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Shedding light on the MiniBooNE excess with searches at the LHC
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The origin of the excess of low-energy events observed by the MiniBooNE experiment remains a
mystery, despite exhaustive investigations of backgrounds and a series of null measurements from
complementary experiments. One intriguing explanation is the production of beyond-the-Standard-Model
particles that could mimic the experimental signature of additional v, appearance seen in MiniBooNE. In
one proposed mechanism, muon neutrinos up-scatter to produce a new “dark neutrino” state that decays by
emitting highly collimated electron-positron pairs. We propose high-energy neutrinos produced from W
boson decays at the Large Hadron Collider as an ideal laboratory to study such models. Simple searches for
a low-mass, boosted dilepton resonance produced in association with a high-pt muon from the W decay
with run 2 data would already provide unique sensitivity to a range of dark neutrino scenarios, with prompt
and displaced searches providing complementarity. Looking farther ahead, we show how the unprec-
edented sample of W boson decays anticipated at the HL-LHC, together with improved lepton acceptance
would explore much of the parameter space most compatible with the MiniBooNE excess.
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I. INTRODUCTION

For several decades, the MiniBooNE experiment has
presented an unresolved anomaly in its data, characterized
by the observation of an excess of electronlike events over
the predicted background in a muon-neutrino-dominated
beam [1,2]. Motivated by other short baseline neutrino
anomalies, such as the Liquid Scintillator Neutrino
Detector (LSND) result [3], or the gallium anomaly [4],
several proposed explanations for the MiniBooNE low-
energy excess rely on oscillations or neutrino flavor tran-
sitions in general. Nevertheless, these explanations typically
face strong constraints from other neutrino oscillation
experiments [5—7], or from cosmological observations [8].

Due to these difficulties, other directions on how to
address the MiniBooNE anomaly have been explored [9—
17]. These use the fact that what MiniBooNE actually
measures is the Cherenkov light produced by charged
particles as they traverse its mineral oil detector. Therefore,
signals that could produce electron-like Cherenkov rings
have the potential to explain the anomaly.

Despite many attempts to explain the anomaly, its
resolution is still an open problem. One intriguing model
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that has recently been proposed as a possible solution is the
“dark neutrino” model [10,11,13]. In this scenario, the
breaking of a new gauge symmetry acting only in Standard
Model (SM) singlets, i.e., in the dark sector, leads to the
smallness of neutrino masses. This mechanism naturally
leads to mixing between standard model neutrinos and dark
neutrinos, which generates a small interaction among these
particles and the new gauge boson. This new interaction
leads to novel phenomenology at MiniBooNE: muon
neutrinos can up-scatter to dark neutrinos via this new
interaction, followed by the decay of the dark neutrinos into
a light neutrino and an electron-positron pair. If the eTe™
pair is sufficiently collimated, or if there is a large energy
asymmetry in these final state particles, the MiniBooNE
detector would classify it as an electronlike signal, thus
providing a possible explanation for the anomaly.

There have been several studies on the viability of these
scenarios to address the MiniBooNE anomaly, see e.g.
Refs. [10—13,18,19].1 Notably, the angular distribution of
the Cherenkov ring in electron-like events detected in
MiniBooNE seems to point to an excess that is not con-
centrated only in the forward direction. At the same time,
theoretical challenges in modeling the angular distribution of
the background temper the ability to draw strong conclusions
from these data. Currently, discrepancies between data and

'Flavor constraints discussed in Ref. [19] rely on large Z-Zj,
mass mixing which in ultraviolet complete realizations of the
dark neutrino model tends to be very small [11].
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the calculated leptonic angular distribution have been
observed in multiple experiments, even after tuning predic-
tions to data. For example, recent MicroBooNE [20] and
ArgoNeuT analyses [21] each predict yields that are con-
sistently above the data, in excess of the ~20% uncertainty
band. Another MicroBooNE analysis [22] reveals that
normalizing the theoretical prediction to match the number
of events observed would lead to a large overprediction of
forward events even for the tuned generator. Even in
MiniBooNE itself [23], before tuning the estimate from
simulation, the prediction misses the data significantly in the
forward region.

Additionally, the dark neutrino scenario has not yet been
interfaced with realistic models of the target nuclei. In a
slightly different context, it has been shown [24] that this
interface can significantly change the beyond-the-SM cross
section. Similar effects may in turn change the dark neutrino
region of parameter space preferred by MiniBooNE once
fully accounted for. There has also been a recasting of old
CHARM-II neutrino-electron scattering data [12] that may
disfavor part of the MiniBooNE preferred region, but these
types of analyses suffer from the same unknowns dis-
cussed above.

The MicroBooNE experiment has released their first set
of results attempting to further investigate the MiniBooNE
anomaly [20,25-27]. In these analyses, MicroBooNE
requires the final state to have exactly one electron/
positron. For the dark neutrino model, while the e e~ pair
would be reconstructed as an electron-like signal at
MiniBooNE, the signature at MicroBooNE could be quite
different, since liquid argon detectors have much better
particle reconstruction capabilities. Therefore, while the
results from MicroBooNE are a great first step in address-
ing the MiniBooNE anomaly, they do not rule out the sterile
neutrino interpretation of the MiniBooNE excess [28,29],
neither models with multiple lepton final states, nor other
possible explanations of the excess [30]. Given this current
situation, it would be invaluable to have an orthogonal test
of the dark neutrino scenario, independent of neutrino-
nucleus interaction modeling uncertainties, such as the
LHC search we propose here.

