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Heavy neutral leptons (HNLs) are an attractive minimal extension of the Standard Model, as is a singlet
scalar smixing with the Higgs boson. If both are present, it is natural for HNLs to interact with s. For a light
singlet, the decay N → sν can dominate over weak HNL decays. We reinterpret existing constraints on
HNLmixing from the DELPHI, CHARM, and Belle experiments for 0.5–100 GeV mass HNLs, taking into
account the new decay channel. Although the constraints are typically weakened, in some cases they can
become stronger, due to observable s → lþl− decays in the detectors. The method presented here could be
used to recast constraints from other (older) experiments without resorting to computationally expensive
Monte Carlo simulations. In addition, we update and correct some errors in the analysis of the original
constraints, in the absence of the singlet.
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I. INTRODUCTION

Right-handed neutrinos Ni are the minimal extension of
the standard model (SM) needed to explain neutrino
masses. Although their masses might be expected to far
exceed the weak scale, in principle there is no restriction on
how light they could be, down to the scale mν of active
neutrino masses. For N masses in the range 0.1–1000 GeV,
it is common to refer to them as heavy neutral leptons
(HNLs). They mix with light neutrino flavors νi with
mixing angles of order U ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mν=mN

p
. The phenomeno-

logical implications of HNLs are therefore enhanced if they
are relatively light [1–3]. They can be produced in eþe−
collisions [4–8], neutrino beams [9–13], in beam dump
experiments (from the decays of mesons) [14–17], and in
the early Universe, leading to constraints from big bang
nucleosynthesis [18–21]. HNL oscillations could be
observed in W, τ, and Bc rare decays [22–24] and its
nature (Dirac or Majorana) could be inferred from rare
meson decays [25,26] or Z boson decays [27]. A suffi-
ciently weakly coupled HNL can be a viable cold dark

matter candidate [28–31]. HNLs have been constrained by
searches at the Large Hadron Collider [32,33].
Another simple and highly motivated extension of the

SM is a singlet scalar field s that mixes with the Higgs
boson through the interaction jHj2s2, if s gets a vacuum
expectation value. Such singlets are constrained by collider
searches [34–36] and Higgs decays [37,38], and their
possible enhancement of the electroweak phase transition
in the early universe could produce observable gravitational
waves [39–43], and facilitate electroweak baryogenesis
[44–48]. In the present work we will be interested in
relatively light singlets. Recent constraints are summarized
in Ref. [49], for example.
If both HNLs and singlets exist in nature, they can

interact with each other via the Lagrangian term [50–53]

L ∋ gssN̄N; ð1Þ

which is possible both for Dirac or Majorana HNLs. This
scenario was proposed in Ref. [31] to enable a species of
HNLs to be dark matter, with a thermal relic density from
annihilations NN̄ → ss, or NN̄ → s� → ff̄, where f is any
SM particle that couples to the Higgs boson. In a generic
theory of HNLs that mix with light neutrinos, the mixing
would generate the operator sN̄ν, opening the new decay
channel N → νs if ms < mN . In this case, the usual limits
on the N-ν mixing angle U will be modified, relative to the
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usual assumption that N decays only through the weak
interactions. In this way, regions of parameter space in the
mN-U plane, that are normally considered to be ruled out,
could be reopened—or in some cases constraints can
become stronger, as we will show. It is the purpose of
this paper to estimate how the modified constraints vary
with the singlet mass ms, its mixing with the Higgs θs, and
the coupling gs. The possible values of gs are constrained in
the special scenario of Ref. [31] where they determine the
dark matter relic density. In this study we take a more
generic approach and consider gs to be a free parameter,
since it is not otherwise constrained.
This is a challenging task, since it requires the reinterpre-

tation of experimental limits that must be dealt with indi-
vidually for each experiment. We therefore choose to limit
our investigation to theHNLmass range 0.3–100GeV,where
current constraints are set by three experiments: DELPHI
(from LEP) [6], CHARM [54], and Belle [55].1 Despite the
fact thatATLAS [33] andCMS [32] set competitive limits for
jUej2 and jUμj2, these are not much stronger than DELPHI
on our region of interest (below 10 GeV); hencewe focus on
the first three experiments.
Although we have tried to be as quantitative as possible,

