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MicroBooNE experiment, NuMI absorber, and heavy neutral leptons
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Motivated by the recent search for a Higgs portal scalar decaying inside the MicroBooNE detector, we
demonstrate that the same search can be used to constrain heavy neutral leptons. These are gauge-singlet
fermions that interact with the Standard Model by mixing with neutrinos only and could be related to the
origin of neutrino masses. By recasting the results of the MicroBooNE Collaboration’s analysis, we show
that, for a heavy neutral lepton that mixes predominantly with muon-flavored neutrinos, previously
unexplored parameter space can be excluded for masses between 30 and 150 MeV. Additionally, we make

our Monte Carlo tools publicly available.
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I. INTRODUCTION

The revelation that neutrinos are massive particles has
spurred great interest in their properties. Perhaps the
simplest and most elegant mass mechanisms for neutrinos
are based on the seesaw concept [1—11], in which the scale
of neutrino mass is suppressed with respect to the electro-
weak scale due to the presence of new particles and the
breaking of lepton number. In particular, several seesaw
models postulate the existence of new leptons, neutral
under the standard model gauge group—the heavy neutral
leptons (HNLSs).

In this paper, we show that current data from the
MicroBooNE experiment [12] can constrain the existence
of HNLs in an unexplored region of parameter space for
masses between ~20-200 MeV. In general, HNLs desig-
nate any fermion, neutral under the standard model gauge
group, that mixes with neutrinos. Although HNLs are a
common, generic outcome of many seesaw models, there is
no clear indication of what are their masses, neither how
large are their mixings with active neutrino flavors. This
unpredictability has inspired a large effort to search for
HNLSs in a variety of environments: kinematics of meson
decays [13-22]; production and decay in beam dump and
neutrino experiments [23—-30]; beta-decay spectral distor-
tions [31-38]; direct production at high energy colliders
[39-45]; and so on (see, e.g., Refs [46—49] for compilations
of constraints). In this work, we are interested in recasting
the recent MicroBooNE Higgs portal scalar (HPS) analysis
[12] to constrain HNLs in the 20-200 MeV mass range, as
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exhibited by Fig. 1. We include a github repository with
simulation code for generating signal events for both HNL
and HPS decays in this setup [50].

Before going into details of our recasting, it is useful to
describe the aforementioned search by the MicroBooNE
experiment, a liquid argon time projection chamber detec-
tor in the booster neutrino beam line [51]. In Higgs portal
models [52-57], a new, light scalar S mixes with the Higgs,
acquiring small couplings to all standard model fermions.
This mixing leads to production of the light scalars via loop
effects in meson decays such as K™ — 'S, as well as
decay of the light scalar into standard model fermions.
The MicroBooNE analysis searched for S — eTe™ events
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FIG. 1. MicroBooNE constraint on heavy neutral lepton
parameter space as a function of its mass and mixing with muon
neutrinos. Two assumptions regarding signal efficiency are
shown in black (see text for detail) as well as comparisons
against existing constraints [14,20,24,47,48,58] (colored regions
as labeled).
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which would be the dominant signature of the decay of this
light scalar if its mass is below the dimuon production
threshold.

The main experimental difficulty here lies in the fact that
neutrino interactions in argon that lead to electromagnetic
showers, such as z° and photon production or v, charged
current interactions, are a background to this search. In
view of that, MicroBooNE uses a clever, unorthodox
strategy: to look for events in phase with the NuMI beam
which points 8° away from MicroBooNE. In NuMI,
charged kaons are produced when protons hit a target,
and then travel through a decay pipe. Most K™ that do not
decay will reach the absorber, stop, and decay at rest. The
absorber is located 100 meters from the MicroBooNE
detector and at an angle of about 125° with respect to the
booster neutrino beam line. The 8° off-axis angle between
the NuMI beam and MicroBooNE reduces the neutrino flux
from NuMI at MicroBooNE. Moreover, the large angle
between the NuMI absorber and the detector relative to the
NuMI beam direction can be used to further mitigate
backgrounds. These two features allows for a competitive
experimental sensitivity to Higgs portal scalars (HPS).