From a theoretical view, the dark neutrino model is an
interesting model of low-scale neutrino mass that could
lead to observable phenomenology in laboratory experi-
ments [11,31]. Given the lack of experimental guidance on
the scale of the physics that is responsible for neutrino mass
generation, it is crucial to develop searches that could be
sensitive to both high-scale models, such as grand unified
theory-embedded seesaw scenarios, or low-scale models
such as the dark neutrino scenario. Although the dark
neutrino phenomenology has been studied in neutrino and
meson decay experiments, possible signatures at the LHC
have not received much attention.

Dark neutrinos could be copiously produced by the
decay of on-shell W bosons. With a W production cross-
section of ¢(pp — W) =190 nb at /s = 13 TeV center

of mass energy [32,33], the LHC has produced roughly
30 billion W bosons during run 2 data-taking at each of the
ATLAS and CMS experiments. The ultimate High-
Luminosity LHC (HL-LHC) should enlarge these samples
by an additional factor of 20-30, collecting an integrated
luminosity up to 4 ab™! and profiting from the slightly
larger cross section at /s = 14 TeV. Therefore, even a
small active-dark neutrino mixing could lead to a signifi-
cant production of these new particles at the LHC. The dark
neutrino will then decay into an e*e™ pair, which would be
the smoking gun signature of this model. While probing the
very low-mass end of this scenario may be challenging at
the LHC due to a large off-shell photon-to-e™e™ back-
ground, the LHC provides a complementary probe of such
mass models, being sensitive to the hundred-MeV to multi-
GeV scale. In this mass range, other decay modes could
also open up, such as dimuon or hadronic final states.

In this work, we explore the connection between LHC
physics and neutrino experiments, highlighting an interest-
ing complementarity between these high and low energy
scale probes of new physics. We present a detailed study of
the dark neutrino model in the context of LHC searches,
showing how the HL-LHC can probe models of light new
physics. We develop a new LHC search that can probe
parameter space relevant to the MiniBooNE excess, and set
leading constraints for a significant portion.

The paper is structured as follows Sec. II reviews the
dark neutrino model and Sec. III details the search strategy
at the LHC. The simulation of events along with event
reconstruction is discussed in Sec. IV. An analysis of the
possible constraints that the LHC could set on the dark
neutrino model is carried out in Sec. V, with results shown
in Sec. VI. Finally, Sec. VII provides some outlook to other
possible searches that could be carried out in this low
energy region and summarizes the findings of this work.

II. DARK NEUTRINO MODEL

The dark neutrino model consists of a realization of the
neutrino mass mechanism at low scales [11]. In a nutshell, a
new U(1), gauge symmetry acting only on SM singlets
would lead to the conservation of lepton number if left
unbroken. These “dark neutrinos™ are vectorlike under this
new symmetry to ensure anomaly cancellation. The spon-
taneous breaking of this symmetry by scalar fields in the
dark sector simultaneously breaks lepton number, which
leads to nonzero neutrino masses. The breaking of the dark
symmetry mixes active and dark neutrinos, leading to a new
interaction of active neutrinos: an up-scattering to dark
neutrinos via the exchange of the new gauge boson, Z,
which kinetically mixes with the photon. This new inter-
action could potentially explain the MiniBooNE anomaly
[10]: the dark neutrinos would decay to light neutrinos and
ete™ pairs; if the eTe™ opening angle is small enough,
MiniBooNE would classify these events as electron-like
events, i.e. the signature of the anomaly.
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TABLE 1. Field content of the dark neutrino scenario. The
standard model is not charged under the new symmetry U(1),.
Field SU(2), U(l)y u(l),
Nz 1 0 +1
Ny 1 0 -1
H, 2 0 +1
¢y 1 0 +1
b 1 0 +2

To be more concrete, let us describe the Lagrangian of
the dark neutrino scenario. The field content of the theory
can be found in Table I. The mass Lagrangian is

Liyass =Y, LHNg +MN Ng +yp$3NgNg +yp¢oNi Ny,
(1)
where we denote the left- and right-handed dark neutrino
fields by N, and Ny. After U(1),, breaking, this gives rise
to an inverse seesaw texture
0 Yu <Hl> 0
M, = [ Yi(H) ypid) M | (2
0 M Yp(g)

in the basis (v, N%,N;). Note that we have taken the
vacuum expectation values (vevs) of the new scalar fields to
be real. This leads to active neutrino masses of the order

y12/<Hl >2
MZ

my ~ yp($2) : (3)
as long as yh(¢,) <y, (H;) <M, while the mixing
between active neutrinos and Nj is given by
0~y,(H)/M, effectively decorrelating mixing from
masses, as is usual in inverse seesaw scenarios. The ¢,
field is necessary to induce small vevs to both H; and ¢,
(see Ref. [11] for details).