our results should be considered as indicative of more
definitive limits that would require a dedicated reanalysis of
data for each experiment (as opposed to recasting published
limits), which is beyond the scope of this study.
As a first step, we must be able to reproduce existing

constraints in the absence of the singlet coupling. This part
of the exercise revealed that published limits from CHARM
and Belle change somewhat when updated branching
fractions for HNL production are employed, or other
corrections that we describe in the main body of the paper.
Thus another result from the present work is improved
limits from these experiments, even in the absence of a
scalar singlet.
In Sec. II we will present the main results for the three

experiments, describing the essential characteristics rel-
evant to our study of each one. Further details are relegated
to the appendixes. In Sec. III we put our results into the
perspective of independent constraints on the singlet scalar,
to show the relation of those limits to the recasted ones
derived in Sec. II. Conclusions are given in Sec. IV.

II. RECASTED CONSTRAINTS ON HNL—ACTIVE
NEUTRINO MIXINGS

Our goal is to arrive at a reasonable approximation to
how HNL mixing constraints are changed by N → sν
decays, without however doing a full reanalysis of exper-
imental data, which in any case would not be feasible given
our limited understanding of detector responses and

systematic errors, and lack of access to the data. Instead
we will theoretically compute the number of events
expected to be produced in a given experiment, as a
function of mN and mixing U, and use the existing
constraints to calibrate the detection efficiency. As a pre-
view, we present our new limits from the DELPHI experi-
ment in Fig. 1, discussed in more detail below, where the
original constraint is the light blue contour and modified
ones depending upon the singlet mass ms, its mixing with
the Higgs θ and its coupling gs to the HNL are shown.
To obtain these results, we first compute the number NN

of HNLs produced in Z → Nν decays at LEP, as a function
of mN and U, relative to the total number of NZ of Z
bosons. A branching fraction f ¼ NN=NZ is excluded for f
greater than some value f0 depending upon the detection
efficiency. By varying f0, we can produce contours in the
mN-U plane. If one of those contours matches the existing
DELPHI limit, we can adopt the corresponding f0 value
and claim to sufficiently understand how to reproduce the
original constraint, and then investigate how it changes in
the presence of the new decay channel. The effectiveness of
this strategy is illustrated in Fig. 2 (left), which shows the
good agreement between the original LEP limit (dashed)
and our reconstruction (solid). (For the other two experi-
ments, where the agreement seems less good, we will argue
below that our reconstructions more accurately reflect what
the true limits should be.)
A possible effect of N → sν is that the HNL decays

invisibly, since s may be too long-lived to decay within the
detector. The constraint onU then gets weakened according
to the branching fraction for weak HNL decays versus the
N → sν channel. On the other hand, if s is short-lived and
decays into eþe− or μþμ−, within the detector, those final
states might mimic weak decays of N, leading to new
constrained regions of parameter space, or they might be
rejected by the search, depending on the experiment. In the
following, we will assume that electromagnetic decays of s
could have mimicked weak decays of N for DELPHI and
CHARM, but not for Belle, as will be explained. Therefore
in some regions of parameter space,N → sν can give rise to
new excluded regions for DELPHI and CHARM, while for
Belle it can only relax the existing constraints.

A. DELPHI

The DELPHI detector at LEP I collected 3.3 × 106

hadronic Z decays from 1991 to 1994 [6]. In these decays,
HNLs N could be produced via Z → Nν̄ and Z → N̄ν
through the mixing with light neutrinos

N0 ≅ N þUανα

ν0α ≅ να −UαN ð2Þ

in transforming between the Lagrangian and mass eigen-
states. The branching ratio is given by

1For lighter and heavier HNLs see, for example, [56] and
[57,58], respectively. Limits from ongoing and future experi-
ments can be found here [59].

JAMES M. CLINE and GUILLERMO GAMBINI PHYS. REV. D 105, 115035 (2022)

115035-2



FIG. 1. DELPHI: Upper limits on jUj2 for heavy neutral leptons that couple to a light singlet scalar, which mixes with the Higgs boson,
in the HNL mass range from 2mμ up to the kinematical limit mZ at LEP. The light blue contour is DELPHI’s limit on jUj2 at the
95% confidence level (CL) in the case of no singlet, which is independent on the HNL flavor (see Fig. 2).