MicroBooNE exploits several kinematical features of the
eT e pair to increase the signal-to-background ratio. These
include the opening angle between the electrons and their
angles with respect to the line connecting the absorber and
the detector center,' and the number of hits and length of
the reconstructed objects in the LArTPC. No attempt to
perform particle identification or energy reconstruction
is made.

The key to our recast lies in the fact that HNLs would be
produced in the NuMI absorber and detected at
MicroBooNE by processes very similar to those of the
HPS scenario. Stopped kaons could decay isotropically to
HNLs via v, mixing, namely K* — u*N. Then, these
HNLs could reach MicroBooNE and decay inside the
detector. In particular, the neutral current decay
N — y,ete”, via the same mixing, would lead to e*e”
pairs in MicroBooNE which would have similar kinematic
features to the HPS scenario. The very same data used to
constrain HPS can be readily used to put a competitive
constraint on as-yet unexplored values of HNL masses and
mixings.

II. HEAVY NEUTRAL LEPTON MODEL

As discussed, there is no clear-cut indication of what
would be the HNL masses and mixings, or even how many
of them could exist in nature. In light of that, we take a
typical, simplified model approach which has the advan-
tage of being general. We consider a single HNL which
mixes significantly only with muon neutrinos, that is

'"The MicroBooNE detector does not distinguish electrons
from positrons, so we will use “electron” whenever we refer to the
e’ or e~ experimental signature.

3
) = Y Upilus) + UpIN). (1)
i=1

where U is a generalized version of the usual Pontecorvo-
Maki-Nakagawa-Sakata matrix and N denotes the HNL.
Nonzero U4 would not change the phenomenology we are
interested in. Although mixing with electron neutrino could
lead to the same experimental signatures we are focusing
on, existing constraints from z* decays (for my <
m,= —m,) are stronger than those on U, for similar
masses, which would make the MicroBooNE constraint
on U, not competitive in this analysis, as checked
numerically.

A nonzero mixing with muon neutrinos induces kaon
branching ratio to N

o (M my
B(K = i) = Br(K = )| Uyl (2.2 ). (2
myg mg
where we have approximated |U4|* < 1, which is justified
by existing experimental bounds; m,, mg and my are the

masses of the muon, the kaon and the HNL; and [59]

k+y-(x-y)V1+x-y)? -2k +y)
x(1=x)?

pn(x,y) =

is a phase space factor such that in the limit m,, y < mg we
have py — 1. The mixing with muon neutrinos also
controls the N decay rate to e"e™. This decay depends
on the nature of the HNL (Majorana versus Dirac).
Assuming for concreteness that N is a Majorana fermion,
its partial decay width to eTe™ pairs is given by [23]

G%"| U}l4|2m15\7

76873
+ O(mg/my), (3)

(N = yete”) =2 (1 —4s% + 8s3,)

where terms proportional to the ratio of the electron to HNL
mass are neglected and sy, is the sine of the weak mixing
angle. We have also kept explicit the factor of 2 due to the
Majorana nature of N. This decay, for 20 < my <
200 MeV corresponds to a ~10% branching ratio of all
N decays. The other 90% is mostly N — vvy, which is
unobservable.

III. SIGNAL PRODUCTION AND CONSTRAINT
RECASTING

The event rate Ry of a new-physics particle X, produced
in a two-body kaon decay-at-rest, traveling to MicroBooNE
from the NuMI absorber, and decaying within, can be
expressed as the product of the production flux times the
probability of decay:
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Ry = ®xAP(X — ete™)e(my), (4)
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X Br(X — eTe™). (6)

Dy , (5)

P(X - efe) =

Here, @y is the flux of X at the MicroBooNE detector,
assumed to be nearly constant over the extent of the
detector; A is the cross-sectional area as viewed by an
incoming X from the NuMI absorber; P(X — e*e™) is the
probability of X decaying within the detector volume to, in
our case, e'e” + anything; and e(my) is the signal
reconstruction efficiency, which may depend on the mass
of the decaying particle. Ngpar is the number of kaons
decaying at rest in the NuMI absorber during the
MicroBooNE data collection, D is the absorber/detector
distance (~100 m), L is the extent of the detector for an
incoming X, y = Ex/my can be determined from the two-
body production of X, and 7y is the proper lifetime of the
particle X.