From a phenomenological perspective, the mixing
among flavor eigenstates gives rise to a coupling between
the weak gauge bosons and the neutrino mass eigenstates,
namely

ept n
g _
Lin = EZ Z Uyl ov PLv;W* + Hec.
a i=1

euT n n

+ % DD UalaBityPLozt,  (4)

a =1 j=I

where g is the weak coupling constant, cyy is the cosine of
the weak mixing angle, and U, is the 3 x n Pontecorvo—
Maki—Nakagawa—Sakata (PMNS) matrix, where n is the
total number of light and heavy neutrino states. For
simplicity, we will assume that the PMNS matrix is
standard except for the inclusion of U,4. Denoting the

heavy neutrino mass eigenstate as N, the branching ratio
of the W boson to the new decay mode becomes

BR(W — uNp) ~|U,4|?BR(W — v), (5)

assuming |U ﬂ4|2 < 1 and my, < my. The heavy neutrino
then would decay N, — Zpv via the same mixing U,
followed by Z;, — e™e™ due to the kinetic mixing with the
photon whose strength is given by €. The width of Ny, is
given by, in the limit m, < my ,

2 2.3 2 2
9p|Uul” my 9p |Upa
F N Z ~ D =

(Np = vZp) 8z mj ~ 45nm\ 1077

my 30 MeV)\ 2
X L . (6)
100 MeV )\ my,

In this regime, for the parameters of interest, the N, decay
can be always considered prompt. For Zp, on the other
hand, the width depends on kinetic mixing with the photon,
originating from the term

'Ckm = gFﬂyF//dw (7)

where F and F’ are the photon and Z, field strengths, and €
is the kinetic mixing parameter. The partial width to e™e™
is, in the limit m, < my,,

F(ZD g e+e_)

ae? 1 ae? mz, ®)
~—m, = s
3 % 7 0.1 mm\2x 10719/ \30 MeV

where « is the fine structure constant. For the parameters of
interest, the decay of Z,, happens within the inner tracker in
nearly all cases. While a heavy Z, would generally decay
promptly, lighter bosons would experience larger Lorentz
boosts from the W decay leading to macroscopic displace-
ments (e.g. 1 mm to 10 cm) and thus a displaced vertex
signature. For a heavier Z,, other decay channels will open
up, and the partial widths can be properly obtained using
the R(s) ratio, that is, the ratio between the cross sections
for et e~ to hadrons versus muons, as in Ref. [34]. We have
implemented the dark neutrino model in FeynRules [35,36]
and created the set of UFO [37,38] files needed for use
within BSM event generator tools. The DarkNeutrino
model is made publicly available on Zenodo [39].

III. LHC SEARCH STRATEGY

The dark neutrino model described above opens two
potential portals to produce dark sector particles from their
SM counterparts, through either mixing of the neutral
leptons or U(1) gauge bosons. This suggests the potential
for multiple search strategies to contribute complementary
sensitivity, including experiments that employ a range of
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FIG. 1. Representative diagrams are shown for the production of e* e~ pairs from Z, decays in W~ — u~D, events, produced either
through the mixing of neutral leptons (left) or U(1) gauge forces (center). At right the dominant SM background process is shown, in

which the muon radiates an e*e™ pair via virtual photon emission.

particle species and energies. In addition to the high-intensity
neutrino sources like the FNAL Booster Neutrino Beam that
serviced the MiniBooNE experiment, beam-dump and fixed-
target setups can similarly explore this model through
neutrinos produced in light mesons and muon decays
[40,41]. Alternatively, the U(1), portal can be explored
through a range of experiments targeting dark photon
production and prompt decay, including ete™ colliding
beams, fixed targets, and meson decays. High-energy pro-
ton-proton collisions can also present powerful constraints
on this possibility at high mass [42]. Specific constraints
depend on the dominant portal coupling that may be realized
in Nature, in addition to the masses of the BSM states. For the
range of parameters considered in this work, the dark
neutrino decays promptly, so that constraints on long-lived
heavy neutral leptons do not apply.

The LHC provides a large dataset of neutrinos across a
range of energies that may be exploited to test scenarios
across a range of values for the neutral lepton mixing
parameter U,. At the ATLAS and CMS experiments,
neutrinos from decays of the massive weak bosons provide
a promising source, most notably the W*. Leptonic decays
W* = ¢£*1 (¢ = e or ) present a promising experimental
channel signature because of the presence of an energetic
charged lepton that can be used to trigger and cleanly
reconstruct the event. Figure 1 (left) shows a diagram
corresponding to signal production through this process,
where a dark neutrino is produced and decays to two
charged leptons and a SM neutrino. The same final state
can access the Zp portal through diagrams such as the one
shown in Fig. 1 (center), though it is generally subdominant
for the combination of model parameters considered in this
work. Figure 1 (right) shows a representative diagram for
the dominant SM background process to this signature,
where a virtual photon is radiated off of the charged lepton
from the W decay.

