in the mass window around 1.5 GeV in the high
L,,/o L., 0OS, and low EBKinjF mass category in the dimuon channel. The result of the background-
only fit to the data (red) is shown together with the mass distribution expected from a Majorana
signal with my = 1.5 GeV and cty = 500 mm, for the case in which the N mixes with the muon sector
only (green).

and nginﬂF mass. A systematic uncertainty of 15%, obtained by studying the relative
change on the median expected limit when varying some of the fit parameters, is applied
to account for the possible effects of the choice of signal parametrization. While all the
resolution and parameters of the tails are fixed in the final fit, the mean of the distribution
has a freedom of 0.1% and 2% for the dimuon and mixed-flavour signals, respectively, to
account for the lepton energy uncertainties.

The other systematic uncertainties listed in table 3 are associated with how the signal
event yield is related to the theoretical parameters of interest, as obtained in eq. (7.1). The
main sources of systematic uncertainty in the determination of the effective B cross section,
agﬂi, (discussed in section 7) arise from the choice of the model used in the likelihood fits, the
reconstruction of the B meson decay vertex, and the muon trigger. These contributions amount
to a total uncertainty of 15% in agﬂit. Signal events from B, decays (in the high EBKin:F mass
categories) are subject to an additional uncertainty of 24% in the f. fragmentation because

of the currently limited experimental accuracy of the f, measurement [38]. The remaining

uncertainties listed in table 3 are associated with the signal efficiency, egig. These are
e Uncertainty in the signal efficiency arising from the pNN selection. To estimate
this uncertainty, we consider the control process B¥ — JAp(18)(— p™u™)K*. This
selection, described in section 6, is applied in both data and simulation. The residual
difference between the pNN output score distribution between data and simulation is
taken as the systematic uncertainty. It ranges between 5 and 20%, depending on the

event category and it is assigned equally to the dimuon and the mixed-flavour channels,
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as the pNN is flavour agnostic.

¢ Uncertainty associated with the matching, described in section 5, between a recon-
structed signal candidate and the underlying generated signal candidate. This uncer-
tainty is 5%.

¢ Uncertainty in the signal efficiency arising from potential mismodelling of tracking- and
vertexing-related quantities that affect measurements of the decay vertices. These are
accounted for with a systematic uncertainty of 5%, based on ref. [22].

o Uncertainties in the signal efficiency arising from correction factors applied to the sim-
ulated signal event samples. Several types of such scale factors are applied to improve
the agreement between the actual and simulated behavior of the detector, including
efficiency scale factors for electrons, muons, and the trigger. The uncertainties in the cor-
rections are 5% and 1% for the trigger and lepton identification scale factors, respectively.
These uncertainties are computed by varying the respective scale factor weights up
and down by 1 standard deviation and studying the impact on the number of expected
signal events. Lepton scale factors are computed using a tag-and-probe method [45].

The systematic uncertainties discussed above are modelled as log-normal uncertainties.
Apart from the uncertainty in 016;5: and f., the uncertainties are treated as uncorrelated
across the different analysis categories.

Finally, the statistical uncertainty associated with the limited size of the simulated signal
samples and the per-event cty-reweighting is taken into account. These uncertainties are
assumed to be described by I' distributions.

10 Results and interpretation

For each mass window around a given signal mass hypothesis, my, the signal yield is extracted
from the data using the procedure explained in section 8 using the uncertainties summarized
in section 9. No significant excesses over the background-only expectations are observed. As
an example, figure 8 shows the ¢*rF invariant mass distributions in the dimuon channel for
the high L,/ 0Ly, 0S8, and low EBEiTﬁ mass category; the mass windows shown are centred
around my = 1.0, 1.5, 2.0, and 2.5 GeV. For these four mass windows, the figure shows
the corresponding fits to the data assuming signal hypotheses for the cases cty = 10000.0,
2000.0, 700.0, and 100.0 mm, respectively. These values are close to the exclusion limit when
the HNL mixes exclusively with the muon sector, which is the scenario with the greatest
sensitivity. The plots in the mass windows around my = 1.0, 1.5, and 2.0 GeV are examples
showing data that do not present a signal-like structure and are representative of most of the
distributions considered. The plot in the mass window around my = 2.5 GeV is an example
chosen to show a signal-like fluctuation in the fit region.