FIG. 2. (Left: dashed curve: DELPHI limits at the 95% confidence level (CL) on jUj2 as a function of the HNL mass [6]. These limits
apply equally to all neutrino flavors. Light blue curve: our result using Eq. (4). Center: dashed curve: Belle limits at 90% CL on jUej2
[55]. Light blue curve: our result using the procedure described above. The difference in the region≳2 GeV is due to the use of updated
formulas for HNL production and decay [60], and the treatment of HNL momenta (see the appendix). Right: dashed curve: CHARM
limits at 90% CL on jUej2 [54]. Light blue curve: our result for these limits. A similar result is obtained in [61].
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BRðZ → Nν̄αÞ ¼ BRðZ → ναν̄αÞjUαj2

×

�
1 −

m2
N

M2
Z

�
2
�
1þ 1

2

m2
N

M2
Z

�
; ð3Þ

where BRðZ → ναν̄αÞ ≈ 0.063 for any α ¼ e, μ, τ.2

The mean decay length of the HNLs is L ≅
3jUj−2ðGeV=mNÞ6 cm. The DELPHI Collaboration stud-
ied three different decay topologies: νll̄, νqq̄, and lqq̄0

where l ¼ e, μ, τ, q ¼ u, d, s, c, b, and qq̄0 ¼ ud̄; cs̄ plus
charge conjugate states. These are illustrated in Fig. 3. The
fraction of Z bosons leading to observed HNLs decaying
inside the detector (via weak interactions) is

fw ¼ BRðZ → NÞð1 − e−DL=LÞεðmNÞ; ð4Þ

where BRðZ → NÞ ¼ BRðZ → Nν̄αÞ þ BRðZ → N̄ναÞ,
and the reconstruction efficiency εðmNÞ is taken from
Fig. 4 of Ref. [6]. DL is the length of the region in which
decays are observed. As described in the appendix, we infer
this parameter (obtainingDL ¼ 200 cm) when reconstruct-
ing the published limit for weak HNL decays.
Four searches were performed covering HNL masses

from 2mμ up to the kinematic limit mZ: (i) the decay
products of HNLs with short lifetimes and small masses
(monojets) were searched for within 12 cm of the inter-
action point; (ii) hadronic systems (acoplanar and acol-
linear jets) were produced by HNLs with short lifetimes
and large masses (40–80 GeV); (iii) a HNL with an
intermediate lifetime (decaying at radii from 12 to
110 cm) could have produced an isolated set of charged
particle tracks originating from the same vertex; (iv) HNLs
with long lifetimes would decay in the detection region
where charged particle tracks cannot be reconstructed (110
to 300 cm), so this search had to rely on localized clusters
of energy depositions and hits in the outermost layers of the
detector. DELPHI computed the detection efficiencies from
105 signal events for HNL masses from 1.5 to 85 GeV and
mean decay lengths from 0 to 2000 cm.
In our study, we calculated the fraction of HNLs

decaying inside the DELPHI detector considering detector
lengthDL ¼ 200 cm and using the global efficiency shown
in Fig. 4 of Ref. [6]. We scaled our result to match the
published DELPHI constraint; see Fig. 2, left.
The next step is to add the effects of the gauge singlet

scalar s that couples to HNLs with strength gs and mixes
with the Higgs boson through a small angle θ,

L ∋ −gssN̄N −
sθmf

v
sf̄f; ð5Þ

where sθ ¼ sin θ, v ¼ 174 GeV is the complex Higgs
vacuum expectation value (VEV), and f represents SM

fermions with mass mf. The final states listed in Fig. 3 are
such that decays of the singlet scalar into fermions
(s → ff̄) will only affect the signals for the first two event
candidates, i.e., νll̄ and νqq̄ (see Fig. 3). However, the
total decay width of the HNL will increase and so will the
probability for the HNL to decay inside the detector.
Consequently, we replace Eq. (4) with the fraction that
includes the additional events from s → ff̄ decays,

fwþs ¼ BRðZ → NÞ½BRw × ð1 − e−DL=LN Þ
þ BRs × ð1 − e−DL=ðLNþLsÞÞ�; ð6Þ

where

BRw ¼ ΓNðweak decaysÞ
ΓNðweak decaysÞ þ ΓðN → sνÞ ;