In the following sections, the potential sensitivity of this
channel is investigated using Monte Carlo simulation to
compare the dark neutrino and SM processes and devise a
promising search strategy. The key feature to be targeted is
the low-mass pair of charged leptons produced through the
Zp decay. This resonance provides a clean experimental
signature and allows a robust “bump hunt” strategy to

extract the peaking signal over potential background
processes though the use of sideband techniques. For light
Z  masses, the macroscopic displacement of the lepton pair
can also be used as an effective method of background
rejection.

Because the Z, decays via coupling to SM hypercharge,
the spectrum of possible final states depends only on its
mass. The branching fraction to leptons generally increases
for shrinking Z, masses, with significant exceptions near
the hadronic resonances that can be calculated using R(s)
ratio data [34]. As an example, BR(Zp — ete™) ~ 15% at
10 GeV, growing to nearly 50% at 400 MeV. Below this
value, the fraction of decays to the electron and muon
channels begin to diverge, with BR(Z, — ete™) = 100%
below 2m,,. Unless otherwise specified we take the sum of
the electron and muon channels as the signal in the
remainder of this work.

IV. SIMULATED SAMPLES AND DETECTOR-
LEVEL RECONSTRUCTION

Simulated samples of Monte Carlo events corresponding
to SM processes and the dark neutrino signals are used to
study analysis selection criteria and establish sensitivity to
the BSM process. SM backgrounds are calculated using
MGS5_AMC@NLO 3.4.1 at LO [43,44], interfaced to PYTHIA
8.306 [45], including the dominant process of inclusive
£*p,0'T¢'~ production. Leptons are generated with pp >
1 GeV and || < 5, and requiring that the mass of the same-
flavor, opposite-sign dilepton pair m,, is greater than
10 MeV. In the inclusive phase space, the leading con-
tribution to this process comes when a virtual photon is
radiated off the charged lepton resulting from the W decay,
with subleading by radiation off of an initial-state quark,
shown in Fig. 1(right). The process is normalized by
applying a k-factor corresponding to the full NNLO +
NLO electroweak charged-current prediction [33]. The
corresponding process with a Z boson produced in asso-
ciation with a pair of low-mass electrons in place of a W is
also simulated at LO and normalized to the NNLO
calculation [46—48] in a similar manner. Lastly, a MC
calculation corresponding to the production of top-quark
pairs in association with a soft virtual Z/y — £7¢~ is used,
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modified by the ratio of NNLO + NNLL to LO cross
section for top-quark pairs [49,50]. The expected contri-
bution from rarer SM processes yielding three or more
prompt leptons is negligible for the phase space considered
in this analysis.

Signal samples are generated with the same tools, using
the Dirac DARKNEUTRINO model introduced in Sec. II. Our
results depend only weakly on the Dirac versus Majorana
nature of the dark neutrino. Dark neutrinos produced via
W= decay are simulated from the £~7,Z(— ¢£) matrix
element. As a baseline selection of parameters, we set
|U,ul* = 107, ae* =2 x 107'°, and g, = 0.25, and con-
sider masses my, < my, corresponding to the prompt
2-body decay of the Np. In this configuration £~ v,Zp
production is dominated by the neutrino portal rather than
direct radiation of a Zj, off an initial-state quark (though the
latter can become important for very small values of |U 4|*)
and the cross section is largely insensitive to ¢ and gp. To
account for higher-order effects that are not included in the
signal calculation, the k-factor for the SM W+ process is
also applied to signal. At /s = 13 TeV the resulting cross
section is 2.1 pb for when my, =300 MeV and m; =
100 MeV, but varies within less than 10% when
I MeV <my < my, <10 GeV.

Simulated particle-level quantities are translated to
detector-level observables with parametrized smearing
functions in order to estimate the potential reach of the
ATLAS and CMS experiments to the signatures above.
Because the key characteristics of the signal are encoded in
the kinematics of the Z,, we restrict ourselves to the
consideration of leptonic observables only in this work.
While improved sensitivity may be achieved by consider-
ing other features of the collision events (such as the
imbalance of the transverse momenta of all reconstructed
particles), these can depend strongly on the details of the
experimental resolution and running conditions, and are
thus omitted from the present study.

High-energy dark photons produced through the signal
processes described above lead to pairs of high-energy
particles that must be exceptionally collimated in the case
of a low-mass Z,. Consequently, the resolution on the Zj,
dilepton mass m,,, which drives the background rate, relies
on the precision of the leptons’ angular reconstruction. We
apply a pp-dependent Gaussian smearing on reconstructed
electron kinematics, corresponding to 0.001-0.0025 radians
in ¢ and 0.0005-0.002 in units of cotd. In addition, a
2.5%—-8% smearing on the electron pr is assessed, taken as
a conservative estimate in the phase space most relevant to
this search [51,52].2 Figure 2 shows the mass resolution

*We adopt standard collider reference coordinate system
centered at the interaction point with the z-axis oriented along
the beamline, the x-axis pointing to the center of the LHC ring,
and the y-axis pointing upward. The (7, ¢) plane is transverse to
the beam, with 6 describing the polar angle from +Z.