For each value of my, the results are interpreted using eqs. (7.1) and (7.2), which relate

the observed number of signal events, Ng,, to the quantity |V \2. Upper limits on the signal

igs
yields at the 95% confidence level (CL) are used to establish corresponding limits on the

quantity |V \2, assuming a variety of different mixing scenarios specified by the ratios (7,
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Source Value (%)

Signal shape 15
ot 15
f. 24
Signal selection 520
Limited simulated signal sample size <15
Matching )
Tracking efficiency 5
Trigger scale factors 5
Muon identification scale factors 1
Electron identification scale factors 3

Total <42

Table 3. Sources of systematic uncertainty affecting the expected signal event yield. The ranges given
correspond to the uncertainties across the different event categories. The uncertainty in the integrated
luminosity is not reported as it is incorporated in the uncertainty in the cross section measurement
used to normalize the signal.

Tw, T¢) at a fixed proper mean lifetime Ty. These limits are obtained with the combination
of the different event categories listed in table 2. For each signal hypothesis (my, cty) and
each mixing scenario, an unbinned maximum likelihood function, £(r, ), is constructed using
the signal strength, r, as the parameter of interest and the full set of NPs, 5, that account
for the different sources of uncertainty.

The limits are derived using the CLg criterion [62] in the asymptotic approximation [63].
A given signal hypothesis is considered to be excluded if a signal strength equal to (or larger
than) unity is not compatible with the observed data at 95% CL. A scan of |Vy|? on a fine
grid is performed using the cty-reweighting methodology described in section 4.

Limits are derived for both the Majorana and Dirac-like nature of the HNL. As discussed
in section 4, the signal simulation samples are generated for the Majorana case. In the
Dirac-like scenario, lepton flavour is conserved, and only OS €§€¥ pairs are allowed in the
signal process. In the OS categories, for a given my and ¢ty point, the expected event yield
for the Dirac-like scenario can be obtained from that of the Majorana scenario considering the
fact that the decay widths of a Dirac-like N are half of those of a Majorana N [10], resulting
in twice the yields in the former case than in the latter. Finally, another consequence of
the change of the decay widths is that, for a given my and cty hypothesis, the |VN|2 in the
Dirac-like scenario is twice as large as in the Majorana scenario.

The upper exclusion limits on |Vi|? as a function of the N mass are shown in figures 9
and 10, for the Majorana and Dirac-like cases, respectively. In each figure, four benchmark sce-
narios, chosen based on the proposal in ref. [64], are considered: two mixing scenarios derived
with the dimuon channel only, with (r, 7, r¢) = (0, 1, 0) and (re, 7, 77) = (0, 1/2, 1/2); and
two mixing scenarios derived with the dimuon and mixed-flavour channels combined, namely
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Figure 8. Fits of the mass distribution for a signal of mass my = 1.0 GeV (upper left), 1.5 GeV (upper
right), 2.0 GeV (lower left), and 2.5 GeV (lower right), in the high Lzy/aLmy, 0S, and low (/1T mass
category of the dimuon channel. The blue curve corresponds to signal-plus-background fit, while the
green and red curves indicate its individual signal and background components, respectively. The
yellow band shows the total post-fit systematic plus statistical uncertainty.

(Te, Tys 1) = (1/2,1/2, 0) and (re, ry, 7¢) = (1/3, 1/3, 1/3). Using egs. (7.2) and (7.3) and
a reweighting procedure, we can obtain exclusion limits for an arbitrary mixing scenario.
The best limit on [Vy|? is obtained for the muon exclusive mixing scenario (r,, Tw, Tz) =
(0, 1, 0). This limit excludes at 95% CL values of |Vy|* > 2.0 x 107° for a signal mass my =
1.95 GeV for the Majorana case, and |[Vy|*> > 3.2 x 10™° for a signal mass my = 1.68 GeV for
the Dirac-like case. The best limits on |V |2 for the other scenarios are summarized in table 4.