BRs ¼ 1 − BRw; ð7Þ

and Ls, the mean decay length of the gauge singlet scalar s,
is calculated following Refs. [49,62]. The corresponding
decay length LN of the HNL is given in the Appendix. We
note that HNLs can also be produced in Z boson 3-body
decays eþe− → Z → sZ� → sNν̄ [34], but these are sup-
pressed by s2θ and kinematical factors in comparison with
Z → Nν̄ and Z → Nν, so this production channel is not
shown in Fig. 3 and, consequently, BRðZ → NÞ remains
the same as in Eq. (4). With these modifications, we obtain
the upper bounds for HNL-active neutrino mixing shown in
Fig. 1 (left).
The modified limits on jUj2 can be understood as the

result of the competition between HNL weak (3-body) and
scalar (2-body) decays, through the factors BRw and BRs,
and the interplay between the altered decay length of the
HNL LNðweakþ sÞ and that of s. For example, the bottom
right plot of Fig. 1 shows the weakened limits starting at the
kinematic threshold mN > ms ¼ 8 GeV. As the coupling
gs betweenN and s increases,N → sν decays become more
prevalent. These are invisible decays at small mixing
θ ¼ 10−7, decreasing the number of signal events and
weakening the limit on jUj2. On the other hand, at larger
singlet-Higgs mixing θ ≥ 5 × 10−5, the singlet decays to

FIG. 3. Possible decays of the Z boson including HNL
intermediate states.

2Unlike the other experiments, LEP limits apply equally to all
flavors of HNLs [4].
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ff̄ with a short enough decay length for the final state
particles to be observed, as though they were coming from
weak decays. We assume that experimental sensitivity to
these events is similar to that for the weak decays, resulting
in an unmodified limit relative to the published result.
As we move to the left in Fig. 1, looking at the columns

corresponding to smaller values of ms, the kinematic
threshold discontinuity for N → sν also moves to the left,
until the first column where it is no longer visible since
ms < mN for the range of mN considered. The pattern
described for the rightmost column is similar, except that
the decay length Ls is additionally increased by the small
ms suppressing s → ff̄ decays, leading to more invisible
decays and generally weaker limits.
Exceptionally, there are several regions where the con-

straint on jUj2 is strengthened, most notably in the plot
where ms ¼ 350 MeV, θ ¼ 10−2, ms < mN ≲ 4 GeV. It
can be understood through the increased signal from N →
sν followed by s → ff̄ compared to weak decays. This
excluded region eventually merges back to the pure weak
decay limit as mN increases, since the weak decay rate
scales as m5

N , while the two-body rate scales as m3
N .

B. Belle

The Belle experiment searched for direct HNL decays
(N → l�π∓, l ¼ e, μ) at the KEKB eþe− collider, where
BB̄ pairs created at theϒð4SÞ resonance in eþe− collisions.
The HNL production mechanism from B decays is illus-
trated in Fig. 4. The number of detected heavy neutral
leptons (NN) is given by [55]

NN ¼ 2NBB̄BRðB → NÞBRðN → lπÞ

×
Z

mNΓ
pN

exp

�
−
mNΓR
pN

�
εðRÞdR; ð8Þ

where pN is the momentum of the HNL, Γ is its total decay
width, and εðRÞ is its reconstruction efficiency as a function
of the distance R from the interaction point. εðRÞ is shown
for three values of mN and the most relevant B decay
channels in Fig. 5.
The most favorable mass range in which to look for

HNLs at Belle isMK < mN < MB. For this reason, the total
branching fraction for HNL production

BRðB → NÞ ¼
X
X

BRðB → Xl1NÞ; ð9Þ

includes X ¼ π; η; ρ;ω; η0;ϕ; D;D� for semileptonic
decays and

BRðB → NÞ ¼ BRðB → l1NÞ; ð10Þ

for purely leptonic decays [55]. Assuming HNLs to be
Majorana,3

BRðN → l2πÞ ¼ BRðN → l−
2 π

þÞ þ BRðN → lþ
2 π

−Þ;
ð11Þ

where BRðN → lþ
2 π

−Þ ¼ BRðN → l−
2 π

þÞ. Therefore the
signal events of the form l1l2π are eþeþπ−, eþe−πþ,
e−eþπ−, and e−e−πþ. For the calculations of the HNL
production and decay products we followed Ref. [60],4