0.5

0.45 — Nominal

0.4 ----1 sigma
0.35
0.3
0.25
0.2

0.15

Fractional resolution

0.1

0.05

m, [GeV]

FIG. 2. The dielectron mass resolution is shown for electrons
for the optimistic and pessimistic scenarios described in the text.
Single-electron resolutions are applied to simulated events in the
dark neutrino signal model for a 10 GeV Np mass. The quoted
resolution is computed as the smallest interval containing 68% of
the smeared mass values.

that is obtained for pairs of electrons with these smearing
functions applied, as evaluated on signal MC samples with
Np mass fixed to 10 GeV. The variation found by considering
the upper and lower extremes of the single-object kinematic
resolutions quoted above correspond to the region enclosed
in the +10 band. In the muon decay channel, the mass
resolution is well established from measurements of light
meson decays, which we conservatively take as 2%. A 15%
inefficiency factor per lepton is also applied to account for the
effect of requirements on the reconstruction quality entering
through identification and isolation cuts. While most events
with four leptons within the detector acceptance described
above should be removable via loose lepton or track vetoes,
we assume a 5% inefficiency factor that allows these events to
populate our signal region.

The lab-frame displacement of the Zj, is calculated for
signal events, based on the proper lifetime (proportional to
1/€*my,) and large momentum inherited from its produc-
tion in the W boson decay. For the analysis considering SM
backgrounds with prompt leptons, signal events are
required to have displacements less than 1 mm. For signal
events with displacements from 1 mm to 10 cm, the SM
backgrounds described above can be efficiently rejected
based on the separation of the dilepton vertex from the
primary vertex, which can be well-reconstructed from the
high-pr W-decay lepton and the recoil system. In this case
it is reasonable to expect that a background-free search can
be conducted, at the cost of some additional penalty of the
signal efficiency described in Sec. V C.

V. ANALYSIS OF DARK NEUTRINO
PRODUCTION IN W BOSON DECAYS

To maximize the sensitivity to small neutrino portal
couplings, we aim to construct a relatively inclusive
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analysis retaining high signal efficiency. Thus, typical W
boson progenitors of the BSM signal will be produced nearly
at rest, leading to a single high-pr lepton in one hemisphere
of the event opposite a low-mass, low-momentum dilepton
pair in the other. The dominant background process is W
boson production involving the radiation of a virtual
Z/y* = ¢ ¢~. This can originate from “dibosonlike” proc-
esses, where the lepton pair is radiated from an initial-state
quark or the W propagator, or final-state radiation off the
charged lepton produced in the W decay. Before any
selection is applied, the largest contribution comes from
the latter class of processes, which can be effectively reduced
by requiring the soft dilepton pair to be well-separated from
the third, high-p lepton.

Rarer backgrounds arise from analogous processes
where a soft lepton pair is produced in association with
a Z boson or a top and antitop quark pair. A challenging
source of background can arise from Z to four lepton
events, when one of the Z — "¢~ daughter leptons
radiates another soft lepton pair if the high-pr radiating
daughter lepton fails to be reconstructed. While back-
grounds with top quarks can lead to a similar final state,
they can be suppressed by the accompaniment of hadronic
activity. Other processes are either significantly rarer than
those considered above or can be well suppressed by
similar requirements. Experimental backgrounds may also
arise from the misidentification of charged hadrons and
nonprompt leptons and must be estimated directly from the
data. Uncertainties stemming from this and other sources
are discussed further in Sec. V B.

A. Event selection

A baseline set of events is defined for the analysis which
should ensure the signal can be well reconstructed by the
experimental apparatus. Three leptons are required, each of
which enters the central region of the detector (|57] < 2.5)
and meets a minimum pt requirement. These are kept as
low as possible to maximize the signal rate from the light
Zp decay, taking 3 GeV muons and 5 GeV electrons as the
baseline. A scenario including electrons with pp > 1 GeV
is also considered, motivated by more aggressive strategies
being pursued by the CMS Experiment [53]. The majority
of W — v decay events can be collected through the use
of triggers requiring a single high-p electron or muon at
ATLAS and CMS. Thus, at least one of the three well-
reconstructed leptons should also satisfy pr > 25 GeV,
which is taken as a representative choice for the suite of
trigger paths used across experiments and lepton flavors.
The mass of the two leptons with the lowest transverse
momenta m, is required to be less than 10 GeV to focus on
the region most consistent with the MiniBoone anomaly.

As the signal is a purely electroweak process, events with
additional hadronic activity such as top quarks decays are
vetoed. The sum of charged hadronic momenta Hp is
defined as the pt sum of all charged hadrons satisfying

pr > 2 GeV and |g| <2.5 and is required to be less
than 30 GeV.

Figure 3 shows a comparison of various signals and the
cumulative SM background processes in the electron
channel, after these baseline requirements are enforced.
The expected yields for W, Z, and top-quark processes are
shown for 13 TeV proton-proton center of mass energy,
normalized to 150 fb~! of data, corresponding to the
approximate sizes of the run 2 datasets collected by each
of the ATLAS and CMS Experiments from 2015-2018. The
expected spectrum of events is also shown for the dark
neutrino model for several choices of Z; and N, masses.
Leptons are labeled [, /;, I3 in order of descending pr.