If X is long-lived (czy > D, L) relative to the other
relevant distance scales,

P(X > ete)

L
Br(X —» efe”) =—T'(X - efe).
14

(7)

When multiplied with A in Eq. (4), only the total volume of
the detector, not its specific shape, enters the rate. We can
compare the relative rates of hypothetical HPS and HNL
decays within MicroBooNE coming from the NuMI
absorber by calculating Ry /Rs:

rery

Ry ®yP(N —vete™)e(my)
Ry @5 P(S—ete) e(ms)’
_ Br(K* - p*N)myEsI'(N — vete™) e(my)

~ Br(K* = 7tS) mgENT(S — eTe™) e(mg)’

(8)

where Ey ¢ are the energies of the HNL and HPS. This
relative rate is described by the fluxes, probabilities of
decaying within the detector, and signal efficiencies of the
respective models. We defer discussion of the relative
efficiencies to the next section.

The first two fractions in Eq. (8) can be determined from
the HNL and HPS model parameters—each is proportional
to |U,n|?/ sin® . In Fig. 2, we present these two fractions
(the relative fluxes in blue and the relative decay

*This limit is well-satisfied for |U,ul* < (my/100 MeV)™>.
For the HPS, the requirement is sin>6g<107>(mg/100MeV)~!,
satisfied for the parameter space of interest in Ref. [12].
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FIG. 2. Relative flux (blue) and decay probabilities (red)
between the heavy neutral lepton N and the Higgs portal scalar
S coming from the NuMI absorber via two-body kaon decay-at-
rest and decaying within MicroBooNE. The product of these two,
in addition to relative signal efficiencies, provides the relative
signal event rate in MicroBooNE.

probabilities in red) as a function of the HNL or HPS
mass, with benchmark values of |U,y|*=10"* and
sin® @5 = 107%. We see that, for these benchmark mixing
values, a much larger flux of N is produced relative to
S, however, S decays3 much more rapidly than N (effec-
tively, ctg > cty > D), leading to a much smaller prob-
ability that a given N decays into an electron/positron pair
in MicroBooNE than a given S does. This combination
implies that the HNL and HPS event rates can be
comparable if one assumes similar signal reconstruction
efficiencies. Reference [12] provides constraints on 6 and
the efficiency e(myg) for mg between 2m, and 2m,: with
reasonable assumptions about e(my), we can recast
MicroBooNE’s HPS constraint onto HNL parameter space.

IV. EVENT KINEMATICS AND SIGNAL
EFFICIENCY

The key challenge in recasting MicroBooNE’s HPS
search onto HNL parameter space is in determining the
signal efficiency &(my). We take two approaches: first, we
assume that e(my) = e(myg) and that events from an N of a
particular mass are accepted at the same rate as those from
S with the same mass. There are obvious shortcomings with
this approach, however: because N’s decay is three-body,
the kinematics of the ete™ pair are different than those
from the two-body S — e*e™ decay. In Ref. [12], signal
identification (and background reduction) is optimized
using boosted decision trees with kinematic quantities,
especially the opening angle of the eTe™ pair and their
angles relative to the direction from the NuMI absorber: no
particle ID or calorimetry is used. Therefore, it seems more

The sharp mass-dependence of the red curve in Fig. 2 comes

from the relative scaling with masses of (N — vete™) o« m3, vs.

I'(S—efe) « mg.
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reasonable that the efficiency depends more strongly on the
opening angle of the e*e™ pair than on the masses of the
decaying particles.

To obtain a more realistic efficiency for HNL, we adopt
the following second approach. For each HPS mass, we
map its efficiency onto the average cosine of the eTe”
opening angle cos@,+,-. Then we assign the HNL effi-
ciency to match the HPS efficiency for the same value of

cos0,+,-. Simulation code for three-body HNL decay
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FIG. 3. Distributions of e e~ pairs as a function of the cosine of

their opening angle vs. the angle of the higher-energy particle
relative to the NuMI absorber direction. Top: truth-level infor-
mation, Bottom: reconstructed information after applying a 3°
angular uncertainty on electron tracks. Blue/green points come
from an HNL with my = 100 MeV where the two purple/orange
ones come from HPS with mg =100 MeV (top) and mg =
80 MeV (bottom). In all three, brighter/darker colors correspond
to more signal events.