which is updated relative to the values used in the Belle
analysis, and leads to some differences in our determination
of the standard HNL constraint compared to the published
version.
We start by considering the standard assumption of weak

decays only. At large masses, the decay length LN is so
short that the HNLs decay close to the interaction
point, where the reconstruction efficiencies at short dis-
tances R ≅ 0 are negligible (see Fig. 5), and no constraint
on jUj2 arises. At lower masses, and for sufficiently small
mixing, HNLs decay outside of the detector, again leading
to no constraint. On the other hand, if jUj2 is sufficiently
large, the mean HNL decay length can be so small that their
decays do not meet experimental selection criteria, sim-
ilarly to the case of heavy HNLs. Therefore constraints
arise only for relatively smallmN and an intermediate range
of jUj2, as shown in Fig. 2 (center). The difference between
our reconstructed limit (solid) and the original one (dashed)
is due to the updated branching ratios mentioned above.
Like for the DELPHI search, the N-s interaction intro-

duces competition between three-body weak decays and
two-body scalar decays of the HNL. But in contrast to
DELPHI, at Belle the N → sν decays cannot contribute to
signal events, which are taken to be pions and charged
leptons in the final state. Although s could decay to lþl−

or ππ, it can never produce the combination πl which is
required by the search. Therefore N → sν is invisible in the
Belle analysis, and these decays can only weaken the limit
on jUj2, independently of the size of the singlet-Higgs
mixing angle θ.

FIG. 4. Heavy neutral lepton production from B meson decays.

3For Dirac HNLs, only the processes where the signal fermion
l2 (produced by the HNL) has the opposite electric charge with
respect to the production fermion l1 (coming from the decay of
the B meson) should be considered.

4We used Mpole ¼ ∞ [63,64] instead of 5.65 GeV [60] for
fB→π
0 in the calculations of the B meson form factors.
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Figure 6 shows our results for three choices of ms and a
range of values for gs, displaying again the kinematic
threshold discontinuity whenever mN ¼ ms. As stated, the
effect of the invisible decays is only to weaken the bounds.
A borderline case is the coupling gs ¼ 10−5 (green lines),
where at high HNLmasses there is no change relative to the
purely weak decay bounds, since the weak decays dominate
at large mN : their rate scales as m5

N , while the rate for
N → sν goes as m3

N . At lower mN, provided that ms < mN
(left column), one observes a weakening of the limits. On

the other hand, for large enough gs, the limits can disappear
entirely, again provided that ms < mN .

C. CHARM

Heavy neutral leptons can be produced in the semi-
leptonic decays ofD� andD0, and in the leptonic decays of
D�. The CHARM Collaboration searched for HNLs in the
mass range 0.5–1.8 GeV [54]. In subsequent analyses
[14,61], this range was expanded up to 2 GeV by consid-
ering also the production of Ds, which we emulate here.

FIG. 6. Belle: Light blue curves show our reconstruction of the Belle limits on weak decays of HNLs. Other colors show the relaxed
constraints for different values of the coupling gs due to N → sν decays.

FIG. 5. Belle efficiencies εðRÞ for different HNL production modes. From left to right mN ¼ 1, 2, 3 GeV, respectively. Solid curves:
our fits for the efficiencies. To interpolate between different values of masses, we use the mass-dependent efficiency curves shown
in Fig. 2 of Ref. [55].
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In the CHARM search, 400 GeV protons were stopped by
a copper beam dump, producingDmesons. These can decay
into HNLs via mixing, whose subsequent decay produces
one or two separate electromagnetic showers (N → eþe−νe),
two tracks (N → μþμ−νμ), or one track and one electromag-
netic shower (N → eþμ−νe or N → μþe−νμ), in an empty
decay region of length DL ¼ 35 m and cross-sectional
area 3 × 3 m2.
The expected number of events is given by

N ¼ NDBRðD → NÞBRðN → l0lνlÞA
× e−d=LN ð1 − e−DL=LN Þε ð12Þ

where ND is the number of D mesons produced by protons
in the dump, A is the acceptance factor (fraction of HNLs

that enter the decay region), d ¼ 480 m is the distance from
the interaction point to the beginning of the decay region,
DL is the length of the decay region, LN is the mean decay
length of the HNL, and l;l0 ¼ e, μ. This formula is similar
to Eq. (8) in the case where the reconstruction efficiency ε
is a constant, and the integration limits correspond to the
boundaries of the detection region.5 The efficiency is
ε ∼ 0.6 for HNLs of mass mN ∼ 1 GeV [54].
To account for the singlet scalar decay channel, we

modify Eq. (12) similarly to the recasting of DELPHI,
making the replacement

FIG. 7. Recasted CHARM limits on jUej2 versus HNL mass mN , on a grid of scalar mixing versus mass.