Several key differences between the signal and BSM
processes can be exploited to define a set of events enriched
in potential dark neutrino decays. In the majority of SM W
decay events, the soft dilepton pair is most often radiated
off of the charged lepton, as opposed to off of a neutrino in
the BSM process. In addition to the large angular difference
dep(¢,, ¢,¢3) between the highest-pr lepton and combined
system of the remaining two leptons, this lowers the
average momentum of the charged lepton (neutrino) from
the initial W decay in background (signal) events. As a
consequence, signal events pass the high-pr lepton trigger
more efficiently and lead to a smaller imbalance in trans-
verse momentum among the reconstructed visible objects
(Pr.miss)- The last effect can also clearly be seen in the
magnitude of the vector sum of the three lepton momenta
pr(?1,¢5.¢3), equivalent to pr i in the limit where the
W boson is produced at rest. The mass spectra of the soft
dilepton pair is smoothly falling for the SM background.

Table II outlines a set of selection criteria based on these
differences, designed to significantly remove the back-
ground while retaining a high signal efficiency for all
combinations of N and Z, masses. The azimuthal differ-
ence between the leading lepton and the Z; candidate
formed by the remaining two leptons must be larger than

2.7 radians. Additionally, the distance dR = +/d¢* + dn?
between the leading lepton and Z, candidate is required to
be between 2.7 and 3.5. The mass of the three leptons is
required to be less than 80.3 GeV to be consistent with the
W decay hypothesis. The pr of the three-lepton system
pr(€1,¢5,¢3) should be less than half the W mass.
Figure 4 shows several properties of the remaining
events that pass this selection, where we have adjusted
the mixing to |U,4|* = 107 for visual clarity. At this point
several key handles remain to discriminate signal from the
SM background. While the mass of the dilepton system is
smoothly falling for the background, the signal process
peaks at the Z, mass. The value of the Np mass also
significantly impacts the signal kinematics. When the N is
significantly heavier than the Z, the lepton py spectra
tends to peak at low values. When the mass difference
between the new states becomes small, the majority of the
Np momenta is transferred to the leptons through the decay
Np = v(Zp — £7¢7). As a consequence, less momentum
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The expected distribution of BSM signal and background processes are shown for events passing the pre-selection criteria,

normalized to 150 fb~! of collected data. SM background contributions are shown cumulatively for W, Z, and top processes, while
realizations of the signal model for different Zj, and N, masses are overlaid, fixing |U,4|* = 107*. The electron channel is shown for
events with lepton pr > 1 GeV. Overflow values falling below (above) the x-axis limits are included in the first (last) bin.

is carried by the neutrino, the charged lepton pr favor
larger values, and the three-lepton mass peaks closer to my.
While our projected limits are based on the reconstructed
Zp candidate mass alone, future work may exploit this

TABLE II. Summary of the selection criteria, including base-
line cuts in addition to selections optimized for the LHC run 2
dataset. Scenarios with a minimum electron pt of both 1 and
5 GeV are considered.

Observable Selection

¢ multiplicity exactly three

Electron py >1,5 GeV
Muon pr >3 GeV
I <25
pr(¢1) >25 GeV
dop(¢1,Zp) >2.7
dR(¢\,Zp) €1[2.7,3.5]
m(€y,¢,,¢3) <my
pr(€1.62,¢3) <my /2

information using more sophisticated techniques such as
multivariate discriminants, kinematic fits, or matrix
element methods to take advantage of these features.

B. Signal extraction procedure and uncertainties

The mass of the lepton pair from the Z; decay has not
been explicitly included in the selection described above,
and can be used to extract signals in the presence of the
smoothly falling SM background distribution. This feature
allows the nonresonant background to be estimated from a
fit using the “data sideband” technique, whereby interpo-
lation to m,, values populated by the signal can commonly
constrain the expected background to the sub-% level. A
significance metric is calculated from the number of
expected signal N ¢ and background events Ny in a dilepton
mass window as S = Ng/+/Nz, where models that predict
Ng corresponding to S > S =2 are expected to be
excluded. Because the mass resolution varies with both
the Z, candidate mass itself as well as the lepton flavor, as
described in Sec. IV, an optimal window in m,, is used to
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FIG. 4. The expected distribution of BSM signal and background processes are shown for events passing the signal region selection,
normalized to 150 fb~! of collected data. SM background contributions are shown cumulatively for W, Z, and top processes, while
realizations of the signal model for different Z;, and N, masses are overlaid, fixing |U ”4\2 = 107%. The electron channel is shown for
events with lepton pr > 1 GeV. Overflow values falling below (above) the x-axis limits are included in the first (last) bin.

extract Ny for each scenario under consideration. This
significance-maximizing interval ranges from 10 to
500 MeV for the electron channel and 3 to 100 MeV
for the muon channel. In all scenarios considered, no m,,
window is selected which contains fewer than 10 back-
ground events.