N — vete™, including alternate model assumptions such
as N being a Dirac fermion, is available at this URL [50].
To justify this approach, Fig. 3 (top) displays several
truth-level signal distributions as a function of the opening
angle between the electron/positron pair cos @,+,- and the
angle between the higher-energy electron and the absorber
direction 6, .. Three distributions are shown: the two
purple/orange ones correspond to HPS with mg = 100
and 80 MeV, as labelled, and the blue/green one corresponds
to an HNL with my = 100 MeV. For the HPS ones, we note
that there is only one relevant kinematical quantity in the
two-body S decay, the rest-frame angle of the decay. This
produces a strong correlation between these two quantities
in the lab frame. In all three distributions, brighter colors
correspond to where more events are expected.

For comparison, the bottom panel of Fig. 3 displays the
same information after applying a 3° angular uncertainty to
each of the electromagnetic showers [60]. While we see a
considerable overlap for my = myg, there is even more
overlap between mg = 80 MeV and my = 100 MeV, as
three-body decays prefer larger cos 8,+ - for the same mass
of the mother particle. Note that mg = 80 MeV and my =
100 MeV exhibit approximately the same value of
cos 0, ,-. This overlap is especially obvious in the bottom
panel in terms of the reconstructed angles.

Finally, since HNLs decay to three daughter particles, the
decay products tend to be less energetic. As the
reconstruction of low energy electrons may be challenging,
we also apply two kinematical cuts on top of both HPS and
HNL efficiencies: E,- > 10 MeV, so that the two tracks
can be reconstructed; and |cos@,+,.-| < cos(10°), so that
two distinct tracks can be identified. Figure 4 shows the
HNL efficiency as a function of the HNL mass for the two
benchmark assumptions: &(mg) = e(my) (solid line) and
e(my) tracing the average cosine of the e e~ opening angle
(dashed line).

V. RESULTS AND DISCUSSION

Under these two assumptions for &(my ), in tandem with
the efficiencies and limits on €¢ provided in Ref. [12], we
can use Eq. (8) to determine the parameter space of my vs.
|U,,4|? for which a comparable signal rate is expected and
therefore, MicroBooNE can set a constraint. This is shown
in Fig. 1 with the solid line corresponding to &(my) =
e(mg) and the dashed one to e(my) = e(cosf,+,-).
Colored regions depict existing experimental constraints
as labeled from Refs. [14,20,24,47,48,58].4 We see that

*An additional constraint exists from PS191, for 30 MeV <
my < 250 MeV [14]. However, as emphasized in Refs. [61,62],
incorrect model assumptions were made in Ref. [14], requiring
one to recast the presented limits appropriately. Given the lack of
consistency in such recasts in the literature, possibly due to the
lack of clarity in Ref. [14] regarding systematic uncertainties and
background events, we choose not to convey a constraint from
this search in Fig. 1. We use this confusion as further encourage-
ment for MicroBooNE to explore this parameter space.
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FIG. 4. Our two assumed signal efficiencies for HNL
reconstruction: that the HNL efficiency matches the HPS effi-
ciency given in Ref. [12] (solid) and that the dependence of the
efficiency is based on the average opening angle of the electron/
positron pair (dashed).

MicroBooNE can constrain new parameter space for
34 MeV < my < 150 MeV, including by over two orders
of magnitude for my ~ 65 MeV. Even under the more
conservative assumption on the HNL signal efficiency, the
MicroBooNE constraint using current data remains world
leading in the aforementioned HNL mass window.

VI. CONCLUSIONS

We have recasted MicroBooNE’s search for Higgs portal
scalars onto the heavy neutral lepton parameter space. We
have shown that, even with conservative assumptions on
the HNL signal efficiency, MicroBooNE data still sets the
world leading constraints on HNLs with masses between
34 and 150 MeV. We encourage the MicroBooNE col-
laboration to use our publicly available Monte Carlo
simulation code to determine &(my) more exactly and
carry out this analysis. Finally, we call attention that a very
similar search could be performed at ICARUS. While its
distance to the NuMI absorber is also about 100 meters, its
volume is about 5 times larger than that of MicroBooNE.
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