5In the original CHARM analysis [54], the distance from the
interactionpoint to thebeginningof the detectorwas ignored (taking
d ¼ 0) incorrectly leading to exclusion of arbitrarily large mixing.

CONSTRAINTS ON HEAVY NEUTRAL LEPTONS INTERACTING … PHYS. REV. D 105, 115035 (2022)

115035-7



ð1 − e−DL=LN Þ → BRwð1 − e−DL=LN Þ
þ BR0

sð1 − e−DL=ðLNþLsÞÞ; ð13Þ

where

BR0
s ¼ BRs ×

BRðs → ll̄Þ
BRðN → l0lνÞ ; ð14Þ

because the singlet s does not always decay into light
lepton pairs. This is similar to the case of Belle, where
BR0

s ¼ 0 since the singlet cannot decay into πl.
The CHARM limits are sensitive to lepton flavor, so we

present respective constraints onUe,Uμ,Uτ for the cases of
HNL coupling to a single family, in Figs. 7–9. Although the

original CHARM analysis did not include Uτ constraints,
Ref. [61] extended their results to do so by including
neutral current contributions to the HNL decays, and we
have done likewise.
Like the case of DELPHI, not only can constraints be

weakened by the singlet decay channel, but in some regions
of parameter space the signal can be enhanced by singlet
decays into ff̄, leading to new excluded regions when
singlet mixing times coupling (θgs) is large enough. For
example in the upper left plot of Fig. 7, the singlet decays
within the detector for most values of gs, even when
jUej2 ¼ 1, allowing exclusion of large mixing angles. At
larger ms, the singlet starts to decay before reaching the
experimental decay region, and the upper boundaries on the
excluded regions reappear. The bottom right graph has a

FIG. 8. Like Fig. 8, but constraining jUμj2 from the CHARM experiment.
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disconnected excluded region at large jUej2, due to the
singlet decay length starting to fall within the detection
region. The constraints on jUμj2 shown in Fig. 8 are quite
similar. Those on jUτj2 in Fig. 9 are qualitatively distinct,
but display similar general features. We used the results of
Ref. [61] to calibrate the sensitivity curves at low jUτj.

III. RELATION TO SINGLET SCALAR BOUNDS

The Higgs mixing versus mass parameter space of the
singlet, in which we have displayed our recasted results for
DELPHI and CHARM, is independently constrained by a
variety of experiments or astrophysical considerations. In
Fig. 10, we have shown how the regions considered in our

previous results compare with the previously constrained
parameter space. There it can be seen that the largest
mixing angle sθ ¼ 0.01we considered is ruled out by beam
dump experiments or LHCb, except in the case of heavy
singlets, ms ≳ 4 GeV. Moreover for lighter singlets
ms ≲ 250 MeV, the region of small mixing angles sθ ∼
10−7 that we considered is excluded by the effects of singlet
decays on supernova 1987A or by BBN. We have never-
theless included these regions in our analysis to give a
complete picture of the qualitative trends. It can be seen that
our results overlap with a significant region of singlet
parameters that is currently still open.
Just as the interactions of the singlet scalar with HNLs

can alter the constraints on the HNL-active neutrino mixing

FIG. 9. Recasted CHARM limits on jUτj2.
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angle,6 they can also affect the constraints on the singlet
scalar-Higgs boson mixing. These changes in the limits
come from modifications of the production and decays of
the HNL and the singlet scalar. The HNL width can
be increased by the new decay channel N → sν or by
N → ff̄ν mediated by virtual s exchange, competing with
the weak HNL 3-body decays. The singlet width can be
increased by s → Nν̄ or the analogous process with off-
shell N which decays weakly. The on-shell decays N → sν
and s → Nν̄ open when mN > ms and ms > mN , respec-
tively. Because these two regions of the full parameter
space are mutually exclusive, our previous analysis is not
affected by the new decay channels of the singlet. Off-shell
contributions would not modify our results either, since
these mediate processes like s → ν̄N� → ν̄lW, which is
kinematically forbidden for the light scalars studied in
this work.