Because the production of N in the analysis phase space
is dominated by W decays, the expected signal cross section
is directly proportional to |U,4[*. This allows a limit on the
number of signal events to be translated to a limit on U4
based on the significance S 4 ..r obtained with the sample of
Monte Carlo events generated with a reference coupling
|Uﬂ4.ref‘2 via the relation |U/44.excl|2 = (Sexcl/Sref) ' |Uﬂ4.ref|2'
This extrapolation is verified by additional MC calculations
of the cross sections and kinematic distributions with
rescaled coupling parameters.

This statistical procedure is repeated for modifications of
the analysis accounting for the impact of various systematic

uncertainties. Without a complete detector simulation it is
difficult to assess the importance of backgrounds due to
misidentified and nonprompt leptons, including B decays
and photon conversions. If lepton identification criteria
cannot reduce these backgrounds to a negligible level, they
may constitute an additional background that varies
smoothly in m,,, up to known hadronic resonances that
can be masked. We address this possibility with a
conservative, ad hoc approach of scaling the background
mass template by a factor of 1.5 and applying the full size of
the correction as an uncertainty. The mass resolution also has
a large impact on the result, as it effectively determines the
number of background events overlapping with a given
signal peak. For muons this is taken to be 2 £ 1% indepen-
dent of mass whereas for electrons the smearing functions
and their uncertainties are those described in Sec. IV.
Uncertainties are also considered to account for the efficiency
to select and identify leptons, taken to be 85 £ 5%.
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FIG. 5. At left, the distribution of displacements is shown for various combinations of signal model parameters, normalized to unity.

The subset of events passing the full event selection is also shown for comparison. At right, the same distributions are shown for events
passing the full event selection with variations of the kinetic mixing parameter €. Events falling below or above of the displayed range of
displacements are added to the first or last bin of displacement, respectively.

C. Analysis of displaced Z;, decays

In the case where the Zp is light and weakly enough
coupled to become significantly long-lived in the lab frame,
a parallel analysis strategy can be pursued to the prompt
search described above. In order to select events that are
well-reconstructed and compatible with the dark neutrino
signal, we consider the same selection requirements devel-
oped for the prompt analysis, with the additional require-
ment that all leptons have pr > 5 GeV. Instead of
requiring the pair of lower-pr leptons to originate from
a vertex with displacement less than 1 mm, distances of
1 mm to 10 cm are considered. The distribution of expected
Zp displacements is shown in Fig. 5 for a range of
representative signal model parameter sets. In the case of
a high-mass Zp, nearly all events populate the prompt
analysis bin, whereas a wider distribution of lifetimes
(extending beyond a meter in some cases) are found for
the 30 MeV benchmark. While the selection requirements
are found not to significantly affect the shape of the
expected displacement, varying values of the kinetic mix-
ing ¢ have a significant impact.

Displacements up to 10 cm are considered because high
lepton reconstruction efficiency should be achievable in
this range, with lepton tracks still expected to leave hits in
all or nearly all of the silicon tracker layers. There is no SM
process that leads to the expected signature of a pair of
resonant leptons with a significant displaced vertex.
Displaced, nonresonant lepton pairs from the decay of B
mesons produced in the W recoil may be important for
shorter lifetimes. Unfortunately the estimation of such fake/
nonprompt backgrounds are outside the scope of this study,
only being reliably estimated using data-driven methods by
the LHC experiments. However analyses studying related
signatures have demonstrated that these backgrounds can
be effectively controlled at the required level in run 2 (see,

e.g. Refs. [54,55]), even before the requirement of a narrow
dilepton mass window. To estimate the approximate poten-
tial of the displaced analysis search strategy, we extract
expected limits based on the requirement that at least fifty
signal events pass the kinematic requirements. This value is
chosen to allow an additional signal inefficiency of 10% in
order to select a high-quality displaced dilepton vertex,
while still leaving enough expected events to set a limit
under the background-free assumption. Together with the
signal efficiency of the kinematic requirements, this total
efficiency goal is in line with that reported by similar
analyses by ATLAS and CMS [54,55].

VI. RESULTS

Expected limits are placed on the neutrino portal coupling
U ”4|2 for a range of signal mass hypotheses and exper-
imental conditions. Limits are shown for the /s = 13 TeV
center of mass energy and 150 fb~!, corresponding to the
potential reach that either ATLAS or CMS might place given
data already recorded. These results are also extrapolated to a
potential HL-LHC scenario where 4 ab~! are collected at a
/s = 14 TeV center of mass energy. Because this difference
in energy is relatively minor, the same sets of MC events are
used, with their respective cross-sections scaled to their
values at /s = 14 TeV.