The muon-exclusive mixing scenario allows a direct comparison with the results from
previous work. Compared to results of the ATLAS [18] and CMS [22] Collaborations, targeting
long-lived HNLs produced in the decays of W bosons, and analysing 139 fb~! and 138 fb~!
of data, respectively, the limits are improved by up to a factor of about 3 for masses below
1.75 GeV for the Majorana case, and a factor of about 2 for masses below 1.7 GeV for the
Dirac-like case. Furthermore, in the Majorana case, a direct comparison with results from
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(Tey Tws 1) Scenario IVl Mass (GeV)
(0, 1, 0) Majorana 2.0 x 107" 1.95
(0, 1/2 1/2)  Majorana 4.0 x 107° 1.42
(1/2,1/2,0) Majorana 3.3 x 107° 2.15
(1/3,1/3,1/3) Majorana 5.0 x 10" 2.15
(0, 1, 0) Dirac-like 3.2 x 107" 1.68
(0, 1/2 1/2)  Dirac-like 6.5x 107" 1.68
(1/2,1/2,0)  Dirac-like 5.7 x 107" 1.68
(1/3,1/3,1/3) Dirac-like 8.5x 107" 1.68

Table 4. Summary of the most stringent upper limits on |Vy |* at 95% CL. For each scenario, the
minimum excluded value of |Vy|? is reported together with the mass at which it occurs.

the LHCD [25] (and revised in ref. [65]) and Belle [15] Collaborations, both targeting the
same signal process as in the present search, is possible. Compared to the LHCb search, the
limits are improved by up to one order of magnitude, while compared to the Belle results,
the limits are improved by up to a factor of about 2 for all masses. Compared to other recent
results from CMS [23, 24], this analysis extends and improves the exclusion limits by up to
a factor of about 2 in the mass region between 1 and 2 GeV.

The sensitivity for the three other mixing scenarios, with ry # 1, is less than in the
muon exclusive mixing scenario, as the reconstruction efficiency for the muon is greater
than that of the electron with CMS.

The observed lower limits at 95% CL on cty for 66 different mixing scenarios (7, 7,
re), for three values of masses, my = 1.0, 1.5, and 2.0 GeV, are shown in figure 11 for the
Majorana and Dirac-like cases. The constraint r, + 7, +r; = 1 allows the values to be shown
in the form of ternary plots. We verify that the limits improve with increasing values of
., while they slightly degrade with increasing values of r,. The latter trend is explained
by smaller values of I'; with respect to I'y and I, in eq. (7.3). The best limits on cty are
obtained for a signal mass my = 1 GeV for the mixing scenario (7, r, 7¢) = (0, 1, 0). Values
of ety < 9.2m and ety < 10.5m are excluded at 95% CL for the Majorana and Dirac-like
cases, respectively. The most stringent limits on ¢ty for the all masses are summarized in
table 5 for the Majorana and Dirac-like hypotheses. Unlike the limits obtained on |VN\2
discussed above, the limits on ¢ty are more stringent in the Dirac-like scenario than in the
Majorana scenario. This behaviour is a consequence of Fe, r w, and f‘r in eq. (7.3) being
twice as low in the Dirac-like case as in the Majorana case.
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Figure 9. Expected and observed 95% CL limits on |VN|2 as a function of my, in the Majorana
scenario. On the upper row, the limits are derived uniquely with the dimuon channel, and are shown
for the mixing scenarios (7., 7, ;) = (0, 1, 0) on the left and for (r,, r, r;) = (0, 1/2, 1/2) on the
right; on the lower row, the limits are obtained with the dimuon and mixed-flavour channel combined,
for the mixing scenarios (r,, 1y, 7;) = (1/2, 1/2, 0) on the left and for (r,, ry, r;) = (1/3, 1/3, 1/3)
on the right. In the upper left figure, results from the CMS [22, 24], ATLAS [18], LHCb [25], and
Belle [15] Collaborations are shown as a comparison; in the other figures, results from the CMS
Collaboration [23] are reported. The mass range with no results shown corresponds to the D” meson
veto listed in the lower part of table 1.
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Figure 10. Expected and observed 95% CL limits on |[Vx|? as a function of my, in the Dirac-like
scenario. On the upper row, the limits are derived uniquely with the dimuon channel, and are shown
for the mixing scenarios (7., 7, r¢) = (0, 1, 0) on the left and for (r,, ry, r¢) = (0, 1/2, 1/2) on the
right; on the lower row, the limits are obtained with the dimuon and mixed-flavour channel combined,
for the mixing scenarios (7, 7, 7) = (1/2, 1/2, 0) on the left and for (r,, ry, ;) = (1/3, 1/3, 1/3) on
the right. In the upper left figure, results from the CMS [22, 24] and ATLAS [18] Collaborations are
shown as a comparison; in the other figures, results from the CMS Collaboration [23] are reported. The
mass range with no results shown corresponds to the D" meson veto listed in the lower part of table 1.
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Figure 11. Observed 95% CL lower limits on cty as functions of the mixing ratios (., 7y, 7;) for fixed
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column) and Dirac-like (right column) scenarios. The red crosses indicate that there is no exclusion
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Mass (GeV)  Scenario ¢ty (m)