IV. CONCLUSIONS

In this work we have estimated the changes to heavy
neutral leptonmixing constraints due to their possible decays
into a light singlet scalar and an active neutrino, for mN
between 0.5 and ∼5 GeV. One motivation for focusing on
this mass range is the possibility that one generation of such
HNLs could be the dark matter of the Universe if they have
sufficiently small mixing [31], while the other generations
would be subject to the constraints investigated here.
It is possible that the limits derived here could be adapted

to other qualitatively similar models. For example, if HNLs
couple to a light vector Z0, which kinetically mixes with the
standard model hypercharge, it would give rise to similar
effects as we have studied, with gs representing the new
gauge coupling and θyf mapping onto ϵe, where yf is the
fermion Yukawa coupling (typically for the muon) and ϵ
the kinetic mixing parameter.
Beyond the specific limits presented here, it may be that

the general method described could be useful for recasting
other experimental constraints, especially in the case of

FIG. 10. Current bounds on singlet scalar-Higgs boson mixing from LEP [34], CMS [35], LHCb [36], CHARM [54], E949 [65],
BABAR [66–68], KTeV [69], BBN [62], and SN1987a [49]. Black and blue boxes show the sθ −ms parameter space used to get the
results presented in Fig. 1 and Figs. 7–9, respectively. The results for Belle (see Fig. 4) are independent from the singlet scalar-Higgs
boson mixing θ. Limits adopted from [49].

6Even if the singlet does not decay into the signal that a given
experiment (e.g., Belle) is looking for.
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older experiments where access to original data is not
available, or Monte Carlo simulations would be difficult to
carry out.
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APPENDIX: METHODOLOGY

The first step in reproducing the observed limit of a given
experiment is to compute the fractional number f of signal
events, relative to decaying parent particles, on a grid in the
log10 jUj2 − log10ðmN=GeVÞ plane. This is done without
necessarily knowing the overall normalization for the
efficiency, or setting it to unity if the efficiency can be
approximated as constant as a function of decay distance.
The normalized efficiency is inferred by plotting contours
of f, and choosing that value of f that best reproduces the
published limit. In addition, there may be other parameters
that can be tuned in order to optimize the fit, namely the
size DL of the decay region observed by the experiment.
The fraction f is generally determined by the product of

three probabilities,

f ¼ NE

NP
¼

X
P;X;Y

P1ðP;XÞP2ðYÞP3ðP; XÞ; ðA1Þ

where NE is the number of observed events and NP is the
number of parent particles P whose decays could produce
HNLs. NP might be given or it might be computable from,
for example, the number of protons on target and the
production fractions [70,71]. The three probability factors
are specified as follows.
P1 ¼ BRðP → NXÞ is the probability of HNL produc-

tion for a given decay mode of P, where the HNL is
accompanied by particles X. For example, for CHARM in
the case of pure mixings with electron neutrinos, X ¼
eþ; eþK0; eþK�0; eþπ0 with P ¼ Dþ. X could be used to
trigger for event candidates (Belle) or not (DELPHI,
CHARM).
P2 ¼ BRðN → YÞ is the probability for the HNL to

decay into the signal being searched for. For DELPHI,
P2 ¼ 1 since all HNL decays compete with the decays of
the Z bosons. In the case of Belle, P2 ¼ BRðN → eπÞ for
HNLs that mix only with νe. (Recall that the signal events
are then eeπ where the second lepton and the pion have
opposite electric charge.) In contrast with DELPHI and

Belle, the CHARM detector is far from the interaction
point, so one must account for the fact that not all decay
products of the HNLs travel toward the detector. The
acceptance factor A quantifies this effect [54]. A generally
depends on the mass of the HNL and the geometry of the
experiment. In our analysis, it is taken as a free parameter to
be fit by reproducing the sensitivity of the experiment, as
further described below.
P3 is the probability of reconstructing the HNL from its