Figure 6 shows projected exclusions for the case of a Zp
mass fixed to 30 MeV, varying my, . Existing constraints
are also displayed [40,41] in addition to the region of
parameters favored by Ref. [10]. Results are shown for both
the prompt and displaced analyses, projected for both the
run 2 dataset and the HL-LHC. Shaded bands indicate
variations in the limit corresponding to uncertainties for the
prompt search and variations in the signal efficiency for
the displaced search, described in Secs. VB and V C,
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FIG. 6. The ranges of neutrino mixing parameters expected to be excluded by LHC experiments during run 2 and the HL-LHC are
shown versus N, mass for a fixed Z, mass of 30 MeV. Upper limits on U4 are shown for both the prompt and displaced search
strategies, with uncertainty bands described in the text. Closed contours correspond to the parameters favored by Ref. [10] at the 1, 2, 3,
4 and 5-sigma confidence level and shaded gray regions correspond to prior constraints, described in the text.

respectively. Because the Zj, is very light in this scenario Figure 7 shows excluded regions of Zp and U4 under
and thus considerably boosted, the displaced analysis is  the assumption of my, = 3my, . Expected limits are shown
dominant, with sensitivity of the prompt analysis being  for both the prompt and displaced analysis strategies,
similar to existing constraints. separately for integrated luminosities and energies
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FIG.7. Expected upper limits on the neutrino mixing parameter U 4 are shown as a function of the Z;, mass under the assumption that
my, = 3my, . The results of the prompt and displaced analysis are separately presented, assuming both the run 2 and HL-LHC datasets.
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FIG. 8. Expected upper limits on the neutrino mixing parameter U 4 are shown as a function of the Z;, mass for several assumptions on
the kinetic mixing parameter. Comparisons are made for the run 2 (top row) and HL-LHC datasets (bottom row), and for the m, =
30 MeV (left column) and my, = 3my, (right column) assumptions. In each case, the results of both the prompt and displaced searches
are shown, assuming values of ae?> = x1077, ae?> = x10719, and ae* = x10711.

corresponding to run 2 and the HL-LHC. The proper
branching fractions of the Zp are considered for the
electron and muon channels, which are also statistically
combined. For low Z; masses, larger lifetimes and boost
factors cause the displaced analysis to contribute the
dominant sensitivity while at larger masses, the prompt
analysis yields the strongest limit.

Differences in the value of kinematic mixing parameter ¢
can give rise to different expected distributions of the
displaced vertex displacement for a fixed Z, mass. The
impact of these differences are shown in Fig. 8, where the
limits expected for the nominal value of ae? = x1071* are
compared to those for values of ae’> = x107° and
ae’ = x107!, For the scenario with a 30 MeV Z;, mass,
the displaced analysis continues to dominate in all cases, with
the expected constraint varying based on the expected
fraction of signal falling into the 1 mm to 10 cm search
window. For the scenario with my = 3my , an upward

variation of ¢ generally will strengthen the limit from the

prompt search and weaken the limit from the displaced one
and vice-versa. However, for very light Z, the nominal
choice of € leads to a signal peaking outside of the acceptance
considered for the displaced analysis, so consequently larger
values of the parameter will improve the limit for both the
prompt and displaced search.

The expected lepton pr spectra depends on the specific
signal mass parameters under consideration, but generally
peaks at low values, motivating the use of minimal thresh-
olds for analysis. Figure 9 compares various possibilities
along these lines. In the prompt analysis, the nominal
scenario of 3 GeV muons and 5 GeV electrons is aug-
mented by expected limits that would result from lowering
the electron p threshold to 1 GeV. The displaced analysis
nominally considers electrons and muons with pr above
5 GeV, with a 1 GeV scenario also considered for electrons.
In all cases, limits for the combined electron and muon
channels are computed by adding the expected significance
for each channel in quadrature.
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FIG. 9. Expected upper limits on the neutrino mixing parameter U 4 are shown as a function of the Z;, mass for several assumptions
about the classes of potentially reconstructable leptons. Comparisons are made for the run 2 (top row) and HL-LHC datasets (bottom
row), and for the mz, = 30 MeV (left column) and my, = 3my, (right column) assumptions.

VII. CONCLUSIONS AND OUTLOOK

Despite many significant efforts to understand the source
of the excess of low-energy events seen by the MiniBooNE,
a satisfying solution remains elusive. The dark neutrino
model offers an exciting possibility that this anomaly could
be our first hint of a rich new sector of particles, sterile
under the SM gauge forces, but with its own gauge
symmetry and scalar sector. We have proposed a new
method to probe this compelling scenario using high-
energy neutrinos from the large samples of W bosons
collected by the ATLAS and CMS experiments at the LHC.
Search strategies considering both prompt and displaced
lepton pairs should each be pursued and contribute com-
plementary sensitivities that depend on the particular
parameters of the signal model. The coverage of these
strategies is shown to be highly complementary with low-
energy experiments, reaching mixing parameters |U,,|*
from 107® to 10~® across a broad range of dark neutrino
masses. Notably, very low Z, masses, accessible only via
the displaced decays to electron pairs, can be explored
thanks to the large Lorentz boost factor afforded by the

W boson production channel. Unique sensitivity can be
achieved with the /s = 13 TeV data that has already been
collected, and the High-Luminosity LHC will provide an
unprecedented sample of W decays to probe dark neutrino
production with exceeding-small portal couplings.
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