1.0 Majorana 9.2
1.5 Majorana 2.3
2.0 Majorana 0.7
1.0 Dirac-like 10.5
1.5 Dirac-like 2.2
2.0 Dirac-like 0.8

Table 5. Summary of the most stringent lower limits on ¢ty at 95% CL, obtained for the mixing
scenario (7., 7y, r¢) = (0, 1, 0). The maximum excluded value of cty is reported for masses my =
1.0, 1.5 and 2.0, and for the Majorana and Dirac-like scenarios.

11 Summary

A search for long-lived heavy neutrinos, N, in the leptonic and semileptonic decays of B
mesons produced in proton-proton collisions at /s = 13TeV has been performed. The
search uses a special data sample, referred to as the B-parking data sample, accumulated
by the CMS experiment during 2018. The sample corresponds to an integrated luminosity
of 41.6fb~ " and contains of order 10'° bb events.

The search is based on the process B — /(gNX, N — Zifﬁ, where the charged leptons
{p and /¢ are required to be fgf = PN, Ue, or el; the hadronic recoil system, X, is treated
inclusively and is not reconstructed and the B = (B, By, B, B.) decays are summed.
Results are reported for the N mass range 1 < my < 3 GeV.

The main elements of the search signature are (i) two charged leptons, at least one of
which must be a muon that satisfies the B-parking trigger requirements, (ii) a displaced vertex
associated with the N — ¢*n¥ decay, and (iii) a peak in the invariant mass distribution
of the (n¥ system consistent with the expected signal shape. Backgrounds, which arise
primarily from strong-interaction processes, are suppressed using a parametric neural network
that considers a broad range of event properties.

A search for N states is performed using simultaneous maximum likelihood fits to the
A1 invariant mass distributions in 24 mutually exclusive event categories. No significant
excess of events over the SM background is observed in any of the fit regions.

The results are interpreted for the separate hypotheses of a Majorana or Dirac-like
particle as (i) upper limits at 95% CL on \VN|2 as functions of my, for representative
scenarios specified by different values of the mixing ratios r,, 7, and 7¢; and as (ii) lower
limits at 95% CL on cty for 66 combinations of r,, r,, and r; for signal masses my = 1.0, 1.5,
and 2.0 GeV. The most stringent limits are \VN\Q <2.0x107° and ¢ty > 10.5m, obtained
for the Majorana and Dirac-like cases, respectively, and for the scenario in which the N
mixes exclusively with the muon sector.

This search provides the most stringent exclusion limits on |VN]2 for masses 1 < my <
1.7GeV from a collider experiment to date. Assuming the benchmark scenario (re, 7y, r;) =
(0, 1, 0) and the Majorana hypothesis, the exclusion is improved by almost one order of
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magnitude compared to LHCD [25], and by up to a factor of about 2 compared to Belle [15]
and the most stringent previous hadron collider result [24]. Furthermore, the first upper
limits on |VN]2 are set for the mass range 1 < my < 2GeV for the mixing scenarios
(Te, Tus 1) = (0, 1/2,1/2), (1/2, 1/2, 0), and (1/3, 1/3, 1/3). Finally, lower limits on cty in
the form of ternary plots for masses my < 2.0 GeV are presented for the first time.
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