decays when it was inside the detector. Its general form is

P3 ¼
Z

dþDL

d

e−R=LN

LN
εðR;P; XÞdR; ðA2Þ

where εðR;P; XÞ is the reconstruction efficiency, which
depends on themass of theHNL, its productionmode (P,X),
and the distance R from the interaction point to where it
decays. The decay length LN depends on the HNL momen-
tum, due to time dilation, and this also depends on the
production modes, but it is more sensitive to the type of
decay, i.e., 2-body or 3-body, as we describe below.
In Eq. (A2), d is the distance from the interaction point to

the beginning of the decay region inside the detector. For
DELPHI where HNLs are created from the decays of Z
bosons at rest, d ¼ 0. For Belle, since the background is
higher near the interaction point, the experiment is insen-
sitive to small-R events, which are rejected by selection
criteria such that ε → 0 at R ¼ 0. Since the exact behavior
of ε is uncertain near R ¼ 0, we take d to be an
undetermined small cutoff to be fit by matching Belle
constraints. For CHARM the value d ¼ 480 m is specified
in their paper.
In order to calculate the mean decay length of the HNLs,

LN ¼ pN=ðmNΓNÞ, we calculated the momenta in the rest
frame of the parent particles and boosted them to the
laboratory frame, neglecting departures from the axis of the
parent mesons. For 3-body decays P → Nlx the maximum
value of the momentum of the HNL is

jp⃗ðmaxÞ
N j ¼ 1

2mP
½ðm2

P − ðml þmx þmNÞ2Þ

× ðm2
P − ðml þmx −mNÞ2Þ�1=2: ðA3Þ

We used jp⃗N j ¼ jp⃗ðmaxÞ
N j=2 before applying Lorentz trans-

formations to the laboratory reference frame, assuming
jp⃗Pj ≈ 67 GeV, for P ¼ B�; D�; D0, and Ds [14].
Further details of this general procedure are next

presented for the experiments of interest. Figure 11 shows
contours of the fraction f of signal events for DELPHI. The
best-fit value is log10 f ¼ −6.05, indicating that the experi-
ment was sensitive to one part in ∼106 Z bosons decaying
into HNLs. This is the correct order of magnitude, since
DELPHI produced ∼106 Z bosons and observed one event,
compared to an expected background of 0.8 events. The
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shape of the exclusion curve can be further tuned by
varying the length of the decay region DL. Choosing DL ¼
200 cm provides the optimal fit, as illustrated by the red
curves in Fig. 11.
For Belle, one must consider the dependence on the

reconstruction efficiencies εðRÞ (see Fig. 5). In this
case, we have considered the limits integrating R in
Eq. (8) to be from d ¼ 1.75 cm to dþDL ¼ 60 cm.
The curve that best reproduces the original constraint on
jUj2 is obtained with log10 f ¼ −10.1, regardless of the
HNL flavor. With this choice, the total number of events is
NE ¼ 2NBB × 10−10.1 ¼ 0.12, where NBB ¼ 772 × 106 is
the number of BB̄ pairs at Belle, indicating the limits
plotted Fig. 2 (center) are in accordance with the null results
in the search for HNLs at Belle. For these calculations we
have used updated formulas for B meson branching ratios
and HNL decay widths from Ref. [60], after reproducing
Belle’s original limits based on superseded branching ratios
[72]. The main difference between the updated and original
constraints is seen in the region near mN ≳ 2 GeV because
of revisions in the branching ratios for the B → ρNl and
B → πNl production modes.
For CHARM, we integrate from d ¼ 480 m to dþ

DL ¼ 515 m [14]. The excluded region in the jUj2-mN
plane is located to the left of the light blue curve in Fig. 2
(Right). In order to interpret f as the fraction of events for a
null search for HNLs in the CHARM experiment, we take
the efficiencies to be 60% as reported by the CHARM
collaboration for mN ¼ 1 GeV [54], and the acceptance
factor is A ≅ 10−3 (see Fig. 7 of Ref. [61]). We then fix

log10 f ¼ −15.6 to match the original limit, giving the
number of events NE ¼ ND × f ¼ 2.24 < 2.3 at 90% con-
fidence level (CL). The number of D mesons was deter-
mined using NDi

¼ NPOT × χcc̄ × fc→Di
, NPOT ¼ 2.4×

1018, χcc̄≈4×10−3 for a 400 GeV proton beam [73],
fc→Dþ ¼ 0.207, fc→D0 ¼ 0.632, and fc→Ds

¼ 0.088
[70,71]. (“POT” denotes “protons on target.”)
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